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ABSTRACT 

Capsules HT-31 and HT-33 were uninstrumented capsule  experiments 

i r r a d i a t e d  i n  t h e  t a r g e t  p o s i t i o n  of t h e  High-Flux I so tope  Reactor  a t  Oak 

Ridge Nat iona l  Laboratory. The experiments were u s e d . t o  eva lua t e . . t he  

i r r a d i a t i o n  performance of (1) f u e l  f a b r i c a t e d  i n  a  240-mm-diameter c o a t e r  

f o r  scale-up,  , (2) TRISO Tho2 and BISO Tho2 p a r t i c l e s ,  and (3) 

f u e l  w i t h  c e r t a i n  OPyC v a r i a b l e s .  A t o t a l  of 16 BISO p a r t i c l e  samples and 

32 TRISO p a r t i c l e  samples were i r r a d i a t e d  t o  f a s t  neut ron  f luences  ranging 
2 

from 4.0 t o  11.7 x n/m (E  > ' 2 9  £J)HTGR and heavy meta l  burnups be- 

tween 3.5% and 13.2% FIMA a t  temperatures  from 1150° t o  1530°C. 

The r e s u l t s  i n d i c a t e  t h e  fol lowing:  

1. Fuel  coa ted  i n  t h e  240-mm-diameter c o a t e r  performs comparably t o  

f u e l  f a b r i c a t e d  i n  t h e  sma l l e r  p i l o t  p l a n t  c o a t e r .  

2. TRISO and BISO Tho. f u e l  showed no s i g n i f i c a n t  f i s s i o n  product  
2  

r e l e a s e  o r  f a i l u r e  up t o  a  burnup of 7.5% FIMA a t  1250°C. A t  

7.52 t o  9.0% FIMA and 1250°C, t h e  BISO p a r t i c l e s  showed some 

f a i l u r e  whi le  t h e  TRISO p a r t i c l e s  showed no f a i l u r e  o r  f i s s i o n  

product  r e l e a s e .  A t  p a r t i c l e  s u r f a c e  temperatures  of about 1500°C, 

both TRISO and BISO f ,uel  showednvery h igh  f a i l u r e  l e v e l s .  

3. No s i g n i f i c a n t  c o r r e l a t i o n  between f a i l u r e  and t h e  OPyC v a r i a b l e s  

of coa t ing  r a t e ,  an iso t ropy ,  coa t ing  gas  r a t i o ,  microporos i ty ,  o r  

d e n s i t y  w a s  seen  i n  t h e  experiment.  However, t h e  p r e s s u r e  v e s s e l  

performance of t h e  TRISO p a r t i c l e s  provided support  f o r  e x i s t i n g  

models and product s p e c i f i c a t i o n s .  
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1 . INTRODUCTION 

Capsules HT-31 and HT-33 were p a r t  of a cont inu ing  coope ra t i ve . : e f fo r t  

between General Atomic Company (GA) and Oak Ridge Nat iona l  Laboratory 

(ORNL) which was funded by t h e  DOE-sponsored HTGR Generic  Technology Pro- 

.gram. The capsu l e s  w e r e  i r r a d i a t e d  i n  t h e  t a r g e t  p o s i t i o n  (HT) of t h e  

High-Flux I s o t o p e  Reactor  .(HFIR) a t  ORNL. The capsu l e s  were uninstrumented 

and conta ined  r e l a t i v e l y  smal l  sample s i z e s  (34 t o  80 p a r t i c l e s  p e r  cru- 

c i b l e ) ;  however, they had t h e  advantage of low c o s t  and achieved peak HTGR 

f a s t  neu t ron  exposures  and burnups i n  3 t o  4 months. The ve ry  h i g h  thermal  

f l u x  makes them more u s e f u l  f o r  t e s t i n g  f e r t i l e  r a t h e r  than f i s s i l e  m a t e r i a l .  

Consequently,  t h e s e  experiments a r e  w e l l  s u i t e d  a s  e v a l u a t i o n  tests of HTGR 
* -  . 

f e r t i l e  p a r t i c l e  coa t ing  des igns .  

'5 
Each capsu l e  conta ined  f o u r  magazines t h a t  were designed t o  ach ieve  

f u e l  p a r t i c l e  s u r f a c e  temperatures  of 1200° o r  1500°C. 'A t o t a l  of 16 

unbonded GA f u e l  p a r t i c l e  samples were t e s t e d  i n  two magazines i n  HT-31, 

and 32 samples w e r e  t e s t e d  i n  t h e  f o u r  magazines i n  HT-33. 

The exper imenta l  test ma t r ix  f o r  t h e  GA f u e l  p a r t i c l e  specimens was 

e s t a b l i s h e d  t o  e v a l u a t e  t h e  r e l a t i o n s h i p  between f u e l  p a r t i c l e  performance 

. . and (1) t h e  s i z e  of t h e  c o a t e r  i n  which t h e  p a r t i c l e s  w e r e  f a b r i c a t e d ,  

(2) t h e  c o a t i n g  type  and p a r t i c l e  s i z e ,  and (3) OPyC v a r i a b l e s .  Some of 

t h e  p a r t i c l e  c o a t i n g , d e s i g n s  were nonconservat ive i n  o r d e r  t o  e s t a b l i s h  

f a i l u r e  c r i t e r i a  r equ i r ed  f o r  coated p a r t i c l e  performance model s t u d i e s .  

The f u e l  specimens i n  HT-3l'were TRISO coated Tho p a r t i c l e s .  I n  HT-33, 2 
ha l f  of t h e  samples were TRISO coa ted  Tho and t h e  o t h e r . h a l f  were BISO 

2 
coated Tho2. 

The capsu l e s  were i r r a d i a t e d  f o r  f o u r  o r  f i v e  HFIR c y c l e s  t o  f a s t  
2 

neutrnn f l l lences ranging from 4.0 t o  11.7 x 1 o~~ n/m (E , 29 fJ)HTGR and 

-- heavy.meta1 burnups ranging from 3.5% t o  13.2% FIMA. .These c o n d i t i o n s  



2 exceed t h e  c u r r e n t  HTGR peak des ign  cond i t i ons  o £  6.5 x n/m (E > 

29 f J ) ~ ~ ~ ~  
and 7.0% FIMA. The wide range of i r r a d i a t i o n  ' cond i t i ons  was 

neces sa ry  t o  a s s e s s  t h e  d i f f e r e n c e s  i n  i r r a d i a t i o n  performance of t h e  

c o a t i n g  des igns  t e s t e d ,  and t o  achieve  h igh  f a i l u r e  p r o b a b i l f t i e s  i n  some 

'of t h e  p a r t i c l e  ba tches .  Th i s  t ype  of d a t a  is necessary  t o  h e l p  e s t a b l i s h  

t h e  f e z t i l e  p a r t i c l e  c o a t i n g  des ign  b a s i s .  . ' 



2. DESCRIPTION OF EXPERIMENTS 

2 .1  . OBJECTIVES 

The HT-31 and HT-33 capsu le  t e s t s  had t h r e e  primary ob jec t ives :  

1 .  To eva lua t e  t h e  i r r a d i a t i o n  performance of unbonded TRISO and 

BISO Tho f u e l  p a r t i c l e s  f a b r i c a t e d  i n  t h e  240-mm-diameter p i l o t  
2  

p l a n t  c o a t e r  and compare i t  w i t h  t h e  performance.of p a r t i c l e s  of 

s i m i l a r  desi'gn and c o a t i n g  p r o p e r t i e s  f a b r i c a t e d  i n  t h e  127-mm- 

diameter  c o a t e r .  F a b r i c a t i n g  f u e l  p a r t i c l e s  i n  t h e  l a r g e  c o a t e r  
- was p a r t  of t h e  planned process ing  scale-up. V e r i f i c a t i o n  of 

t h e  a p p l i c a b i l i t y  of prev ious  s p e c i f i c a t l o n s  t o  t h e  scaled-up 

process  was d e s i r a b l e .  

2. An equal ly  important o b j e c t i v e  was t o  e v a l u a t e  TRISO coated ,  

450-pm-diameter Tho k e r n e l s  a s  an a l t e r n a t e  des ign  f o r  BISO 
2 

coa ted  Tho p a r t i c l e s .  The TRISO coated  p a r t i c l e  o f f e r e d  a 
2 .  

des ign  op t ion  t h a t  was expected t o  be  more r e t e n t i v e  of f i s s i o n  

products  compared t o  BISO p a r t i c l e s .  I n  a d d i t i o n ,  a  TRISO design 

wi th  a  450-pm-diameter Tho2 k e r n e l  was t e s t e d  i n  an  e f f o r t  t o  

reduce t h e  performance r i s k  a s s o c i a t e d  w i t h  l a r g e r  TRISO Tho2 

p a r t i c l e s  w i t h  500-pm-diameter ke rne l s .  Empir ical  evidence 

ind ica t ed  t h a t  t h e r e  poss ib ly  was a  p a r t i c l e  s i z e  e f f e c t  

governing perf nrmance; v i z .  , the g r ~ b a b i l i f y  of p a r t i c l e  f a i l -  

u r e  increased  w i t h  p a r t i c l e  s i z e .  Consequently, a comparative 

eva lua t ion  between 500-pm-diameter, TRISO coated Tho2 k e r n e l s  

t e s t e d  i n  capsu le s  HT-28 and HT-29 and ;he 450-pm-diamet&r Tho2 

k e r n e l s  t e s t e d  i n  t h e  HT-31 and HT-33 capsu le s  served  t o  h e l p  

e s t a b l i s h  t h e  expected performance b e n e f i t s  of t h e  s m a l l e r  

p a r t i c l e s .  Capsules HT-31 and HT-33 bo th  included a  sample 



from a b a t c h  of  TRISO coated ,  500-pm-diameter Tho2 p a r t i c l e s  

(ba t ch  6252-05-0160) i r r a d i a t e d  i n  capsules  HT-28 and HT-29, 

which provided a benchmark f o r  comparing r e s u l t s .  

2. To d e f i n e  empi r i ca l  r e l a t i o n s h i p s  between t h e  coa t ing  i r r a d i a t i o n  

performance and t h e  o u t e r  pyrocarbon (OPyC) coa t ing  v a r i a b l e s  of . 

(1) d e n s i t y ,  (2)  a c t i v e  c o a t i n g  gas r a t i o ,  (3) coa t ing  r a t e ,  

(4) d i l u e n t  gas  composition, and (5) an iso t ropy  i n  o r d e r  t o  

provide  s u p p o r t .  f o r  performance models and t o  a i d  i n  d e f i n i n g  

t h e  p e r m i s s i b l e  range of c o a t i n g  p r o p e r t i e s  f o r  t h e  HTGR product 

s p e c i f i c a t i o n .  

2:2. DESCRIPTION OF FUEL SPECIMENS 

The f u e l  specimens t e s t e d  i n  capsu le s  HT-31 and HT-33 a r e  descr ibed  i n  

d e t a i l  i n  Ref. 2-1 . The Tho2 k e r n e l s ,  f a b r i c a t e d  a t  GA us ing  t h e  g e l  sup- 

po r t ed  p r e c i p i t a t i o n  process ,  were nominally 450 o r  500 pm i n  diameter .  

Coated pa ren t  ba t ches  numbered 6252-05-015 and 6542-27-015 were produced i n  

t h e  127-mm-diameter c o a t e r  and used a s  comparison samples f o r  t h e  TRISO 

and BISO p a r t i c l e s  made i n  t h e  240-mm-diameter p i l o t  p l a n t  c o a t e r .  A 

summary d e s c r i p t i o n  of t h e  p a r t i c l e  ba t ches  i s  given i n  Tables  2-1 through 

2-5.' Photomicrographs of a l l  t h e  samples a r e  shown i n  Ref.  2-1. 

The p a r t i c l e s  f o r  each sample were s e l e c t e d  from t h e  parent  ba t ch  so  

t h a t  t h e  p a r t i c l e s  w i t h i n  each i n d i v i d u a l  sample had a r e l a t i v e l y  cons t an t  

t o t a l  coa ted  p a r t i c l e  d e n s i t y  and a narrow d i s t r i b u t i o n  of ke rne l  and 

t o t a l  p a r t i c l e  d iameters .  The. steps used t o  s e p a r a t e  t h e  p a r t i c l e s  from 

t h e i r  r e s p e c t i v e  p a r e n t  ba t ches  a r e  o u t l i n e d  i n  Fig.  2-1 f o r  t h e  TRISO 

samples and Fig.  2-2 f o r  t h e  BISO samples. For t h e  TRISO samples, coated 
. . 

p a r t i c l e s  were s i eved  t o  narrow t h e  range  i n  p a r t i c l e  diameter .  They were 

then  f u r t h e r  s epa ra t ed  by s e l e c t i n g ,  us ing  a cons t an t  d e n s i t y  l i q u i d  

(tha' l ium mal lona te)  column, t hose  p a r t i c l e s  having batch-average t o t a l  

. coa ted  p a r t i c l e  d e n s i t y .  Following d e n s i t y  s e p a r a t i o n ,  p a r t i c l e s  were 

i n d i v i d u a l l y  radiographed t o  c h a r a c t e r i z e  each sample. P a r t i c l e s  were 

subsequent ly  hea ted  i n  a vacuum f o r  1 hour a t  1400°C t o  ensure  v o l a t i l i z a t i o n  



TABLE 2-1 
FABRIC!.TION CONDITIONS FOR TRISO Tho; PARTICLES TESTED I N  CAPSULES HT-31 AND HT-33 

' " ~ c c i v e  c o a t i n g  gas  . ~ o l m e  f r a c t i o n  - C/(C + L + D); C = a c t i v e  c o a t i n g  gas  f l o v  r a t e  (C H /C H ) ;  L - l e v i t a t i o n  gas f l o v  r a t e  :Ar o r  He o r  N2); D = d i l u e o c  gas f low r a t e  (Ar Or 
He o r  U2 o r  Hz). 2 2  3 6  

Sang le  Number 

625Z-05-0160-005 
-006 
-007 
-008 

625--6-0161-001 
-002 
-003 
-004 

6252-06-0261-001 
-002 
-003 
-004 

625:-0;-0161-001 
-002 
-003 
-004 

6252-07-0261-001 
-002 
-003 
-004 

6252-06-0161-001 
-002 
-003 
-004 

6251-09-0161-001 
-002 
-003 
-004 

625;-10-0161-001 
-002 
-003 
-004 

Coa te r  
S i z e  
(mm) 

127 

. 

240 

240 

2 4 0 .  

. 

240 

240 

240 

240 

Kernel  
Diameter 

(pm) 

51 1 
509 
509 
510 

449 
448 
448 
450 

448 
448 
448 
449 

448 
448 
448 
447 

447 
446 
446 
447 

447 
447 
447 
448 

447 
447 
448 
447 

447 
446 
447 

' 445 

Kernel  
Load 
(kg) 

2.0 

14.5 

15.0 

15.0 

15.0 

15.0 

14.6 

14.6 

Coa t ing  
R a t e  

(pmlmin) 

20.74 

10.53 

10.13 

9.77 

10.15 

10.12 

10. i l  

10.19 

Buf fe r  

C o r t i n g  
C:as 

C;H2 

CZH2 

C2H2 

C:H2 

C2H2 

C,H2 

C,H2 

C,H2 

Coa t ing  
Ra te  

(pmlrnin) 

3.93 

4.09 

4.43 

4.43 

4.43 

4.43 

4.09 

4.09 

Dilrpent 
Gas 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

A1 

P.r 

I"Yc 

Coa t ing  
Gas 

C2H2/ 
C3H6 

C2H2/ 
C3H6 . 

C2H2/ 
C3H6 

C2H2/ 
C3H6 

C2HZ/ 
C3H6 

C2HZ/ 
C3H6 

C2H21 
C3H6 
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Charge 
Load 
(kg) 

2.4 

18.2 

19.4 

19.4 

19.4 

19.4 

18.2 

18.2 

Di luen t  
Gas 

. Ar 

Ar. 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Charge 
Load 
(kg) 

1.2 

19.5 

11.4 

24.2 

11.4 

11.4 

8 .8  

8 .8  

Coa t ing  
Rate 

(pmlrnin) 

0.254 

0.225 

0.169 

0.168 

0.165 

0.173 

0.223 

0.228 

Coa t ing  
Ra te  

(ymlmin) 

4.48 

5.04 

5.60 

5.92 

5.28 

5.87 

7.52 

8.43 

SIC 

Coa t ing  
Gas , 

CH3SiC1 

CH3SiC13 

CH3SiC13 

CH3SiC1 

CH3SiC13 

CH3SiC13 

CH3SiC1 

CH3SiC13 

Di luen t  
Gas 

Hz 

H2 

Hz 

Hz 

H2 

H2 

HZ 

Hz 

OPyC' 

Coa t ing  
Gas 

C2H2/(a) 

CjH6 

C2"2/ 
C3H6 

C2H21 
c3n6 

C2"21 
C3H6 

C2H21 
C3Hg 

C2H21 
C3H6 

C2H21 
C3H6 

C2H21 
C3H6 

Ac t ive  
Coa t in  Gas 

R a t i o  f a )  

0 .16  

0.42 

0.36 

0.50 

0.36 . 

0.39 

0.38 

0 .53  

D i l u e n t  
Gas 

Ar 

Ar 

Ar 

Ar 

Ar 

- Ar 

Ar 

Ar 
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TABLE 2-4  
FABRICATION CONDITIONS OF BISO Tho, PARTICLES TESTED I N  HT-33 . , 

Sample Number 

Coater 
S i z e  
(mm) 

Kernel 
Diameter 
(h) 

I n i t i a l  
Load 
(kg) 

Coating 
Rate 

(umlmin) 

Buffer 

7 
Coating Diluent  

Gas I Gas 

Act ive  

(um/min) Rat iofa)  

0.29 

( a ) ~ c t i v e  coa t ing  gas volume f r a c t i o n  = C/(C + L + D); c = a c t i v e  coa t ing  gas flow r a t e  ( c ~ H ~ I c ~ H ~ ) ;  . 
L = l e v i t a t i o n  gas flow r a t e  (Ar o r  He o r  N2); D = d i luen t  gas flow r a t e  (Ar o r  He o r  N2 o r  H2). 



. , 

TABLE 2-5 
GENERAL DESCRIPTION OF BISO PARTICLES TESTED IS HT-33 

( a ) ~ e a s u r e d  o r  c e l c ~ l s t e d  or ca?sule  t e s t  samples. 

( b ) ~ e t e r m i n e d  by mathematics1 c a l c u l a t i > n .  ' 

(C)Measured on as-coated parent  ba tch .  

( d ) ~ e a s u r e d  on heat - t rea ted  parent  ba tches ,  e x e p t  vheye noted, f o r  t h e  heat - t rea ted  capsule  t e s t  samples; o t h e w i s e  t h e  as-coated parent  ba tches  were aeasured.  

( e ) ~ e a s u r e d  by a l i r u i d  g r a i i e n r  t;ehnique. 

( f ) O p t i c a l  anisozropy measured us ing t h e  ~ e i b e c i d o r f  o$ica l  u n i t  a t  GA us ing e 24-lrm-diameter l i g h t  s p o t  a t  t h e  c e n t e r  of t h e  coat ings .  

( g ) ~ a l u e s  f o r  as-cocted parent  ba tch;  d a t a  not a v a i l a b l e  f a r  heat - t rea ted  parent  batch. 

( h ) ~ e a s u r e d  by Hp i n t r u s i o n  a t  58.9 m a .  

Sample No. 

6562-27-0161-001 

6542-27-0161-002 

6552-29-0261-001 

6542-29-0261-002 

6542-39-0161-001 

6552-39-0161-002 

6512-40-0161-001 

6552-40-0161-002 

6552-40-0260-001 

651.2-40-0260-002 

6552-40-0261-001 

6542-40-0261-002 

6542-41-01 60-001 

6542-41 -0160-002 

6542-41-0161-001 

6542-41-0161-002 

Nunber of 
P a r t i c l e s  
Tested 

40 

57 

39 

55  

38 

54 

41 

58  

41 

58 

41 

58  

40 

56 

40 

56 

T o t a l  

Coating 
~hickness( ')  

( ~ m )  

162 

164 

170 

166 ' 

156 

161 . 

164 

164 

161 

164 

168 

164 

160 

155 

161 

161 

B r f f e r ,  

Heat : 

Treazment 

YBS ' 

Yes 

YES 

Ysa 

yes 

Yea 

Yes 

Yes 

Mo 

tb 

Yes 

Yes 

$0 ' 

Yes 

Yes 

Condi t ions  

Design Peak 
Fas t  Fluence 

(E > f J )  n;R 
d m y )  

6 . 8  

9 .5  

7.4 

9.2 

5.1 

9 .9  

5 . 8  

10.0 

6 .6  

10.2 

6.0 

10.1 

8.1 

9 .8  

7.6 

9.6 

DPyC Design 
Peak 

Burnup 
( X  FIMA) 

9.1 

11.7 

9 .6  

11.4 

7.2 

12.1 

7 .8  

12.2 

8 . 8  

12.4 

8 .2  

12 .3  

10 .3  

12.0 

9.6 

11.8 

Sample 
P o s i t i o n  

8 

17 

10 

15  

2 

21 

4 

23 

7 

26 

5 

24 

1 3  

20 

11 

1 8  

Coated P a r t i c l e  

Mean 
Diameter(') 

(pm) , 

823 

829 

843 

833 

82 1 

826 . 
828 

827 

829 

826 

832 

828 

827 

81 7 

- 825 

823 

Tes t  

Design 
Tes t  

Temp. 
['C) 

1200 

I500 

1200 

I500 

1200 

1500 

' 1 2 0 0  

1500 

1200 

1500 

1200 

1500 

1200 

1500 

1200 

1500 

?lean 
Density 
(?(glm3) 

3.45 

3 .45  

3.45 

3.45 

3.61 . 
3.61 

3.35 

3.35 

3.36 

3.36 

3.39 

3.39 

3.51 

3.51 

3.54 

3.54 

M i c r ~ ~ o r o s i t ~ ( ~ )  
(mllkg) 

23.3 

23.3 

19.5 

19.5 

17 .5  

17.5 

25.0 . 
25.0 

23.5 

23.5 

22.5 

22.5 

19.0 

19.0 

22,5 , 

22.5 

(Mg/m3) 

1.86") 

1.86"' 

1.96 

1.96 

1.98 

1.98 

1.74 

1.74 

1.77 

1.77 

1.77 

1.77 

2.00 

2.00 

2.02 

2.02 

Thickness 
(pm) 

~ h i c k n e s a ' ~ )  
(vm) BAF:") 

1.041 

1.041 . 
I :08l 

1.081 

1.079 

1.079 

1 .b42 

1.042 

1.038, 

1.038 

V.038 

1.038 

1.060 

1.060 

1.081 

1 .081 

Densit y(b'c) 
(Mgrm3:l 

, 87 
88  

94 

93 

86 

86 

91 

93 

85 

88 

89 

87 

91 

88 

92 

. 92 

1 . 0 9  

1.09 

1 13  

75 

75 

76 

1 . l 3  

1 .13 

1.10 

1 .10  

1.10 

1.10 

1.10 

1-10 

1-12 

1.12 

1..12 

1 .13  

74 

7 3 

7 1 

76 

77 

78 

76 

70 

68 . 
69 

6 9  



COLLECT PARTICLES NOT IN 
DESIRED DIAMETER RANGE 

RADIOGRAPH INOIVIDUAL PARTICLES AND SELECT PARTICLES WITH BOTH KE'RNEL DIAMETERS AND TOTAL 
COATED PARTICLE DIAMETERS THAT LIE WITHIN A RANGE OF +50 Pm SURROUNDING THE AVERAGE 
KERNEL AND PARTICLE DIAMETERS MEASURED FROM THE DENSITY-SEPARATED PARTICLES 

I 

SIEVE TO DESIRED TOTAL 
PARTICLE DIAMETER.RANGE 

VACUUM ANNEAL AT A PRESSURE OF 5 . x  10-4 mm I FOR 1 HR AT 1400°c 

MEASURE DIMENSIONS OF INDIVIDUAL COMPONENTS: -' KERNEL, BUFFER, I P ~ C ,  Sic, AND O P ~ C  

0.5-HR HEAT TREATMENT AT 
1800°C IN Ar OR Ile 

FINAL CHARACTERIZATION: 
RADIOGRAPH THE INDIVIDUAL 
GROUPS OF PARTICLES 

. . 

Fig. 2-1. Steps involved in selecting TRISO coated Tho2. particles for 
insertion in irradiation experiments HT-31' and HT-33 

SPLIT A 50-g SAMPLE FOR BATCH 
) 'CHARACTERIZATION'BY QUALITY 

CONTROL 

r 
BY 

1 

MEASURE DIMENSIONS OF INDIVIDUAL PHASES: 
, KERNEL. BUFFER, IPyC, SIC, AND OPyC . 

. . 



I COAT BISO BAT&, I I SPLIT SAMPLE FOR BATCH 1. 
I 

CHARACTERIZATION BY 1-4 QUALITY CONTROL '1 

SPLIT SAMPLE AND SIEVE 
TO DESIRED TOTAL PAR- 
TICLE DIAMETER RANGE 

SPLIT* SAMPLE FOR. BATCH 
AT 1650O.C FOR CHARACTERIZATION BY . 

90 MIN, IN Ar QUALITY CONTROL 

DENSITY SEPARATE THE RADIOGRAPH 200 PARTI 
SIEVED FRACTION TO CLES AND MEASURE 
BATCH AVERAGE DENSITY . DIMENSIONS* 

VACUUM ANNEAL AT qA 
PRESSURE OF 5 X 10- mm. MEASURE MEAN DENSITY OF 

Hg FOR 1 HOUR AT 1400°C 30 PARTICLES 

COUNT OUT PARTICLES 
FOR INDIVIDUAL HEAT TREAT AT 1650°c 

SAMPLES FOR 90 MIN IN Ar 

MEASURE MEAN DENSITY 
OF 30 PARTICLES 

Fig.  2-2. Steps involved i n  obtaining the BISO coated Tho2   article samples 
for irradiation capsule HT-33.   he operations marked with an 
aster ik  were not performed on parent batch 6542-27-015. 



of any of t h e  f l u i d s  used f o r  d e n s i t y  s epa ra t ion .  L a s t l y ,  t h e  p a r t i c l e s  

were h e a t  t r e a t e d  f o r  0 .5 hour  a t  1800°C i n  A r .  T h i s  s t e p  was done t o  

s i m u l a t e  t h e  p roces s ing  tempera ture  t h a t  f u e l  p a r t i c l e s  would experience 

d u r i n g  f u e l  rod f a b r i c a t i o n .  A s  seen i n  F ig .  2-2, BISO samples were 

s e l e c t e d  i n  t h e  same,manner as t h e  TRISO samples. One a d d i t i o n a l  hea t  

t r e a t m e n t ,  f o r  90 min a t  1650°C, was done on a  s p l i t  sample.of  each BISO . 

p a r e n t  b a t c h  coa ted  i n  t h e  large-diameter  coa t e r .  The hea t - t r ea t ed  samples 

are i d e n t i f i e d  i n  Tab le  2-5. . T h e  purpose..of t h e  h e a t  t rea tment  was t o  

de te rmine  changes i n  c o a t i n g  p r o p e r t i e s  caused by h e a t  t r e a t i n g  and i s  , 

d i s c u s s e d  f u l l y  i n  .Ref. 2-1 . . . 

2.3. . CAPSULE DESIGN 

Each HT c a p s u l e  (F ig .  2-3) cons i s t ed  of a meta l  t ube  w i t h  an e x t e r n a l  

c o n f i g u r a t i o n  i d e n t i c a l  t o  t h a t  of an HFIR t a r g e t  rod. A f t e r  loading,  t h e  

c a p s u l e  w a s  s e a l e d  wi th  99.995% pure A r  a t  a  p re s su re  of 0.14 MPa (5  ps ig ) .  

The re  was no thermocouple i n s t rumen ta t ion  f o r  d i r e c t  temperature measure- 

ment o r  u t i l i z a t i o n  of purge gas  t o  monitor  c i r c u l a t i n g  f i s s i o n  product 

a c t i v i t y .  It was n o t  p o s s i b l e  t o  alter t h e  temperature of f u e l  specimens 

i n  p i l e  w i t h  t h i s  t y p e  of capsu le  design.  

Each capsule  conta ined  f o u r  c y l i n d r i c a l  g r a p h i t e  magazines. Each 

magazine, i n  t u r n ,  conta ined  1 3  smal l  g r a p h i t e  c r u c i b l e s  wi th  a n ' a n n u l a r  

c a v i t y  t h a t  held from 34 t o  80 f u e l  p a r t i c l e s .  . G A  samples were placed i n  

e i g h t  of t h e  13  c r u c i b l e s .  Low-enriched UO was placed i n  t h e  o t h e r  f i v e  
2 

c r u c i b l e s  i n  each magazine t o  ensure  a  more uniform power genera t ion  and 

tempera ture  over  t h e  l i f e  of t h e  experiment.  Two of t h e  magazines i n  

each  c a p s u l e  were designed f o r  p o s i t i o n s  ope ra t ing  a t  1200°C p a r t i c l e  sur -  

f a c e  tempera ture  and a  f a s t  f l u e n c e  of 3 .9 t o  7.6 x n/m2 (E > 29 

J)HTGR* The o t h e r  two magazines i n  each capsu le  were i n  p o s i t i o n s  t o  

o p e r a t e  a t  1500°C p a r t i c l e  s u r f a c e  temperature and 7.0 t o  9.7 x 1 025 n/m 
2 

(E > 29 fJ)HTGR* GA samples occupied t h e  bottom two magazines (16 posi- 

t i o n s )  i n  capsu le  HT-31 and a l l  4 magazines (32 p o s i t i o n s )  i n  capsu le  

HT-33. 



Fig. 2-3. Schematic showing the HT capsule design 



The power necessary  t o  maintain test temperatures i n  each c r u c i b l e  

was used t o  determine t h e  quan t i ty  of thorium needed i n  each pos i t ion .  

The number of p a r t i c l e s  pe r  pos i t ion  was determined by d iv id ing t h e  required 

weight of thorium f o r  a designated p o s i t i o n  by t h e  thorium weight pe r  

p a r t i c l e .  

REFERENCE 

2-1. Kovacs, W. J . ,  C. A. Young, and D. P. Harmon, "Pre i r rad ia t ion  

Report of TRISO and BISO Coated Tho2 P a r t i c l e s '  f o r  I r r a d i a t i o n  i n  

Capsules HT-31 and HT-33," ERDA Report GA-A13923, General Atomic 

Company, November 1976, pp. 3-3 t o  3-34, pp. 4-2 t o  4-27. 



3. IRRADIATION PARAMETERS 

. . 

3.1. CAPSULE OPERATING HISTORY 

capsu le  HT-31 was i n s e r t e d  i n t o  HFIR t a r g e t  p o s i t i o n  G-5 on March 14,  

1976, and removed on June  16,' 1976, a f t e r  2146.56 hours  a t  100-MW r e a c t o r  

power (4 c y c l e s ) .  Capsule HT-33 was i n s e r t e d  i n t o  HFIR t a r g e t  p o s i t i o n  

G-5 on June 17, 1976, and removed on October 21, 1976, a f t e r  5  c y c l e s  

and 2759 hours  a t  100-MW r e a c t o r  power. The i r r a d i a t i o n  proceeded 'without  

i n c i d e n t  f o r  bo th  capsu les .  The HFIR o p e r a t i n g  h i s t o r y  f o r  t h e  c y c l e s  

encompassing t h e  pe r iods  of capsu l e  i r r a d i a t i o n  i s  given i n  Table  3-1. 

3.2.  NEUTRON FLUX 

The f a s t  neu t ron  f l u x  and f l uence  l e v e l s  (E > 29 f J )  
HTGR Were 

c a l c u l a t e d  by workers a t  ORNL and a r e  r epo r t ed  i n  Ref.  3-1. The va lues  

f o r  f a s t  f l uence  were r ev i sed  and r epo r t ed  by p r i v a t e  communication from . 

K. R. Thoms a t  ORNL t o  C.  A. Young a t  GA. These r ev i sed  va lues  a r e  used 

i n  t h i s  repor t  and are given i n  Tables  3-2 through 3-4. 

Capsules HT-31 and HT-33 were t h e  f i r s t  GA HFIR t a r g e t  capsu l e s  t o  

have burnup measured by chemical a n a l y s i s  and c a l c u l a t e d  by a  new computer 

code (HIER, named f o r  the high-f l u x  i s o t o p e  r e a c t o r )  developed f o r  t h e  HT 

c a p s u l e  s e r i e s  a t  GA. E a r l i e r  HT capsu le  burnup v a l u e s  were only  ca lcu-  

l a t e d  a t  ORNL u s ing  t h e  CACA-2 code (Ref. 3-2). Three  f e r t i l e  f u e l  por- 

t i c l e  samples were s e l e c t e d  f o r  chemical a n a l y s i s :  one sample each  from 

t h e  h igh  and low neut ron  f l u x  r eg ions  i n  HT-33 and one sample from a mid- 

f l u x  reg ion  i n  HT-31. 



TABLE 3-1 
OPERATIONAL HISTORY OF CAPSULES HT-31 AND HT-33 

(a)  i r r a d i a t i o n  t i m e  ' a t  1 00-MW r e a c t o r  power .  

(b)Re£.  3-1, p.  248.  . 

( ' ) ~ e £ .  3-1 , p .  264.  

C a p s u l e  

HT-31 

HT-33 

HFIR 
C y c l e  

130 

131 

132 

1 3 3  

134 

135 

136 

137 

138  

D a t e s  

( a )  I r r a d i a t i o n  Time 

B e g i n  

3 / 1 4 / 7 6  

4 / 7 / 7 6  

5 / 1 / 7 6  ' 

5 / 2 3 / 7 6  

6 / 1 7 / 7 6  

7 / 1 0 / 7 6  

8 / 2 / 7 6  

9 / 2 / 7 6  

9 / 2 7 / 7 6  

End 

4 /6 /76  

4130176 

5 /22 /76  

6 / 1 6 / 7 6  

7 / 9 / 7 6  

8 / 1 / 7 6  

8 /25 /76  

9 /25 /76  

10 /21 /76  

D u r i n g  C y c l e  

Hours 

(b) 

557.76 

552 .48  

489.60 

546.72  

Accumulated 

Days 

23.24 

23.02 

20 .40  

22 .78  

( c )  

534 

547 

540 

564 

574 

Hours  

(b)  

557.76  

1110.24  

1599.84 

,2146.56  

22 .25  

45.04 

22.50 1621 67 .54  

22 .75  2185 90.29 

23.92 2759 11  4.21 

Days 

23.24 

46.26 

66.66 

89.44 



TABLE 3-2 
IRRADIATION CONDITIONS FOR TRISO HT-31 PARTICLES 

. . . . . .. . . . - 

( a , ) ~ a x i m ~ m  p a r t i c l e  s u r f a c e  t empera tu re .  

P a r t i c l e  Batch 
R e t r i e v a l  Number 

6252-05-0160-006 . 

6252-08-0161-002 
6252-1 0-01 61 -002 
6252-09-0.1 61 -002 
6252-07-0261-002 
6252-07-01 61 -002 
6252-06-0261-002 
6252-06-01 61 -002. 
6252-1 0'01 61 -00.1 
5252-09-01 61 -001 
5252-05-01 60-005 
6252-07-0261 -001 
6252-07-01 61 -001 
6252-06-0261 -001' 
6252-06-0761-001 
6252-08-01 61 -001 

Sample 
P o s i t i o n  

. 27' 
2 9 
30 
3 2 
3 3 
35 
3 6 
3 8 
40 
4 2 
43 
45 
4 6 
48 
4 9 
5 1 

Number of 
P a r t i c l e s  

Tes ted  

5 1 
8 0 
7 9 
7 8 
7 8 
80 
7 7 
7 8 
5 3 
5 3 
3 4 
5 3 
5 4 
52 
5 3 
54 

Time 
. Averaged 
Temp. ( a )  

( "c )  

1530 
1520 
1430 
1420 
1410 
1400 
1390 
141 0 
1250 
1220 
1250 
1 190 
1180 
1160 
1150 
1150 

F a s t  Fluence 
(E > 29 f J )  TGR lr (lo25 n/m ) 

8.1 
8.1 
8.0 
7.8 
7.8 
7.6 
7.5 
7.3 
6.5 
6.1 
5.9 
5.4 
5.2 
4.8 
4.5 
4.0 

. - .  

Burnup 

P e r c e n t  
D i f f e r e n c e  

-7.2 
-7.3 
-6.5 

. -6.2 
-5.4 
-5.2 

. -3.7 
. -2.9 

2.3 
2.9 
2.2 
3.5 
4.5 

' 4.1 
5.5 
7.9 

h 

(% FIMA) 

ORNL 

8.6 
8.4 
8.3 
8.1 
8.0 
7.7 
7.6 
7.3 
6.2 
5.8 
5.5 
5.1 
4.9 
4.4 
4.2 
3.8 

GA 

9.2 
9.0 
8.8 
8.6 
8.4 
8.1 
7.9 
7.5 
6.1 
5.6 
5.4, 
4.9 
4.7 
4.2 
4.0 
3.5 



TABLE 3-3 
IRRADIATION CONDITIONS FOR TRISO HT-33 PARTICLES 

(a)Maximum p a r t i c l e  s u r f a c e  tempera tura .  
. - . . - . . . - . .. .. . 

P a r t i c l e  Batch 
R e t r i e v a l  Number 

6252-08-0161-004 
6252-10-01 61-004.. 
6252-05-0160-008 
6252-06-0261-004 
6252-06-01 61 -004 
6252-07-0261 -004 
6252-07-0161-004 
6252-09-0161-004 
6252-09-01 61.-003 
6252-07-0261'--003 
6252-07-01 61 -003. 
6252-05-01 60-007 
6252-06-0261~003 
6252-06-01 61 -003 
6252-08-01 61 -003 
6252-1 0-01 61 -003 

Fas t  Fluence 
(E > 29 ~ J ) H T G R  

( 1 025 n/m2) 

11.7 
11.5 
11.4 
11.2 
11.1 

.10.9 
10.7 
1'0.5 

9.3 
8.7 
8 ..4 
7.8 
7.5 
6.8 
6.5 
5.7 

Sample 
P o s i t i o n .  

2 7 
. 29 . . . 

3 0 
3 2 
3 3 

+ 35 
36. 
3 8 
4 0 
4 2 
43' 
-45 
4 6 
4 8 

: 49 
5 1. 

Number of 
P a r t i c l e s  

Tested 

80 
7 9 
5 1 
7 7 
7 8 
7 8 
80 
7 8 
5 3 
5 3 
5 6 
34 
5 2- 
5 3 
5 4 
5 3 

Burnup 

Percent  
Di f fe rence  

-5.6 
-4.9 
-5.0 
-4.2 
-4'. 3 
-2.6 
-1 . 8  
-0.9 

3'. 2 
3:4 . 
4.8 
5 .'I 

, 5.3  . 

7.2 
9.1 
8.5 

(% FIMA) 

Time 
Averaged 

Temp. (a )  
( " 0  

1420 
. '  . 1470 

151 0 
1460 
1.450. 
1440 
1430 
1450 
1210 
1250 
1230 

- 1'260 
1220 
1200 
1180 

: 1190 

ORNL 

12.5 
12.3 
12.1 
11.9 

'11.7 
11.4 
11.3 
10.9 

9.3 
8.7 

8 . 4  
7.8 
7:5 
6.9 
6.6 

' 5.9 

GA 

13.2 
12.9 
12.7 
12.4 
'12.2 
11.7 
11.5 
11.0 

9.0 
8.4 
8..0 
7 . 4 .  

. 7.1 
6.4 
6.0 
5.4 .. ' 



TABLE 3-4 
IRRADIATION CONDITIONS FOR BISO HT-33 PARTICLES 

. . .. 

(a)~aximum p a r t i c l e  s u r f a c e  temperature.  

P a r t i c l e  Batch 
R e t r i e v a l  Number 

6542-39-01 61-001 
6542-40-01 61 -001 
6542-40-0261-001 
6542-40-0260-001 
6542-27-01 61 -001 
6542-29-0261 -001 
6542-41 -01 61 -001 
6542-41 -01 60-001 
6542-29-0261-002 
6542-27-01 61 -002 
6542-41 -01 61 -002 
6542-41 -01 60-002 
6542-39-0161-002 
6542-40-0161-002 
6542-40-0261-002 
6542-40-0260-002 

Sample 
P o s i t i o n  

2 
4 
5 
7 
8 

10 
1 1  
13  
15 
17 
18 
20 
2 1 
2 3 
2 4 
26 

Number of 
P a r t i c l e s  

Tested 

3 8 
4 1 
4 1 
4 1 
4 0 
3 9 
4 0 
40 
5 5 
5 7 
56 
56 
5 4 
5 8 
5 8 
5 8 

Time 
Averaged 

Temp. (a) 
( " c>  

1240 
1220 
1230 
1250 
1270 
1290 
1300 
1260 
1490 
1470 
1480 
1490 
1500 
1500 
1510 
1460 

Fas t  Fluence 
(E > 29 ~ J ) H T G R  

(1025 n/m2) 

5.7 
6.5 
6.8 
.7.5 
7.8 
8.4 
8.7 
9.3 

10.5 
10.7 
10.9 
1 1 . 1  
11.2 
11.4 
11.5 
11.7 

Burnup 

Percent  
Di f fe rence  

8.5 
9.1 
7.2 
5 . 3  
5.1 
4.8 
3.4 
3.2 

-0.9 
-1.8 
-2.6 
-4.3 
-4.2 
-5.0 
-4.9 
-5.6 

(% FIMA) 

ORNL 

5 .9  
6.6 
6.9 
7.5 
7 .8  
8.4 
8.7 
9.3 

10.9 
11.3 
11.4 
11.7 
11.9 
12.1 
12.3 
12.5 

GA 

5.4 
6.0 
6.4 
7.1 
7.4 
8.0 
8.4 
9.0 

1 1  .O 
11.5 
11.7 
12.2 
12.4 
12.7 
12.9 
13.2 



The chemical  a n a l y s i s  w a s  done i n  accordance w i t h  General Atomic 

Procedure  ACD-RC-001. "Atomic Percent  F i s s i o n  i n  F i s s i l e  and F e r t i l e  Fuel  

P a r t i c l e s . "  Using t h e  heavy meta l  loading  and t h e  r e s u l t s  of t h e  chemical 

a n a l y s i s ,  t h e  FIMAs f o r  each of t h e  t h r e e  ba t ches  were c a l c u l a t e d  us ing  

t h e  fo l lowing  equat ion:  . . . ~ 

F = -  x 1 0 0 =  
F3 ThI (T\ + UR + F) 

x 100 = % FIMA , 

where F3 = heavy element atom percent  f i s s i o n  from U-233 (Th-232), 

ThI = atoms thorium i n i t i a l  per  t o t a l  sample, 

T\ = atoms thorium remaining pe r  t o t a l  sample, 

UR = atoms uranium remaining p e r . t o t a 1  sample, 

F = atoms f i s s i o n  p e r  t o t a l  sample. 

The FIMAs f o r  each b a t c h  a r e  compared a s  fol lows:  

c a l c u l a t e d  FIMA Measured FIMA ' 

The heavy m e t a l  burnup i n  t h e  HT capsu le s  was c a l c u l a t e d  by t h e  com- 

p u t e r  code H I F R .  As. shown i n  Table  3 -5 , . t he  burnup va lues  c a l c u l a t e d  wi th  

t h e  HIFR code .were  i n  good agreement w i t h  t h e  measured va lues . '  The HIFR. 

' code v a l u e  f o r  b a t c h  HT-33-27 d id  no t  a g r e e  a s  w e l l  wLth t h e  mass spec- 

t romet ry  va lues '  a s  d i d  t h e  o t h e r  two ba tches .  It d i d  a g r e e  w i t h i n  8%, 

however, which i s  w i t h i n  t h e  e r r o r  of t h e  measurement. 

F i g u r e  3-1 shows FIMA v a l u e s  c a l c u l a t e d  by ORNL (CACA-2 code) and by 

GA (HIFR code) and t h e  measured va lues  f o r  t h e  t h r e e  capsu le  samples 

analyzed. The burnup va lues  c a l c u l a t e d  by ORNL and by GA wi th  t h e i r  per- 

cen tage  d i f f e r e n c e s  a r e  given i n  Tables  3-2'through 3-4. The va lues  ca l -  

c u l a t e d  by t h e  two d i f f e r e n t  computer codes d i f f e r  less than +lo% f o r  a l l  



TABLE 3-5 
CALCULATED AND MEASURED BURNUP (%. FIMA) 

Position HT-31-38 

Mass spectrometry 

HIFR 

Position HT-33-51 

Position HT-33-27 

B ass spectrometry 1 2 . 2  

1 3 .-25 



ii' 10 
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1 2 .  3 4 5 6 7 " 8 9 10 

DISTANCE FROM'CAPSULE CENTERLINE (INCHES) 

Fig..3-1. Calculated'and measured burnup values for capsules HT-31 and 
HT- 33 



' t h e  samples i n  bo th  HT capsules .  The burnup v a l u e s  c a l c u l a t e d  by GA us ing  

t h e  new HIFR computer code have been used i n  t h i s  r e p o r t .  

3.4. THERMAL ANALYSIS 

There a r e  no p rov i s ions  f o r  d i r e c t  temperature  monitor ing i n  t h e  HT 

capsules .  A d e t a i l e d  thermal  a n a l y s i s  of  each capsu l e  was performed by 

ORNL wi th  t h e  HTCAP computer code (Ref. 3-3). The t o t a l  h e a t  gene ra t i on  

w i t h i n  each capsu le  was c a l c u l a t e d ,  and a  modified one-dimensional h e a t  

t r a n s f e r  a n a l y s i s  was performed. The maximum p a r t i c l e  s u r f a c e  o p e r a t i n g  

temperatures  were c a l c u l a t e d  a t  1-day i n t e r v a l s  f o r  each HFIR i r r a d i a t i o n  

cyc le .  F igures  3-2 and 3-3 show the  c a l c u l a t e d  i r r a d i a t i o n  temperature  

and power generated pe r  p a r t i c l e  f o r  r e p r e s e n t a t f v e '  p a r t i c l e  samples from 

a low-temperature magazine i n  HT-33 and a  high-temperature  magazine i n  

HT-31, r e s p e c t i v e l y .  The c a l c u l a t e d  i r r a d i a t i o n  tempera ture  and power . , 

genera ted  p e r  p a r t i c l e  f o r  each sample a r e  given i n  Refs .  3-4 and 3-5. 

The time-averaged temperature  f o r  each f u e l  sample i s  r epo r t ed  i n  Tab le s  

3-2 through 3-4. 
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4. RESULTS OF POSTIRRADIATION EXAMINATIONS 

Disassembly of t h e  capsu l e s  and unloading of t h e  f u e l  p a r t i c l e s  from 

t h e i r  g r a p h i t e .  c r u c i b l e s  were completed a t  ORNL (Ref. 4-1 ) . A£ ter  removal, 

t h e  f u e l  specimens were shipped t o  GA f o r  a d d i t i o n a l  p o s t i r r a d i a t i o n  char-  

a c t e r i z a t i o n .  The samples were reexamined v i s u a l l y ;  p a r t i c l e  d e n s i t y ,  

metal lography,  gamma spectroscopy,  and f i s s i o n  gas  release measurements 

were made; and w e t  chemistry a n a l y s i s  f o r  burnup was performed on 

s e l e c t e d  samples. 

4.1. VISUAL EXAMINATION 

The v i s u a l  examination conducted a t  GA was performed us ing  an i n - c e l l  

s tereomicroscope w i t h  a magni f ica t ion  of 4X o r  20X. Coat ing f a i l u r e  l e v e l s  

observed i n  t h e  p a r t i c l e  samples du r ing  t h i s  examination a r e  r epo r t ed  i n  

Tables  4-1 and 4-2. A l l  TRISO samples i r r a d i a t e d  i n  t h e  lower tempera ture  

p o s i t i o n s .  (des ign  p a r t i c l e  s u r f a c e .  t empera ture  of 1 2 0 0 " ~ )  t o  a f l u e n c e  of 
2 

4.0 t o  9.1 x nlm (E  > 29 fJ)HTGR had ze ro  t o t a l  c o a t i n g  f a i l u r e  and 

I.nw OPyC(;coating f a i l u r e .  Zero t o t a l  c o a t i n g  f a i l u r e  was expected and was 

c o n s i s t e n t  w i t h  t h e  TRISO p a r t i c l e  des ign  p r e d i c t i o n s  d i s cus sed  i n  Sec- 

t i o n  5.1.2. There  was less low-temperature OPyC f a i l u r e  i n  HT-33, which 

was t h e  higher-exposure test .  Very h igh  t o t a l  c o a t i n g  f a i l u r e  was 

exh ib i t ed  i n  a l l  t h e  p a r t i c l e  samples from t h e  high-temperature (1500°C 

des ign  p a r t i c l e  s u r f a c e  temperature)  magazines i n  bo th  capsu l e s  ( s e e  

Table  4-1). Some of t h e  samples from t h e  same pa ren t  ba t ches  had low 

f a i l u r e  i n  one capsu l e  bu t  h igh  f a i l u r e  i n  t h e  o t h e r .  Lower f a i l u r e  was 

u sua l ly  observed i n  t h e  samples l o c a t e d  a t  t h e  ends of t h e  high-temperarure 

magazine where t h e  tempera tures  were lower.  

A s  shown i n  Table  4-2, a l l  the .BIS0 samples t h a t  had an.OPyC BAFo 

of 21.04 exh ib i t ed  zero f a i l u r e  i n  t h e  low-temperature magazine (des ign  



TABLE 4-1 
PAETICLE DESCRIPTION PNO VISUAL FAILURE OF TRISO Tho2 SAMPLES FROM CAPSULES HT-31 AND HT-33 

Kernel Coater 
Diameter S i ze  

( i l l  1 (mm) 1 BAF:~) 

p~ 

Capsule 
~ o s i t i o n ( b )  

P a r t i c l e  Batch 
Re t r i eva l  Number 

Time 
Averaged 

Temperature 
(OC) 

HT-31 1200°C Design P a r t i - l e  Surfaze  

1.052 
1 ,036 
1.026 
1.041 1 190 4 . 9  
1.042 1180 4.7' 
1.038 4.2. 
1.033 1150 4 . 0  
1.045 5 1 I150 3.5 

'emperature (900°C Graphit 
I 

Crucible  Temperature) 

5 3 1 .  

HI-31 1500°C Design P a r t i c l e  Surface  Temperature ( 1 2 5 0 ' ~  Graphi te  Crucible  Temperature) 

HT-33 1500°C Design P a r t i c l e  Su r f a l e  Temperature (1250°C Graphi te  Crucible  Temperature) 

HI'-33 1200°C Design P a r t i c l e  Surface  Temperature (900°C Graphi te  Crucible  Temperature) 

( a ) ~ e a s u r e d  wi th  a Seibersdorf  o p t i c a l  axisot ropy un i t  us ing a 24-urn c i r c3e .  

( b ) ~ h e  number des igna t e s  the  a x i a l  pos i t i on  i n  t he  capsule ;  t h?  numbers i r c r e a s e  consecut ively  towards the  bottom of t h e  capsule  ( r e l a t i v e  t o  t h e  r e a c t o r  co re ) .  

( C ) ~ a m p l e  s i z e  d i f f e r e n t  from o r i g i n a l  s i z e .  c= 
CI 

( d ) ~ h e  t o t a l  number of p a r t i c l e s  could not be counted due t o  h i g t  f a i h r e ;  va lue  given is t h e  des ign number of p a r t i c l e s  f o r  t h e  sample. 

( e ) O ~ y ~  coa t ing  f a i l u r e  without t o t a l  coat ing f a i l u r e  was n = t  observed. 

(')NO pressure  ves se l  f a i l u r e  p r ed i c t i ons  were done a t  1500°C because f a i l u r e  a t  such high temperatures i s  caused by SIC degradat ion i n  add i t i on  t o  i n t e r n a l  
pressure .  ' 

("TRISO p a r t i c l e  performance p red i c t i ons  descr ibed i n  Ref. 4-2 and based on an apparent  f a i l u r e  s t r e s s  of -4.9 MPa (-3400 p s i ) .  



TABLE 4-2 
PAF.TI(ILE .DESCRIPTION AND VISUAL FAILURE OF BISO Tho2 S,AMPLES FROM CAPSULE HT-33 

1200°C Desien P a r t i c l e  Su r f ace  T e m ~ e r a t u r e  (900°C G r a ~ h i t e  C ruc ib l e  T e m ~ e r a t u r e )  

( "~easu red  w i th  a Se ibersdorf  o p t i c a l  an i so t ropy  u n i t  u s ing  a 24- m c i r c l e .  

I b ) ~ h e  number d e s i g n a t e s  t h e  a x i a l  pos i t lor .  i n  t h e  capsu l e ;  t h e  numbers i n c r e a s e  consecu t i ve ly  towards t h e  bottom of t h e  c a p s u l e  ( r e l a t i v e  t o  t h e  
reactcsr co r e ) .  

 ample s i z e  d i f f e r e n t  from o r i g i n a l  s i z e .  

T o t a l  
Coat ing  
F a i l u r e s  

500 . 
6542-40-0260-001 503 
6542-27-01 61-001 500 
6542-29-0261-001 504 
6542-41-01 61-001 503. 
6542-41-01 60-001 507 

. . 

Capsule 
p o s i t i o n  (b) 

P a r t i c l e  Batch 
R e t r i e v a l  N~imber 

Pe r cen t  
Coat ing  
F a i l u r e s  

240 
240 
240 
240 
127 
240 
240 
240 1 

B A F ~ ~ )  

Coater  
' S i z e  
(mm) 

Beat  
Treatment 

1500°C Design P a r t i c l e  S ~ r f a c e ~ T e m p e r a t u r e  (1250°C Graphi te  C ruc ib l e  Temperature) 

OPyC 
Di luent  

Gas 

 erne el 
Diameter 

(pm) 

N2 
H2 
H2 
H2 
Ar 

N2 
N2 
N 2  

6542-29-0261-002 
6542-27-01 61-002 ' 

,6542-41-01 61-002 
654 2-41 -01 60-002 
6542-39-01 61-002 
6542-40-01 61-002 
654 2-LO-0261 -002 
6542-40-0260-002 

F a s t  Fluence 
(E > 29 fJ) TGR 

( l o25  n/m 5' ) 

Number of 
P a r t i c l e s  

Tes ted .  

Time 
Averaged 

Temperature 
( 'C)  

Number of  
P a r t i c l e s  
Examined 

Burnup 
(% FIMA) 

1.079 
1.043 
1.038 
1.038, 
1.041 
1.081 
1.081 
1.060 

Yes 
Yes 
Yes 
NO 
Yes 
Yes 
Yes 
NO 

2 
4 
5 
7 
8 

10 
11 - 

13 

503 
503 
503 
505 
508 
502 
50 1 
500 

1240 
1220 
1230 
1250 
1270 
1290 
1300 
1260 

240 
127 
240 
240 
240 

5 .4  
6.0 
6.4 
7.1 
7.4 
8 .0  

. 8.4 
9.0 

55 
57 
5 6 
56 
54 

5.7 
6.5 
6.8 
7.5 
7.8 
8 .4  
8.7 
9.3 

58 
58 
58 

11.0 
i 1 . 5  
;1 .7  
12.2 
12.4 

N2 
Ar 

N2 
N2 
N2 . 

38 
41 
41 
41 
40 
39 
40 
40 

. . 

38 
' 4 1  
41 
41 
40 .  
39 
40 
40 

55 
57' 
5 6 
5 6 
5 4 

l 5  . 
17 
18  
20 
2 1 

' 10.5 
10.7 
10.9 
11.1 
11.2 

12:7 
12.9 
13.2 

1.081 
1.041 
1.081 
1.060 
1.079 

2413 H2 
240. H2 
240 H7 

5 8 
5 6 ( ~ )  
5 8 

1490 
1470 
1480 
1490 
1500 

23 
2 4 
2 6 

11.4 
11.5 
11.7 

1.043 
1.038 
1.038 

3 
0 
0 
0 
0 

23 
14 
12 

4 9 
0 

: 53  
Los t  

50 
1500 
1510 
1460 

7.9 
0 
0 
0 
0 

5 9 
35 
30 

89.1 
0 

94.6 

92.6 
53  

0 
10 

91 .4  
0 

17.2 



I ' 

p a r t i c l e '  s u r f a c e  temp'erature 1 200°C) . These samples included t h e  two 

l a r g e  c o a t e r  ba t ches  made us ing  H d i l u t i o n  and t h e  one r e fe rence  127-mm 
2 

c o a t e r  ba t ch .  I n  t h e  high-temperature 'magazine (1 500°C des ign  . p a r t i c l e  

s u r f a c e  tempera ture) ,  t h e  same ba tches  exh ib i t ed  f a i l u r e  of up t o  1 7 % ~  

except  f o r  one l a r g e  c o a t e r  b a t c h  (6542-40-0161-002) which had a  v i s u a l  

OPyC c o a t i n g  f a i l u r e  l e v e l  of 91%. A l l  of t h e  BISO samples w i t h  21.06 

BAFo v a l u e s  i n  t h e  OPyC had h igh  f a i l u r e  i n  bo th  t h e  high- and low- 

tempera ture  magazines. 

A s  d i scussed  i n  Ref. 4-3, i t  was expected t h a t  heat-treatment-induced 

changes i n  t h e  OPyC would cause  h igher  p a r t i c l e  f a i l u r e  l e v e l s ,  e s p e c i a l l y  

i n  t h e ' h e a t - t r e a t e d  sample from p a r e n t , b a t c h  6542-41.-015. AS' shown i n .  . . 

T a b l e  4-2, t h e  c o a t i n g  f a i l u r e  l e v e l s  of t h e  12 BISO samples t h a t  were h e a t  

t r e a t e d  do n o t  d i f f e r  s i g n i f i c a n t l y  from t h e  t h r e e  samples examined t h a t  

were n o t  h e a t  t r e a t e d .  

4.2. METALLOGRAPHY 

F i v e  TRISO and two BISO p a r t i c l e  samples from capsu le s  HT-31 and 

HT-33'were i n i t i a l l y  examined me ta l log raph ica l ly  t o  eva lua t e  t h e  i r r a d i -  

a t i o n  induced changes i n  t h e  p a r t i c l e s .  Nine t o  15 p a r t i c l e s  from each 

sample were mounted and, a f t e r  gr inding ,  t h e  specimens w e r e  reimpregnated 

w i t h  mounting compound t o  reduce k e r n e l  p u l l o u t  du r ing  pol i sh ing .  The 

po l i shed  specimens were examined under b r i g h t  f i e l d  i l l u m i n a t i o n  and 

p o l a r i z e d  l i g h t  w i t h  a  L e i t z  metal lograph.  

4.2.1 . High-Temperature TRISO. 

High-temperature i r r a d i a t i o n  TRISO samples 6252-07-0261-002, 6542-06- 

0161-002, and 6252-08-0161-004 i n  HT-31 and HT-33 a l l  revea led  a  h igh  

deg ree  of b u f f e r  d e n s i f i c a t i o n  and pyrocarbon an iso t ropy .  I n  some par- 

t i c l e s ,  t h e  S i c  l a y e r  e x h i b i t e d ; a  f i n e  po ros i ty  t h a t  increased  toward t h e  

i n n e r  s u r f a c e  of t h e  coa t ing ,  a s  shown i n  F igs .  4-1 and- 4-2. The ke rne l  

m i c r o s t r u c t u r e  c o n s i s t e d  of a - c o n t i n u o u s  gray phase w i t h  l a r g e  pores  and 

a  sma l l ,  whi te ,  appa ren t ly  m e t a l l i c  phase s c a t t e r e d  throughout;  No g r a i n  



8.4% FlMA 
HT-31-33 

Fig. 4-1. Bright f i e l d  photomicrographs of Tho2 TRIG0 part ic l e s  from 
batch 6252-02-0261-002 



LIDLO- IJU 1410°C 25 
7.3 x 10 n/m2 
7.5% FlMA 
HT-31-38 

Fig.  4-2. Bright f i e l d  photomicrographs of Tho2 TRISO p a r t i c l e s  from 
batches 6252-08-0161-004 (HT-33-27) and-6252-06~0161-002 
(HT-3 1 -38) 



boundaries w e r e  d iscernible  i n  the  kernel. The shape of t h e  kernel  was 

usually oblong and sometimes broken up i n t o  globules at t he  periphery. 

Kernel migration and SIC a t t a ck  were seen i n  most cases. I n  some cases,  

a l a rge  concentration of a white phase w a s  located near  t he  advancing s ide  

of t h e  kernel. Kernel migration coe f f i c i en t s  were calcula ted and t he  

r e s u l t s  a r e  shown i n  Table 4-3. The dis tance t h e  kernels  t raveled was 

measured on t he  polished sect ions  of two specimens from capsule HT-31. 

Kernel migration is  discussed i n  d e t a i l  i n  Section 5.1.2.1. 

4.2.2. High-Temperature BISO 

From t h e  high-temperature magazine i n  HT-33, BISO sample 6542-40- 

0261-002 exhibited highly anisotropic buffer  and OPyC coatings; however, 

no OPyC f a i l u r e  was  observed. I n  a l l  of the  pa r t i c l e s  the re  w a s  a gap 

between t h e  kernel  and t he  buffer  (see Fig. 4-3). The circumference of 

t h e  kernel  w a s  rough. Two out of 13 of t he  kernels  had cracks o r  voids 

and a l l  of t h e  kernels exhibited f i n e  porosity and a small dispersed white 

phase. No kernel  migration w a s  observed i n  t he  BISO Th02 pa r t i c l e s .  

4.2.3. Law-Temperature BISO 

A s  shown i n  Fig. 4-3, t he  BISO low-temperature i r r ad i a t i on  sample, 

6542-40-0260-002 (HT-33-7), w a s  i n  excel lent  condit ion a f t e r  i r rad ia t ion .  

The metallographic examination showed a r e l a t i ve ly  low l e v e l  of buf fe r  and 

OPyC anisatropy under polarized l i gh t .  No meta l l i c  phase in t he  kernel  

and no kernel  migration w e t e  observed. There were no v i s i b l e  coating f a i l -  

ures. Although some of t h e  p a r t i c l e s  were severely faceted,  t h e  R/B meas- 

urement r e s u l t s  were low, showing t ha t  t h e  short-lived f i s s i on  gases had 

been retained by t he  par t i c les .  

4.2.4. Low-Temperature TRISO 

TRISO samples 6252-07-0261-003 and 6252-09-0161-003 from the  HT-33 

low-temperature magazine posi t ions  42 and 40 appeared t o  be i n  good condia 

t i on  under metallographic examination as shown i n  Figs. 4-4 and 4-5. The 



TABLE 4-3 
E CALCULATED KERNEX., MIGRATION COEFFICIENTS FOR TRISO Tho, PARTICLES , ,  

IRRADIATEI) I N  CAPSULE HT-31 

Sample 33 Sample 38 

Fas t  f luence (a) [1 ~ ~ ~ n / m * ( ~  > 29 f ~ ) ~ ~ ~ ~ ]  7.8 7.3 

~ u r n u ~ ( ' )  (X FIMA) 8.4 7.5 

I r r a d i a t i o n  time (8) 7.73 x 10 7.73 x 10 
6 

Amoeba equivalent  temperature(b) (OC) 1470 1435 

Thermal gradient  (a) ( ~ / m )  5.75 x 10 5.99 x 10 
4 

Kernel migration distance") (urn) 
Individual  measurement 3 7 24 

38 2 5 

39 2 6 

5 0 4 1 

6 1 42 

7 1 4 5 

78 5 9 
-- 62 

-- 7 3 

v -- 82 

Average kernel  migration dis tance (w) 53 48 
2 

Kernel migration coe f f i c i en t  (m -K/s) 

Measured in-pi le  (dl 3.6 x 10-l0 3.0 x10-'O 

Predicted out-of-pile ( 4  5.2 x 10-l0 3.4 x 10-l0 

I 

' u ' ~a l cu l a t ed  value. 

( b ) ~ h e  constant  temperature that would r e s u l t  i n  t h e  migration 
- -. dis tance  predicted using t h e  va r i a t i on  i n  t he  temperature with time. 

*- (C)~easu red  on p a r t i c l e s  i n  metallographic polished section.  

~ ~ u a t  ion used : KMC - A t  T~ (%I1 



7.1% FlMA 
HT-33-7 

Fig. 4-3, Bright field photomicrographs of Tho2 BISO particles from 
batches 6542-40-0261-002 (XTt33-24) and 6542-40-0260-001 
(HT-33-7) 



8.4% FlMA 
HT-33-42 

Fig. 4-4, Bright field and polarized light photomicrographs of Th02 TRISO 
particles from batch 6252-07-0261-003 



Fig. 4-5. Bright-field photomicrographs of Th02 TRISO particles from .batch 
6252-09-01 61-003 (Shaat 1 of 2) 



Fig. 4-5. Bright-field photomicrographs o f  Tho TRISO part ic les  from 
batch 6252-09-8161-003 (Sheet 2 of 23 



pyrocarbon c o a t i n g s  were s l i g h t l y  a n i s o t r o p i c  under po la r i zed  l i g h t .  No 

degrada t ion  o r  co r ros ion  of t h e  S i c  was observed. The ke rne l  micros t ruc-  

t u r e  was uniform wi th  f i n e  po ros i ty  and a  s c a t t e r e d  m e t a l l i c  phase. No 

k e r n e l  migra t ion  w a s  observed i n  e i t h e r  sample. I n  sample 6252-09-0161- 

003, an  apparent ly  m e t a l l i c  wh i t e  phase w a s  d i scovered  i n  t h e  S i c  c o a t i n g s  

i n  s i x  ou t  of 15 of t h e  p a r t i c l e s  mounted. Th i s  phase was no t  seen i n  t h e  

o t h e r  TRISO sample i r r a d i a t e d  a t  low temperature (6252-07-0261-003). The 

wh i t e  phase occurred  i n  t h e  c e n t r a l  reg ion  of t h e  S i c  coa t ing ,  o f t e n  i n  

l e n t i c u l a r  f laws .  The phase was never  observed a t  t h e  Sic-IPyC o r  S ic-  

OPyC i n t e r f a c e s .  I n  a l l  c a ses ,  t h e  S i c  l a y e r  appeared t h i c k e r  wherever a  

wh i t e  phase was seen ,  as shown i n  Fig.  4-5. The mount was reground and 

pol i shed  t h r e e  t imes  t o  ensure  t h a t  t h e  wh i t e  phase observed w a s  n o t ' a  

po l i sh ing  a r t i f a c t .  A f t e r  t h e  f o u r t h  p o l i s h ,  t h e  wh i t e  phase had been 

obsenred i n  10 out  of t h e  15 p a r t i c l e s .   h his wh i t e  phase . is d iscussed  

more . f u l l y  i n  Sec t ion  5.1 .3. 

4.3. FISSION GAS RELEASE 

The r e t e n t i o n  of sho r t - l i ved  f i s s i o r i  gases  b y  TRISO and. BISO Tho 
2 

p a r t i c l e s  from capsu le s  HT-31 and HT-33 w a s  eva lua ted  by us ing  t h e  GA 

TRIGA r e a c t o r ,  t h e  l i n e a r  a c c e l e r a t o r ,  and thorium hydrolys is .  The objec- 

t i v e  of t h e  measurements w a s  t o  compare t h e  p a r t i c l e  c o a t i n g  f a i l u r e  f r a c -  

t i o n s  c a l c u l a t e d  from t h e  R I B  measurements w i t h  those  determined by o t h e r  

p o s t i r r a d i a t i o n  examination methods. The b a r r i e r s  t o  r e l e a s e  of short- 

l i v e d  f i s s i o n  gases  a r e  t h e  coa t ings  of t h e  f u e l  p a r t i c l e s .  Shor t - l ived  

. f i s s i o n  gas r e l e a s e  i s ' a  de termina t ion  of t o t a l  coa t ing  f a i l u r e .  

. P a r t i c l e  f u e l  f a i l u r e  l e v e l s  f o r  each specimen were determined from 

f i s s i v n  gas r e l e a s e  d a t a  obta ined  .from t h e  whole s imple  i r r a d i a t e d  i n  each 

pos i t i on .  The p o s t i r r a d i a t i o n  f i s s i o n  gas r e l ea sed  dur ing  TRIGA a c t i v a t i o n  

comes from two sources:  (1.) heavy meta l  contaminat ion on t h e  p a r t i c l e  sur-  

f a c e ,  and (2) f a i l e d  f u e l  p a r t i c l e s  a s  shown b y . t h e  fo l lowing  equat ions:  



+ RIB RIBEoL = R.lBf a i l e d  f u e l  
C (Th) 

, . 

w h e r e .  R I B E ~ ~  
= measured , p o s t i r r a d i a t i o n  f i s s i o n  gas r e l e a s e  (TRIGA),, 

= f i s s i o n  gas r e l e a s e  from f a i l e d  f L e l  p a r t i c l e s ,  , ' 

. . RIBfa i l ed  ' f u e l  . 

. = measured . . p r e i r r a d i a t i o n  f i s s i o n  gas r e l e a s e  (LINAC)., 

= f i s s i o n  gas r e l e a s e  from thorium (U-233) R I B ~  (Th) 

. , , .  contaminat ion,  

ThC = thorium contaminat ion measured b,y hydro lys is , ,  . 

r / bC  = f r a c t i o n a l  r e l e a s e  from contaminat ion (0.30).  . 

T r a c e  amounts of thorium contaminat ion on t h e  f u e l  p a r t i c l e  s u r f a c e  a r e  

unavoidable  dur ing  f a b r i c a t i o n .  Contamination dur ing  i r r a d i a t i o n  and post-  

i r r a d i a t i o n  handl ing  i s  assumed t o  be  zero .  Therefore ,  t h e  d i f f e r e n c e  

between f i s s i o n  gas  r e l e a s e  ( 1 )  determined be fo re  i r r a d i a t i o n  o r  (2) ca l -  

c u l a t e d  from measured. thorium contaminat ion and t h e  measured p o s t i r r a d i -  

a t i o n  f i s s i o n  gas r e l e a s e  . (RIB ) i s  assumed, t o  be  t h e  f i s s i o n  gas EOL - 
r e l e a s e d  from f u e l  p a r t i c l e s  t h a t  f a i l e d  dur ing  i r r a d i a t i o n  (RIB . 

f a i l e d  f u e l )  ' 
The thorium contaminat ion c o n t r i b u t i o n  due t o  t h e  pos t  i r r a d i a t i o n  f i s s i o n  

gas  r e l e a s e  can b e  c a l c u l a t e d  from thorium hydro lys i s  v a l u e s  o r  measured a 

d i r e c t l y  by t h e  p h o t o f i s s i o n  of thorium i n  t h e  l i n e a r  a c c e l e r a t o r  (LINAC). 

A s  shown i n  Table 4-4, 12 of t h e  18 samples eva lua ted  f o r  sho r t - l i ved  

f i s s i o n  gas  r e t e n t i o n  were measured f o r  thorium contaminat ion by LINAC 

a c t i v a t i o n .  Thqrium h y d r o l y s i s  va lues  were used t o  c a l c u l a t e  t h e  contami- 

n a t i o n  c o n t r i b u t i o n  f o r  t h e  o t h e r  s i x  samples. 

  he d i r e c t  measurement of f i s s i o n  gas r e l e a s e  by LINAC a c t i v a t i o n  is  

a more a c c u r a t e  de t e rmina t ion .o f  thorium s u r f a c e  contaminat ion b u t  because 

ai : large amount of s a m p 1 e . i ~  r equ i r ed ,  i t  was no t  always used. The.photo- 

f i s s i o n  of Th-232 uses  a h igh  i n t e n s i t y  beam,of photons -generated i n  a 

l i n e a r  a c c e l e r a t o r  to .  bombard t h e  f u e l  sample. The l i n e a r  a c c e l e r a t o r  

f a c i l i t y  c o n s i s t s  of a t h ree - sec t ion  75-MeV L-band e l e c t r o n  l i n e a r  acce l -  

e r a t o r  w i t h  t h e  beam energy s e t  a t  30 MeV. '  The 30-MeV e l e c t r o n  beam 



TABLE 4-4 
TRIGA FISSION G.9j RELEASE DATA AND FAILURE LEVELS FOR PARTICLES IN HT-31 AND HT-33 

( a ) ~ ~  f i a s i l e  loading is the weight of U-235 tha t  utuld produce the equivalent Kr-85m yield of a l l  f i s s ionab le  mater ial  calculated t o  be i n  the sane 
sample. 

( b ) ~ / ~  deiermined by the  photofiss ion of a-ZY i n  the  LIWAC. 

(')RIB Kr-8Sm determined by uranium f i s s i o n  i n  a T R I R  reactor .  

( d ) ~ e t e m i n e d  by hy i ro lys i s  t e s t  on paren= batch, and indicates  t o t a l  amount of exrrosed heaw metal. 
(e) 
(f)RIBfafie.i f u d  - - R i B ~ o ~ .  

R/Btailed fuel - RIBwL - (ThC)(0.30). 

(g)r/b. - 0.0013 + 0.00186 ( I  Y I M A ) ~ ' ~  fo r  Tho. fue l  :Ref. 4-61. 

RIBfailed 
( e )  ( f )  

5.5 x 
+ ( f )  

1 .9 10 

7.0 x 10 
+ ( f )  

2.4 x 10-5(f) 
(e)  

2.4 x lo-' 

1.1 x 10 
-I,(€) 

-5(f)  
1.3 x 10 

7.0 x 10 
-6(e) 

8.4 x 10 
-5(f)  

(e) 
1.2 x 

1.1 10 
-b(f) 

6 . 1 ~ 1 0 - ~ ( ~ )  

1.6 x 10-5(e) 
(e) 

9.9 x 

6.4 x 

2.3 x 10 
-4(e) 

1.7 x 

5.5 x 10-6(e) 

P a r t i c l e  B'atch 
k t r i e v a l  Number 

6252-06-0161-002 

6252-10-0161-001 

6252-09-0161-001 

6252-05-0160-005 

6252-07-0261-001 

6252-07-0161-001 

6252-09-0161-003 

6252-07-0161-003 

6252-06-0261-003. 

6252-06-0161-003 

6252-08-0161-003 

6342-39-0161-001 

6542-40-0161-001 

6542-40-0261-001 

6542-40-0260-001 

6542-27-0161-001 

6542-27:0161-002 

6542-40-0261-002 

Coater 
S i z i  
(mm; 

240 

240 

240 

127 

240 

24C. 

240 

240 

. 240 

240 

240 

240 

240 

240 

240 

127 

127 

240 

Capsule 
PosLtion 

31-38 

31-40 

31-42 

31-43 

31-45 

31-46 

33-40 

33-43 

33-46 

33--48 

33-49 

33-2 

33-4 

33-5 

33-7 

33-8 

33-17 

33-24 

r/b:g) 

0.0123 

0.0103 

0.0101 

0.0098 

0.0092 

0.0088 

0.0146 

0.0132 

0.0121 

0.0114 

0.0106 

0.0098 

0.0106 

0.0114 

0.0121 

0.0126 

0.0177 

0.0195 

' 

Fast Fluence 
(E > 29 fJ)  Ga 

(1025 n/mF 

7.3 

6.5. 

6 .1 

5.9 

5.4 

5.2 . 
9.3 

8.4 

7.5 

6.8 

6.5 

5.7 

6.5 

6.8 

7.5 

7.8 

10.7 

11.5 

In-Service 
P a ~ t i c  e 

Fai lureth)  
(i) 

45 

0.20 

0.70 

0.20 

0.26 

7.30 

0.10 

0.05 

0.70 

0.07 

1.00 

6.20 

0.20 

0.90 

0.10 

1.80 

0.10 

0.03 

Time 
Averaged 

Temperature 
C 

1410 

1250 

i i20  

1250 

1190 

1180 

1210 

1230 

1220 

1200 

1180 

1240 

1220 

1230 

1250 

1270 

1470 

1510 

Nunbe' of 
Partic1.s 
in  Sample 

78 

53 

5 3 

34 

53 

54 

53 

. 54 

52 

33 

53 

3a 

i t  

4 1 

4; 

LO 

- 0 
= - 
56 

Apparent 
Nur.ioe; of 

Faileo 
Pa r t i c l ea  

35 

0 

0 

0 

0 

0-1 

0 

0 

0 

0 

0-1 

0 .  

0 

0 

0-1 ' 

0 

0 

Burnup 
<I FIW) 

7.5 

6.1 

5.6 

5.4 

4.9 

4.7 

9.0 

8.0 

7.1 

6.4 

6.0 

5.4 

6.0 

6.4 

7.1 

7.4 

11.5 

12.9 

Contam-(d) ThCo2 
ina t ion  

(I Th/g Th) 

8.3 x 

2.0 

1.0 x 

2.0 x 7 0 - ~  

0.8 x 

9.2 x 1 0 ' ~  

1.0 x 

9.2 x 

0.8 x 

8.3 x 

1.0 > o - ~  
8 . 7 x i 0 - ~  

7.6 x 

2.1 x lo-) 

2.1 x 

1.4 x 

1.4 x 

2.1 x 

EOL 

E ~ ~ ~ ~ ~ : ~ t  

(mg U-235) 

2.88 

1.83 

1.80 

1.77 

1.72 

1.70 

1.77 

1.71 

1.65 

1 . 6  

1.57 

1.60 

1.64 

1 6 8  

1.72 

1.73 

2.78 

2.82 

Fission Gas Release 
Kr-85m 

BoL(b) 

4.6 x 

ND 

ND 

ND 

1.2 x lo-' 

1.6 x 

ND 

1.6 x 

ND 

4.6 x 

ND 

6 . 2 x 1 0 - . ~  

c l . 3  x 

c1.4 x 1 0 ' ~  

3.6 x 

3.4 x 

3.4 x 

'1.4 x 

at  l l O O O C  

IOL(c) 

5.5 x lo-) 

2.0 

7.0 x 

2.5 x 

3.6 x 

1 .3  x 

1.3 x lo-' 

2 .3 x 

8.4 x 

1.3 x 

1.1 

6 .2x10- '  

1.7 x 

1.0 x lo-' 

1.0 x 

2.3 x lo-' 

2.0 

6.9 x 



s t r i k e s  a tan ta lum t a r g e t ,  producing a 15-MeV average  energy bremsstrahlung 

beam which causes  t h e  f i s s i o n i n g  of t h e  Th-232. Approximately 10' f  is- 

s i o n s  a r e  induced i n  a 30-g sample a f t e r  1 hour of i r r a d i a t i o n  a t  room 

tempera ture .  A f t e r  i r r a d i a t i o n  t h e  f i s s i o n  gases  are swept i n t o  a l i q u i d -  

n i t rogen-cooled  c h a r c o a l  c o l l e c t i o n  t r a p .  The sample i s  then  placed i n  

t h e  King f u r n a c e  i n  t h e  TRIGA r e a c t o r  and annealed a t  1100°C f o r  30 minutes 

t o  s i m u l a t e  t h e  tempera ture  c o n d i t i o n s  du r ing  in-core i r r a d i a t i o n .  

The f i s s i o n  gases  r e l e a s e d  dur ing  annea l ing  a r e  c o l l e c t e d  i n  t h e  t r a p  

and gamma counted w i t h  t h e  f i s s i o n  gases  r e l ea sed  dur ing  LINAC i r r a d i a t i o n .  

The gamma count ing  and R / B  c a l c u l a t i o n s  were done by us ing  t h e  Sigma-I1 

; computer-analyzer system. A thorium s t e a r a t e  s tandard ,  known t o  be 100% 

r e l e a s i n g  f o r  f i s s i o n  gases  w i t h  h a l f - l i v e s  >30 s, i s  i r r a d i a t e d  w i t h  t h e  

p a r t i c l e  samples. The f r a c t i o n a l  R / B  va lues  a r e  c a l c u l a t e d  by comparing 

t h e  r e l e a s e  of t h e  gaseous r ad ionuc l ides  from t h e  f u e l  w i t h  t h e  r e l e a s e  

from t h e  s t anda rd  i r r a d i a t e d  and gamma counted under t h e  same condi t ions .  

End-of- l i fe  f i s s i o n  gas r e l e a s e  va lues  were obta ined  by i r r a d i a t i n g  

t h e  f u e l  sample i n  a g r a p h i t e  t ube  fu rnace  designed t o  f i t  i n t o  a f u e l  

element p o s i t i o n  i n  a TRIGA r e a c t o r  core .  The samples were i r r a d i a t e d  t o  

produce about  1014 f i s s i o n s  by a d j u s t i n g  t h e  r e a c t o r  power l e v e l .  During 

i r r a d i a t i o n ,  t h e  f i s s i o n  gases  r e l ea sed  were swept f rom. the  furnace  w i t h  

hel ium i n t o  a l iquid-ni t rogen-cooled cha rcoa l  c o l l e c t i o n  t r a p .  A f t e r  t h e  

30-minute i r r a d i a t i o n  pe r iod ,  t h e  r e a c t o r  i s  shu t  down and gas i s  c o l l e c t e d  

f o r  an  a d d i t i o n a l  15 minutes .  Then t h e  c o l l e c t i o n  t r a p  con ta in ing  t h e  

r e l e a s e d  f i s s i o n  gases  was gamma counted us ing  a l i t h ium-dr i f t ed  germanium 

d e t e c t o r .  The gamma count ing  and R/B c a l c u l a t i o n s  were done by us ing  t h e  

Sigma I1 computer-analyzer and t h e  FISSIN computer code. The f r a c t i o n a l  

R I B  v a l u e s ,  f o r  xenon and krypton r e l e a s e ,  a r e  c a l c u l a t e d  by comparing 

t h e  r e l e a s e  of t h e  gaseous r ad ionuc l ides  from t h e  f u e l  w i th  t h e  r e l e a s e  

from a powdered sample o f .u ran ium s t e a r a t e ,  i r r a d i a t e d  and gamma counted 

under t h e  same cond i t i ons .  Uranium s t e a r a t e  has been shown t o  be 100% 

r e l e a s i n g  f o r  gaseous n u c l i d e s  w i th  h a l f - l i v e s  g r e a t e r  than .30 seconds 

(Ref .  4-5). The a d j u s t e d  EOL f i s s i l e ' f u e l  loadings  f o r  each specimen were 



determined by .express ing  t h e  sum of t h e  weight  of a l l  remaining f i s s i o n a b l e  

m a t e r i a l  i n  terms of U-235, producing t h e  equ iva l en t  Kr-85m y i e l d .  

The r e s u l t s  of t h e  p r e i r r a d i a t i o n  and p o s t i r r a d i a t i o n  r e l e a s e  measure- 

ments i n  terms of R I B  f o r  Kr-85m a r e  r epo r t ed  i n  Table  4-4. The Kr-85m 

was s e l e c t e d  a s  t h e  r e f e r ence  i s o t o p e  because i t  has  a s h o r t  h a l f - l i f e  

(4.4 hours)  and i t s  gamma-ray energy peak can e a s i l y  be reso lved .  A r e f -  

e rence  temperature  of llOO°C was used f o r  a n a l y s i s  of f u e l  f a i l u r e  l e v e l s .  

The in - se rv i ce  p a r t i c l e  f a i l u r e  l e v e l  w a s  c a l cuza t ed  f o r  each sample 

u s ing  t h e  fo l l owing  equat ion:  

F = 
R / B f a i l e d  f u e l  

r / b c  
9 

where F = i n - se rv i ce  f u e l  f a i l u r e  l e v e l ,  

r / b f  = mean f r a c t i o n a l  r e l e a s e  of Kr-85m a t  1 100°C frbm f a i l e d  

f u e l  p a r t i c l e s .  

The f u e l  £ . a i l u r e  l e v e l  v a l u e s  ob t a ined  are given i n  Table  4-4. The most 

r ecen t  d a t a  on r / b  (Refs . . .  4-6 and 4-7) g i v e  t h e  fo l l owing  equa t ion  a s  a 
f . . 

r ev i sed  e s t i m a t e  of t h e  burnup dependence f o r  f a i l e d  Tho f u e l :  
2 

r / b f  = 0.001 3 + 0.001 8 (% FIMA) 
0.9 

(4-5) 

Values of r / b  determined us ing  t h i s  equa t ion  a r e  g iven  i n  Tab le  4-4. 
f 

Of t h c  18 TRISO and DISO s a u p l e s  t e s t e d ,  t h r e e  had a 1% p a r t i c i e  

f a i l u r e  l e v e l ,  one had a 6% l e v e l ,  and one TRISO sample had an i n - s e r v i c e  

f a i l u r e  l e v e l  of 45% ( s e e  Table  4-4). The o t h e r  13 samples showed a z e r o  

percent  f a i l u r e  l e v e l .  , F a i l u r e  mechanisms a r e  d i s cus sed  i n  g r e a t e r  d e t a i l  

i n  Sec t ion  5.1.2. 



4.4. GAMMA-RAY SPECTROMETRY 

. . 

Gamma-ray spec t rometry  was used t o  determine m e t a l l i c  f i s s i o n  product 

i n v e n t o r i e s  i n . 2 7  HT-31 and HT-33 f u e l  p a r t i c l e  samples. The l o s s  of me- 

t a l l i c  . f i s s i o n  products  by i n t a c t . B I S 0  p a r t i c l e s  is  caused by d i f f u s i o n  

through t h p  PyC l a y e r s .  TRISO p a r t i c l e s ;  however, r e t a i n  t h e i r  m e t a l l i c  ' .  

f i s s i o n  products  a s  1 o n g . a s  t h e  S i c  l a y e r  remains i n t a c t .  Thus t h e  l o s s  of . 

m e t a l l i c  f i s s i o n  products  g i v e s  a  measure of S i c  f a i l u r e  i n  t h e  TRISO 

p a r t i c l e s .  Gamma coun t ing  was done us ing  a  l i t h ium-dr i f t ed  germanium 

(Ge-Li) gamma spec t rometer  coupled t o  a.4096-channel Sigma I1 computer 

ana lyze r .  S i n g l e  channel  ana lyze r s  were used t o  p r i n t  o u t . r e l a t i v e  pro- 

. f i l e s  of i n d i v i d u a l  i s o t o p e s .  The samples were counted i n  t he , low- leve l  

h o t  c e l l  u s ing  a  107-cm-long co l l ima to r .  

Twelve p a r t i c l e s  t h a t  were judged t o  b e  i n t a c t  by v i s u a l  examination 

were  chosen from each sample f o r  gamma counting.  Because of t h e  very  high 

t o t a l  c o a t i n g  f a i l u r e  i n  samples from t h e  high-temperature magazines, only 

4  of t h e  27 samples chosen f o r  gamma count ing  were high-temperature 

samples.  Two p a r t i c l e s  were scanned a t  a  t ime and s i x  scans were run on 

each  1 2 - p a r t i c l e  sample. The two p a r t i c l e s  were loaded i n t o  p l a s t i c  sample 

v k a l s ,  which were pos i t i oned  i n  f r o n t  of t h e  1.27 cm by 1.27 cm co l l ima to r  

u s i n g  a  Nuclear Chicago au tomat ic  sample changer.  

A q u a n t i t a t i v e  f i s s i o n  product i s o t o p e  inventory  was determined 

from t h e  mul t ichannel  s cans  us ing  t h e  fo l lowing  equat ion:  

DPM = 
CPM 

(CE) (A11 ' 

where DPM = d i s i n t e g r a t i o n s  pe r  minute of each i s o t o p e ,  

CPM = counts  per  minute of each i s o t o p e  measured by t h e  d e t e c t o r ,  

CE = count ing  e f f i c i e n c y  of t h e  p a r t i c u l a r  count ing geometry, 

A 1  = a b s o l u t e  i n t e n s i t y  of t h e  v a r i o u s  i so topes .  



Fuel  sample 6252-08-0161-003 (HT33-49) was used a s  t h e  i n t e r n a l  peak 

s tandard .  A counting e f f i c i e n c y  versus  peak energy c a l i b r a t i o n  curve  

was cons t ruc ted  us ing  t h e  measured i s o t o p e  CPM, t h e  known va lues  of t h e  

abso lu t e  i n t e n s i t i e s ,  and Eq. 4-6. A q u a n t i t a t i v e  va lue  f o r  each i s o t o p e  

was c a l c u l a t e d  us ing  t h i s  c a l i b r a t i o n  curve and t h e  measured CPM. A 

t h e o r e t i c a l  DPM of each i so tope  was c a l c u l a t e d  us ing  t h e  FISSPROD computer 

program. These va lues  a r e  repor ted  f o r  Ce-144, Cs-137, and Zr-95 i n  Tables  

4-5 through 4-7. The d i f f e r e n c e s  between t h e  two i n v e n t o r i e s  a r e  systematic1 

w i t h  t h e  measured i s o t o p e  va lue  gene ra l ly  h igher  than  t h e  predic ted  va lue .  

The d i f f e r e n c e s  a r e  most l i k e l y  due t o  u n c e r t a i n t i e s  i n  t h e  input  d a t a  f o r  

t h e  FISSPROD program and counting and c a l i b r a t i o n  e r r o r s .  

A q u a l i t a t i v e  eva lua t ion  of t h e  m e t a l l i c  f i s s i o n  product r e t e n t i o n  of 

each p a r t i c l e  ba tch  was made by comparing t h e  measured and c a l c u l a t e d  

C s / Z r  r a t i o s .  The Zr-95 i s o t o p e  was chosen a s  t h e  r e f e rence  i s o t o p e  

because i t  i s  r e t a ined  by Tho k e r n e l s  and was e a s i l y  de t ec t ed .  The meas- 
2 

ured and c a l c u l a t e d  Cs-137/Zr-95 r a t i o s  a r e  r epo r t ed  i n  Tables  4-5 through 

4-7 and p l o t t e d  a s  a  func t ion  of burnup i n  F igs .  4-6 through 4-8. The d a t a  

showed t h a t  t'he p a r t i c l e  samples could b e  d iv ided  i n t o  two popula t ions  con- 

s i s t i n g  of p a r t i c l e s  w i t h  e i t h e r  h igh  C s / Z r  r a t i o s  o r  low d s / ~ r  r a t i o s .  

The lower l i m i t  f o r  t h e  h igh  C s / ~ r  r a t i o  popula t ion  was based on 

a  95% confidence t h a t  no more than  1 %  of t h e  p a r t i c l e s ,  which a r e  assumed 

t o  be  r e t e n t i v e  of t h e i r  C s  inventory ,  have a C s / Z r  r a t i o  of less t han  

t h e i r  i n d i c a t e d  l i m i t .  Confidence i n  t h e  limit w i l l  be  improved a s  t h e  

amount of empi r i ca l  d a t a  i nc reases .  The measured and t h e o r e t i c a l  r a t i o s  

a r e  i n  agreement w i t h i n  7% f o r  p a r t i c l e s  t h a t  a r e  cons idered  i n t a c t .  

F u r  comparison Figs .  4-6 through 4-8 a l s o  show t h e  f r a c t i o n a l  cesium 

r e l e a s e  expected from b a r e  Tho k e r n e l s  i r r a d i a t e d  under t h e  same con- 
2  

d i t i o n s  a s  t h e  BISO p a r t i c l e  samples. The b a r e  k e r n e l  f r a c t i o n a l  r e l e a s e  

is  t h e  p red ic t ed  upper l i m i t  of cesium r e l e a s e  f o r  t hese  p a r t i c l e  samples. 

The f r a c t i o n a l  r e l e a s e  was c a l c u l a t e d  u s i n g , t h e  fo l lowing  equat ion:  



TABLE 4-5 
. FISSION PRODUCT INVENTORY OF TRISO PARTICLES IRRADIATED IN HT-31 / 

. 
Sample Number 

6252-06-0161-002 

6252-10-0161-001 

6252-09-0161-001 

6252-05-0160-005 

6252-07-0261-001 

6252-07-0161-001 

6252-06-0261-003 

6252-06-0161-001 

6252-08-0161-001 

Capsule 
Position 

31-33 

31-40 

31-42 

31-43 

31-45 

31-46 

31-48 

31-49 

31-51 

Zr-95 

Theoretica' 

5.02 x lolo 

4.08 X 10'' 

3.80 x 10'' 

5.45 x 10'' 

3.35 x lot0 

3.22 x lolo 

2.93 x lot0 

2.77 x 10'' 

2.43 x loi0 

(dpm) 

Messured 

5.3325 x 10l0 

5.5750 x 10l0 

5.2627 x lot0 
5.3929 x 10'' 

5.3620 x 10'' 

5.2792 x 10l0 

4.3931 x l0l0 

4.3128 x 10l0 

4.3043 x 10l0 

4.4479 x 1o1O 

4.3995 x l0l0 

4.6435 x 10l0 

4.2593 x 10'' 

4.3087 x loi0 
4.1139 x lolo 
4.0319 x 10l0 

4.1003 r 10l0 

4.2057 x 10l0 

6.0333 x 101° 

5.7780 x 10'' 

5.5241 x 10'' 

5.9404 x 10'' 

5.4740 x 10'' 

5.8853 x lolo 

3.5380 x 10'' 

3.6989 x 10l0 

3.7651 x 10l0 

3.6838 x 10'' 

3.8410 x 10'' 

3.5803 x l0l0 

3.5034 x 10" 

3.4954 x 101° 

3.3732 x 10'' 

3.6667 x 10'' 

3.4306 x 10'' 

3.5363 x 10'O 

3.0426 x 10'' 

3.0372 x 10l0 

3.4766 x 10'' 

2.9747 x 10'' 

3.4657 x 10". 

3.2731 x 10l0 

3.03 x 10'' 

3.07 x 10" 

3.07 x 10l0 

3.01 x 10l0 

2.84 x l0l0 

3.78 x l0l0 

2.64. x 10'' 

2.70 n 101° 

2.75 x 10l0 

2.69 x 10l0 

2.51 x l0l0 

2.77 x 10l0 

Cs-137 

Theoretical 

4.43 x 10' 
' 

3.58 x lo8 
. 

, 

3.34 x lo8 

4.78 x 10' 

2.94 x 10' 

2.82 x lo0 

' 

2.56 x 10' 

2.42 x 10' 

. 
2.12 x 10' 

(dpm) 

Measured 

4.7818 x 10' 

2.6841 x lo8 
3.0733 x lo8 
2.2330 x 10' 

3.0337 x lo8 
4.3194 x 10' 

4.0149 x 10' 

4.0374 x lo8 
3.8570 x 1.0' 

4.1051 x lo8 
4.0149 x 10' . 
4.2179 x 10' 

3.6427 x 10' 

3.1691 x lo8 
3.7668 x 10'. 

3.7442 x lo8 
3.6037 x 10' 

3.5976 x'lo8 

5.4021 x 10' 

5.2329 x lo8 ' 

4.7818 x lo8 
5.2893 r lo8 
5.0299 x 10' 

5.2329 x 10' 

3.3608 x 10' 

3.2593 x 10' 

3.4059 x 10' 

3.3382 x 10' 

3.3157 x 10' 

3.2400 x 10' 

3.0337 x 10' 

3.1691 x 10' 

3.0224 x lo8 
3.2254 x lo8 
3.1465 x lo8 
3.0901 x 10' 

2.6728 1 10' 

2.7292 x 10' 

3.0112 x 10' 

2.8194 x 10' 

2.7518 x lo8 
2.7856 x lo8 

2.70 x lo8 
2.79 x 10' 

2.74 x 10' 

2.73 x 10' 

2.62 x 10' 

2.82 x 10' 

2.29 x lo8 
2.54 x 10' 

2.44 x lo8 
2.48 x 10' 

2.35 x. 10' 

2.57 x 10' 

Ce-144 

Theoretical 

1.14 x l b 1 °  

9.14 x lo9 

8.49 x lo9 

1.21 x 10'' 
' 

7.43 x lo9 

, 

7.13 x lo9 

6.45 x lo9 

6.09 x lo9 

, 

. 

5.31 x lo9 

, 

Theoretical 

0.0088 ' 

. 

0.0088 

0.0088 

0.0088 

0.0088 

. 

0.0088 

0.0087 

0.0087 

0.0087 

. 

(dpm) 

Measured 

1.1063 x 10'' 

1 .I931 x 10'' 

1.1063 x 10l0 

1.2726 x 10l0 

1.2654 x 10'' 

1.0991 x 10'' 

9.6891 x lo9 
9.5445 lo9 
9.3275 x lo9 

8.9660 x lo9 
9.1106 x lo9' 
1.0484 x 10'' 

8.3876 x lo9 
1.0195 x lolo 
8.8937 

9.5445 lo9 
8.5322 x lo9 
8.6045 x lo9 

1.3521 r 10" 

1.1569 x 10l0 

1.3449 x 10l0 

1.2581 x lolo 
1.2654 x 10l0 

1.2798 x lot0 

7.3030 x lo9 

8.5322 x lo9 
8.0983 x lo9 
7.0137 x lo9 
8.2430 x lo9 
6.6522 x lo9 

8.5322 x 10' 

7.5199 x lo9 
7.7368 x lo9 
7.6645 x lo9 
7.3030 x' lo9 
8.0260 x lo9 

6.0738 x lo9 
5.9291 x lo9 
6.7245 x lo9 
5.8568 x loY 
6.1461 x lo9 
6.5071 x lo9 

5.86 x lo9 
6.15 x lo9 
5.91 lo9 
6.07 x lo9 
6.22 x lo9 
7.95 lo9 . 

5.86 x lo9 
7.09 x lo9 
6.72 x lo9 
4.05 x lo9 
5.35 lo9 
5.06 x lo9 

CslZr 

Measured 

0.0090 

0.0048 

0.0059 

0.0041 

0.0057 

0.0082 

0.0091 

0.0094 

0.0090 

0.0092 

0.0091 

0.0091 

0.0086 

0.0074 

0.0092 

0.0093 

0.0088 

0.0086 

0.0090 

0.0091 

0.0087 

0.0089 

0.0092 

0.0089 

0.0095 

0.0088 

0.0090 

0.0091 

0.0090 

0.0091 

0.0087 

0.0091 

0.0090 

0.0088 

0.0092 

0.0087 

0.0088 

0.0090 

0.0087 . 
0.0095 

0.0079 

0.0085 

0.0089 

0.0091 

0.0089 

0.0091 

0.0092 

0.0086 

0.0087 

0.0094 

0.0089 

0.0092 

0.0094 

0.0093 

Mean 

0.0063 

0.0092 

0,0087 

0.0090 

0.0091 

U.UUB9 

0.0087 

0.0090 

. 
0.0091 

' 

Ueesured 

Standard 
Deviation 

0.0019 

0.0007 

0.0007 

0.0002 

0.0002 

U.OUU2 

0.0005 

0.0002 

0.0003 



TABLE 4-6 
FISSION PRODUCT INVENTORY OF TRISO PARTICLES IRRADIATED IN HT-33 

Sample Number 

6252-08-0161-004 

6252-09-0161-003 

6252-07-0261-003 

6252-07-0161-003 

6252-05-0160-007 

6252-06-0261-003 

6252-06-0161-003 

6252-08-0161-003 

6252-10-0161-003 

Capsule 
Position 

33-27 

33-40 

33-42 

33-43 

33-45 

33-46 

33-48 

33-49 

33-51 

- ~~p 

Zr-95 

.Theoretical 

7.70 x 10l0 

5.)8 x 10'" 

4.99 x 10l0 

4.87 x 101° 

6.56 x 10'' 

4.31 x lot0 

3.94 x 10l0 

3.73 x 101° 

3.33 x 10'' 

- - 

(dpm) 

Measured 

7.85 x 10l0 

8.30 x 10'' 

7.44 x 10l0 

7.72 x 10'' 

7.69 x lolo 

7.43 x 10l0 

5.63 x 1uln 

5.61 x 10'' 

5.68 x 10'' 

5.55 x 10l0 

5.66 x lolo 

5.49 x 10'" 

5.41 x 10'' 

5.31 x 10l0 

5.24 x lolo 
5.19 x 10l0 

5.17 x 10'' 

5.19 A 10l0 

5.08 x 10" 

5.29 x 10l0 

5:20 x l0l0 

5.07 x 10'' 

5.40 x 10'' 

5:26 x 10'' 

7.10 x lot0 
6.76 x 10l0 

6.99 x 10l0 

7.04 x lolo 

4.68 x 10l0 

4.57 x l0l0 

4.69 x lolO' 

4.59 x l0l0 

4.52 x l0l0 

4.57 x 10l0 

4.30 x 10" 

4.25 x lolo 

6.20 x lot0 
4.11 A 10l0 

4.12 x l0l0 

4.44 x 10lu 

4.03 x 10l0 

3.88 x 10l0 

3.93 x 10l0 

3.84 x 10'' 

3.~9 x in1' 
3;88 x 10l0 

3.56 x 10'' 

3.64 x 10'' 

3.75 x 10l0 

3.72 x 10'' 

3.!5 x 10l0 

-3.58 x 10l0 
~ - 

Cs-137 

Theoretical 

7.81 x 10' 

5.37 x 10' 

4.97 x 10' 

4.84 x 10' 

6.51 x 10' 

4.26 x 10' 

. 

3.88 x 10' 

3.67 x 10' 

3.27 x 10' 

(dpm) 

Measured 

6.71 x 10' 

1.55 x 10' 

9.13 lo7 
4.17 x 10' 

1.31 x 10' 

'3.71 x 10' 

5.83 x 10' 

5.72 r 10' 

5.70 x 10' 

5.70 x 10' 

5.70 x 10' 

5.51 x 10' 

5.24 x 10' 

5.15 x 10' 

5.40 x 10' 

5.21 x 10' 

5.15 x lo8 
3.27 x 10' 

5.0? x 10' 

5.32 x 10' 

5.13 x 10' 

5.02 x 10' 

5.39 x lo8 
5.33 x lo8 

7.06 x 10' 

6.90 x 10' 

6.87 x 10' 

6.99 x 10' 

4.74.~ 10' 

3.89 x 10' 

4.68 x 10' 

4.60 x 10' 

4.69 x 10' 

4.67 x 10' 

4.38 x 

4.09 x 10' 

6.11 x 10' 

b.13 x lo8  

4.22 x 10' 

4.29 x 10' 

3.99 x 10' 

3.97 x lo8 
3.94 x 10' 

3.92 x 10' 

3.80 x 10' 

3.81 x !08 

3.69 x 10' 

3.56 x 10' 

3.63 x 10' 

3.63 x lo0 
3.54 x lo8 
3.38 x 10' 

Ce-144 

Theoretical 

1.96 x 10'' 
' 

1.33 x 10'' 

' 

1.23 x 10'' 

. 

1.19 x 10l0 

1.60 x l0l0 

1.05 x 10l0 

1 0 5 . 5 2  x 10' 

8.99 x lo9 

7.98 x lo9 

Theoretical 

0,.0101 

0.0100 

0.0100 

0.0099 

0.0099 

0.0099 

0.0098 

0.0098 

0.0098 

(dpm) 

Measured 

2.00 x 

2 . 0 2  x lo1" 
1.69 x 10l0 

1.99 x 10l0 

1.78 x 10'' 

1.74 x 10'' 

1.37 x l0l0 

1.14 x 10'' 

1.37 x 10'' 

1.39 x 10l0 

1.30 x 10'' 

1.48'~ 10'' 

1.26 x . 1 0 ~ ~  

1.27 x 10'' 

1.25 x l0l0 

1.11 x 10l0 

1.14 x 10'' 

1.3, x luln 

1.20 x 101° 

1.37 x l0l0 

1.1.7 x 10l0 

1.21 x lolo 
1.19 x 10l0 

1.24 x 10l0 

1.62 x 10'' 

1.59 x 10l0 

1.65 x 10l0 

1.48 x l0l0 

1.16 x l0l0 

1.16 x l0l0 

1.14 x l0l0 

1.04 x 10'' 

1.08 x l0l0 

1.01 x 10l0 

1.09 x 10'' 

9.69 x lo9 
1.58 x 10'' 

8 . W  k luq 

8.89 x lo9 
1.03 x 101° 

9.04 x lo9 
9.04 x lo9 
8.97 x loy 
8.32 x lo9 
9.54 lo9 
8.32 x lo9 

9.18 x lo9 
8.24 lo9 
9.26 x loY 
8.82 x lo9 
8.53 x lo9 
8.10 lo9 

CslZr 

Measured 

0.0085 

0.0019 

0.0012 

0.0054 

0.0017 

0.0050 

0.0104 

0.0102 

0.0100 

0.0103 

0.0101 

0.0100 

0.0097 

0.0097 

0.0103 

0.0100 

0.0100 

0.0102 

0.0099 

0.0101 

0.0099 

0.0099 

0.0100 

0.0101 

0.0099 

0.0102 

0.0098 

0.0099 

0.0101 

0.0085 

0.0100 

0.0100 

0.0104 

0.0102 

0.0102 

0.0096 

0.0099 

0.0101 

0.0102 

0.0097 

0.0099 

0.0102 

0.0100 

0.0102 

0.0098 

0.0098 

0.0104 

0.0098 

0.0097 

0.0098 

0.0100 

0.0094 

Mean 
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f = 2.95 x F2 fi e -4680/T (Ref. 4-8) 

where f = f r a c t i o n a l  r e l e a s e  from a b a r e  ThO k e r n e l ,  
2 

F = burnup i n  % FIMA, 

t = t i m e  ( s ) ,  

T = t empera ture  ( K ) .  

Equat ion 4-7 Es based .on  a n  a n a l y s i s  of i n - p i l e  cesium r e 1 e a s e . d a t a  

a s  a f u n c t i o n  of burnup (Ref.  4-9)'. From t h i s  a n a l y s i s  t h e  reduced. d i f -  

f u s i o n  c o e f f i c i e n t  w a s  found t o  be 

where F i s  t h e  burnup i n  % FIMA and t h e  equat ion  a p p l i e s  t o  1390, K'. The 
4 t empera tu re  dependence w a s  found t o  be  g iven  by exp[O. 936 ( 10 /T - 7 .'I 9) 1 . 

Combining t h e  l a t t e r  w i t h  Eq. 4-8 l e a d s  t o  t h e  express ion  

The f r a c t i o n a l .  r e l e a s e  i S  r e l a t e d  t o  t h e  reduced d i f f u s i o n  c o e f f i c i e n t  

(Ref : 4-1 0) by t h e  exp res s ion  

, . 

which, when combined w i t h  Eq. 4-9, y i e l d s  Eq. 4-7. 

Less  than  2% of t h e  TRISO coated p a r t i c l e s  f r o m a t h e  low-temperature 

magazines i n  both  HT-31 and HT-33 e x h i b i t e d  cesium l o s s ,  as shown i n  F igs .  

4-6 and 4-7. The high-temperature magazine samples show about 60% and 75% 

S i c  f a i l u r e  as determined from cesium r e l e a s e .  
. . 

A s  shown i n  Fig.  4-8, t h e  BISO low-temperature samples r e t a i n e d  t h e i r  

cesium inventory  t o  a burnup of 7.5% FIMA; however, a t  burnup va lues  of 



8.4% and 9% FIMA, 50% t o  60% of t h e  p a r t i c l e s  e x h i b i t e d  cesium l o s s .  The 

p a r t i c l e s  i n  t h e  high-temperature BISO samples r e l e a s e d  a  l a r g e  f r a c t i o n  

of t h e i r  cesium. Cesium r e l e a s e  is  d i scus sed  f u r t h e r  i n  S e c t i o n  5.1.2. 

4.5. PARTICLE DENSITY MEASUREMENTS 

P o s t i r r a d i a t i o n  p a r t i c l e  d e n s i t y  measurements were made on f o u r  BISO 

samples from HT-33. A l i q u i d  g r a d i e n t  t echnique  desc r ibed  i n  Ref. 4-11 was 

used t o  measure t h e  d e n s i t y  of t h e  coa ted  p a r t i c l e s  b e f o r e  and a f t e r  

i r r a d i a t i o n .  The r e s u l t s  of t h e s e  measurements and t h e  percent  d e n s i t y  

change are repocced i n  Table  4-8. Assuming t h e  mass of t h e  p a r t i c l e s  

remained cons t an t  du r ing  i r r a d i a t i o n ,  t h e  p o s t i r r a d i a t i o n  p a r t i c l e  d iameter  

was c a l c u l a t e d  u s ing  t h e  fo l lowing  equat ion:  

where D = p o s t i r r a d i a t i o n  p a r t i c l e  d iameter ,  
f  

D = p r e i r r a d i a t i o n  p a r t i c l e  d iameter ,  
0 

0 
= p r e i r r a d i a t i o n  p a r t i c l e  d e n s i t y ,  

pf = p o s t i r r a d i a t i o n  p a r t i c l e  -dens i ty .  

The change i n  d iameter  was c a l c u l a t e d  and is given i n  Table  4-8. Th i s  i s  

d i scus sed  i n  f u r t h e r  d e t a i l  i s  Sec t ion  5.1.4.2.  
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5.1 . PARTICLE IRRADIATION PERFORMANCE 

5.1.1. Comparison of P a r t i c l e s  Trom 240-mm-Diameter and 127-mm-Diameter 
Coaters  

One of t h e  primary o b j e c t i v e s  of t h e  i r r a d i a t i o n  t e s t s  of capsu le s  

HT-31.and HT-33 was t o  eva lua t e  t h e  i r r a d i a t i o n  performance of TRISO and 

BISO f u e l p a r t i c l e s  f a b r i c a t e d  i n  t h e  240-mm-diameter pi10.t p l a n t  c o a t e r  

a s  p a r t  of t h e  process ing  scale-up from t h e  127-mm c o a t e r .  TRISO and 

BISO ba tches  6252-05-0160 and 6542-27-0161 were coated i n  t h e  127-mm 

c o a t e r  and used a s  a r e f e rence  f o r  t h e  c o a t e r  s i z e  comparison. A s  was 

shown i n  Tables  4-1 through 4-7, t h e r e  was no c o r r e l a t i o n  .of f u e l  perfor-.  

mance w i t h  c o a t e r  s i z e .  Therefore ,  p a r t i c l e s  from t h e  240-mm-diameter 

product ion c o a t e r  should perform as w e l l  a s  p a r t i c l e s  coa ted  i n  t h e  127- 

mm-diameter l abo ra to ry  coa ter . .  

5.1.2. Comparison of TRISO and BISO Tho Fuel  2- 

Tfie t e s u l t s  of t h e  p o s t i r r a d i a t i o n  v i s u a l ,  i i s s i o n  gas r e l e a s e ,  and 

, gamma ray syrct~ometty  examinations show t h a t  t h e  BISO ThO and TRISO TM2 
2 

p a r t i c l e s  i n  capsu le  HT-33 showed no s i g n i f i c a n t  f i s s i o n  product r e l e a s e  

o r  f a i l u r e  up t o  a burnup l e v e l  of 7.5%.FIMA ( s e e  F igs .  5-1 through 6-3) 

a t  p a r t i c l e  s u r f a c e  temperatures  of .approximately -1200°C. A s  shown i n  

F igs .  5-1 through 5-3, TRISO and BISO samples from the high-temperature 

magazines i n  both  capsu le s  show high  v i s u a l  f a i l u r e  f r a c t i o n s  except  f o r  

TRISO silurple HT-31-38 and BISO samples HT-33-17 and HT-33-24. The TRISO 

sample appeared t o  b e  i n t a c t  under v i s u a l  examination, b u t  t h e  f i s s i o n  gas 

r e l e a s e  r e s u l t s  showed a 45% t o t a l  c o a t i n g  f a i l u r e .  The r e s u l t s  of t h e  

gamma scan  showed t h a t  6 of t h e  12 p a r t i c l e s  of t h i s  sample t h a t  were 
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Fig. 5-2. Failure Ievels versus burnup for TRISO samples from HT-33 . 
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gamma counted showed some cesium l o s s ,  i n d i c a t i n g  S i c  f a i l u r e .  Metallography 

of HT-31-38 revea led  a  l a r g e  amount of ke rne l  migra t ion  and S i c  degrada t ion ,  

which suppor t s  t h e  f i s s i o n  product r e l e a s e  r e s u l t s .  Thus, a l though t h e  

p a r t i c l e s  appeared i n t a c t  under v i s u a l  i n spec t ion ,  t h e  f i s s i o n  gas r e l e a s e  

d a t a  sugges t  a  t o t a l  coa t ing  f a i l u r e  l e v e l  of about 50%: The BISO samples 

HT-33-17 and HT-33-24 a l s o  appeared t o  be  i n t a c t  under v i s u a l  i n spec t ion ,  

and t h e  sho r t - l i ved  f i s s i o n  gas r e s u l t s  (Fig.  5-1) show t h e  p a r t i c l e  samples 

t o  b e  r e t e n t i v e  of . t h e i r  Kr-85m inventory .  Thus, t h e  BISO p a r t i c l e  ooa t ings  

of t h e s e  two samples d i d  not  f a i l  dur ing  i r r a d i a t i o n .  However, a l l - 1 2  of 

t h e  p a r t i c l e s  i n  each sample t h a t  were gamma scanned re leased .most  of 

t h e i r  cesium inventory .  S ince  t h e  coa t ings  were known t o  be  i n t a c t  from 

t h e  f i s s i o n  gas r e l e a s e  r e s u l t s ,  t h e  cesium l o s s  was by d i f f u s i o n  through 

t h e  BISO coa t ings .  These r e s u l t s  show?!that under high-temperature,  high- 

burnup i r r a d i a t i o n  cond i t i ons ,  t h e  BISO p a r t i c l e s  w i l l  e x h i b i t  d i f f u s i o n a l  

r e l e a s e  of cgsium 'even though they do n o t  f a i l  and t h a t  t h e  TRISO p a r t i c l e s  

w i l l  exper ience  high t o t a l  coa t ing  f a i l u r e  l e v e l s .  

Comparison of t,he TRISO and BISO p a r t i c l e  i r r a d i a t i o n  performance a t  

1200°C and burnups between 7.5% and 9% FIMA i s  more d i f f i c u l t  than f o r  t h e  

lower o r  h ighe r  burnup samples. A s  shown i n  F ig .  5-2, under t h e s e  con- 

d i t i o n s  t h e  TRISO samples do not  show f i s s i o n  .:psod.uc t r e l e a s e  o r  appear  

f a i l e d  under v i s u a l  examination. The t h r e e  BISO samples,  however, under 

v i s u a l  i n s p e c t i o n  show t o t a l  c o a t i n g  f a i l u r e  f r a c t i o n s  of about  28% t o  60%, 

a s  shown i n , F i g .  5-1. N o ' f i s s i o n  gas r e l e a s e  measurements were done; 

t h e r e f o r e ,  t h e  t o t a l  coa t ing  f a i l u r e  f r a c t i o n  cannot be v e r i f i e d .  Gamma 

counting was done on two. of t h e  t h r e e  samples. Twelve p a r t i c l e s  t h a t  

appeared i n t a c t  a f t e r  v i s u a l  examination were s e l e c t e d  from each sample f o r  

gamma counting;  40% and 50% of t h e  p a r t i c l e s  i n  t h e  two samples gamma counted 

showed cesium l o s s .  Whether t h e  cesium r e l e a s e  occurred by a  d i f f u s i o n a l  

process  through i n t a c t  PyC o r  escaped through cracked PyC coa t ings  cannot 

be determined wi th  t h e  d a t a  a v a i l a b l e .  From t h e  v i s u a l  .examination and 

f i s s i o n  product d a t a ,  however, t h e  i r r a d i a t i o n  performance of t h e  TRISO 

p a r t i c l e s  i s  e x c e l l e n t  a t  1200°C and from 7.5% t o  9% FIMA, wh i l e  t h e  BISO 

p a r t i c l e s  show s i g n i f i c a n t  t o t a l  coa t ing  f a i l u r e  under v i s u a l  examination. 



Another o b j e c t i v e  of t h e  HT-31 and HT-33 capsu le  experiment w a s  con- 

f i r m a t i o n  of  t h e  r e f e r e n c e  TRISO coated (450-pm Tho2 ke rne l )  p a r t i c l e  

d e s i g n  under  peak HTGR exposure cond i t i ons .  There was no d i s c e r n i b l e  

d i f f e r e n c e  between t h e  i r r a d i a t i o n  performance of t h e  TRISO coa t ings  of 

t h e  450-pm k e r n e l  p a r t i c l e s  and t h e  500-pm k e r n e l  p a r t i c l e s .  A s  shown i n  

T a b l e  4-1, t h e  TRISO p a r t i c l e  p r e s s u r e  v e s s e l  performance i s  c o n s i s t e n t  

w i t h  t h e  p r e s s u r e  v e s s e l  performance p red ic t ed  by s t r e s s  modeling. No 

p r e s s u r e  v e s s e l  f a i l u r e  p r e d i c t i o n s  were done a t  1500°C because f a i l u r e  

a t  such  h igh  tempera tures  i s  caused by S i c  degrada t ion  i n  a d d i t i o n  t o  

p a r t i a l  p re s su re .  A d e t a i l e d  d e s c r i p t i o n  of t h e  c a l c u l a t i o n a l  procedure 

f o r  t h i s  model i s  g iven  i n  Ref. 5-1. 

5 .1.2.1.  Kernel  Migra t ion  i n  TRISO Tho2. A s  shown i n  F igs .  4-1 and 4-2, 

Tho k e r n e l  mig ra t ion  was observed i n  t h e  high-temperature TRISO p a r t i c l e s .  
2  

Kernel  mig ra t ion  c o e f f i c i e n t s  (KMCs) were c a l c u l a t e d  .and t h e  r e s u l t s  a r e  

shown i n    able 4-3. The d i s t a n c e  t h e  k e r n e l s  t r a v e l e d  was measured on t h e  

po l i shed  s e c t i o n s  of t h e  two specimens from HT-31. . T h i s  i s  a  crude meas- 

urement because t h e  p a r t i c l e s  a r e  randomly sec t ioned  and t h e r e  i s  no way 

t o  de te rmine  t h e  s e c t i o n e d  p l ane  of each p a r t i c l e  r e l a t i v e  t o  t h e  . t r u e  

thermal  g r a d i e n t  d i r e c t i o n .  The thermal  g r a d i e n t  and t h e  amoeba equiva len t  

tempera ture  were n e v e r t h e l e s s  es t imated  from t h e  c a l c u l a t e d  g r a p h i t e  annulus 

and peak p a r t i c l e  s u r f a c e  temperatures .  

The tempera tures  and thermal  g r a d i e n t s  of t h e  unbonded p a r t i c l e s  have 

l a r g e  u n c e r t a i n t i e s  and che i n - p i l e  d a t a  a r e  n o t  co r r ec t ed  f o r  t h e  incu- 

b a t i o n  pe r iod .  A s  shown i n  F ig .  5-4, t h e  c a l c u l a t e d  i n - p i l e  KMCs of TRISO 

Tho p a r t i c l e s  a r e  i n  agreement (wi th in  a  f a c t o r  of 1.5) w i t h  t h e  out-of- 
2  

p i l e  KMC v a l u e s  f o r  BISO Tho2 p a r t i c l e s  (Ref. 5-2) and h e l p  t o  confirm out- 

o f - p i l e  p o s t i r r a d i a t i o n ' t h e r m a l  g rad ien t  h e a t i n g  experiments.  
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5.1.3.  F r e e  S i l i c o n  i n  TRISO Tho P a r t i c l e s  
2 

The w h i t e  phase observed i n  sample 6252-09-0161-003, and d iscussed  i n  

S e c t i o n  4 .2 ,  was analyzed by microprobe and found t o  be e lementa l  s i l i c o n .  

No o t h e r  e lements  were found i n  t h e  phase except  a smal l  amount of carbon 

(<13%).  S i x  samples i n  each capsu le  were f a b r i c a t e d  wi th  t h e  same S i c  sub- 

s t r a t e  (6780-25). The pa ren t  ba tches  w i t h  t h e  same S i c  were 6252-06-010, 

6252-09-01 0 ,  and 6252-10 -01 0. One .of t h e  samples (6252-06-0161-002, HT-31- 

3 8 ) ,  which had been i r r a d i a t e d  i n  a high-temperature magazine, was examined 

m e t a l l o g r a p h i c a l l y  and no w h i t e  phase w a s  found. Subsequent metallography 

on t h e  samples from t h e  low-temperature magazines i n  both  capsu le s  revealed,  

t h e  w h i t e  phase i n  each sample ( s e e  F igs .  5-5 through 5-8). Metallography 

on t h e  preirradiated:. ; .batch (6252-09-010) showed l e n t i c u l a r  f laws  i n  24% of 

t h e  p a r t i c l e s  ( s e e  F ig .  5-'8). No whi te  phase of t h e  type  seen a f t e r  i r r a d i -  

a t i o n  was observed i n  t h e  u n i r r a d i a t e d  batch.  Subsequent a n a l y s i s  by SEM 

and EDAX showed no Si - ,  C-, o r  0 - r i ch  a r e a s  i n  t h e  vo ids  o r  t h e  S i c  l a y e r  

of u n i r r a d i a t e d  p a r t i c l e s .  

Workers a t  Kernforschungsanlage i n  t h e  Federa l  Republic of Germany 

found a s i m i l a r  w h i t e  phase i n  10% of UC TRISO unbonded p a r t i c l e s  i r r a d i -  
2 

a t e d  i n  experiment RC-RM1 (Ref. 5-3). These p a r t i c l e s  were i r r a d i a t e d  f o r  

60 ful l -power days a t  a tempera ture  of 970" t o  1 040°C and a f a s t  f l u e n c e  
2 

l e v e l  of 3.79 x n/m (E > 29 fJ)HTGR. Microprobe a n a l y s i s  w a s  done 

on t h e s e  p a r t i c l e s  a t  KFA, showing t h e  composition of. - t he  wh i t e  phase a r e a  

t o  b e  95 2 1 w t  % S i  and 6 2 1 w t  % C .  KFA a l s o  d i d  micr,oprobe a n a l y s i s  

on t h e  u n i r r a d i a t e d  S i c  and . cou ld  f i n d  no S i - r i c h  a r e a s .  

An experiment was undertaken a t  GA t o  determine i f  f r e e  s i l i c o n  would 

accumulate  i n  t h e  S i c  f l aws  induced by hea t  t rea tment  i n  t h e  absence of a 

neu t ron  f l u x .  S i x  samples of 56 p a r t i c l e s .  each from ba tch  6252-09-0161 

were p laced  i n  a g r a p h i t e  ho lde r  i n  a fu rnace  and heated i n  an A; atmos- 

phere  t o  s imu la t e  t h e  r e a c t o r  cyc l e s  and temperatures  experienced by t h e  

HT c a p s u l e  sample 6252-09-01 61 -003 (HT-33-40). Af t e r  each c y c l e  t h e  f u r -  

n a c e  was s h u t  down and one sample w a s  removed f o r  o p t i c a l  and scanning 



Fig. 5-5. Bright field photomicrographs of Tho2 TRISO particles from 
batch 6252-09~0161-001 
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Fig. 5-6. Bright-field photomidrographs of Tho2 TRISO particles from 
batch 6252-06-0161-003 



Fig.  5-7. Bright f i e l d  photomicrographs o f  Tho2 TRISO p a r t i c l e s  from 
batch 6252-10-0761-003 



Fig. 5-8. Bright field photomicrograph of unirradiated Thot TRISO 
particle from batch 6252-09-0161 



e l e c t r o n  microscopy. Energy d i s p e r s i v e  X-ray a n a l y s i s  was done on each  

f l aw  and over  t h e  S i c  l a y e r s .  Tab le  5-1 shows t h e  t i m e  and tempera tures  

of t h e  f i v e  c y c l e s  i n  t h e  experiment. No change i n  t h e  appearance o r  com- 

p o s i t i o n  was d e t e c t e d  i n  any of t h e  samples by any of t h e  ana lyses .  Thus, 

h e a t i n g  a t  t i m e s  and temperatures  s i m i l a r  t o  t hose  t h e  HT c a p s u l e  samples 

experienced w i l l  no t  cause  f r e e  s i l i c o n  t o  accumulate i n  t h e  S i c  f l aws  of 
I 

p a r t i c l e s  from sample 6252-09-0161. 

From t h e  r e s u l t s  ob ta ined  a t  GA and KFA, t h e  only conc lus ion  t h a t  

could be drawri:was t h a t  t h e  whi te  phase cons i s t ed  of e lementa l  s i l i c o n .  

A p o s s i b l e  exp lana t ion  f o r  t h i s  phenomenon i s '  t h a t  t h e  u n i r r a d i a t e d  S i c  

c o a t i n g  contained excess  s i l i c o n ,  which accumulated i n  f laws  i n  t h e  S i c  

l a y e r  du r ing  i r r a d i a t i o n .  However, none of t h e  a n a l y s i s  t echniques  were 

a b l e  t o  d e t e c t  excess  s i l i c o n  i n  t h e  u n i r r a d i a t e d  S i c  coa t ing  o r  r e v e a l  

a  S i c  s t r u c t u r e  t h a t  was i n d i c a t i v e  of excess  s i l i c o n . ,  

The p a r t i c l e  samples t h a t  showed t h e  whi te  phase performed a s  w e l l  

du r ing  t h e  i r r a d i a t i o n  t e s t i n g  a s  d i d  t hose  samples without  t h e  phase.  

These S i c  ba tches  a l l  had ,S iC d e n s i t y  va lues  near  t h e o r e t i c a l .  The coa t -  

i ngs  r e t a i n e d  m e t a l l i c  f i s s i o n  products  even though enough f r e e  S i  was 

i n  t h e  c o a t i n g  t o  be seen  a f t e r  i r r a d i a t i o n .  Apparently t h e r e  was n o t  

cnough t o  provide " f r e e  s i l i c o n "  channels  f o r  t h e  d i f f u s i o n  of f i s s i o n  

products  a s  d i scussed  i n  Ref. 5-4. 

5 .1 .4 .  OPyC Var iab les  

One of t h e  primary o b j e c t i v e s  of capsu l e s  HT-31 and HT-33 was t o  

e v a l u a t e  t h e  i r r a d i a t i o n  performance of TRISO and BISO coated Tho par-  2 
t i c l e s  wi th  an  OPyC v a r i a b l e .  When tlie f u e l  was made, Llie OPyC v a r i a b l e s  

thought  t o  g ive  t h e  best i n d i c a t i o n  of i r r a d i a t i o n  performance were 

( 1 )  c o a t i n g  r a t e ,  (2) d e n s i t y ,  (3)  an i so t ropy ,  and (4)  d i l u e n t  gas  com- 

p o s i t i o n  f o r  t h e  BISO coa t ings .  S ince  then i t  has  been thought  t h a t  micro- 

p o r o s i t y  and t h e  r a t i o  of a c t i v e  c o a t i n g  gas  f low r a t e  t o  t h e  t o t a l  c o a t i n g  

gas  f low r a t e  would g ive  a  more r e l i a b l e  i n d i c a t i o n  of OPyC c o a t i n g  per- 

formance than  c o a t i n g  r a t e  and an i so t ropy .  
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TABLE 5-1 
TIME AND TEMPERATURE FOR FIVE EXPERIMENT CYCLES 

Number 
of Days 

' . 1 1  
10 
3 

, . 2  

12 
9 
2 
3 

1,2 
1 1  

" ' 1  

1 

1 1  
1 1  
3 
2 

. . 

7 
14 

. C Y S ~ ~ .  

1 

2 

3. . 

. 4  

. . 

5 

Temperature 
("c> 

1110 
1080 
1110 
RT 

1180 
1165 
1200 . 
RT 

1215 
1230 
1245 
RT 

1325 
1270 
1255 
RT 

1275 
1265 

. RT 



5.1.4.1. TRISO OPyC Var iab les .  F igures  5-9 and 5-10 show v i s u a l  f a i l u r e  

v e r s u s  OPyC dens i ty  f o r  samples i n  HT-31 and HT-33. The graphs show t h a t  

f a i l u r e  was more a  func t ion  of temperature than  d e n s i t y  v a r i a t i o n  between 
3  

1.70 and 2.0 Mg/m . Only one ba t ch  (6252-06-0261) had a  dens i ty  (1.70 + 
3  

0.01 1 Mg/m ) t h a t  was out  of '  s p e c i f i c a t i o n  (1 .75-1 .80) and o u t s i d e  t h e  

c r i t i c a l  reg ion  (1.72-1.83). Th i s  ba t ch  had a  sample (6252-06-0261-008) 

t h a t  exh ib i t ed  a  4% v i s u a l  OPyC f a i l u r e  f r a c t i o n  i n  HT-33, whi le  a l l  t h e  

o t h e r  samples from t h e  low-temperature magazine i n  HT-33 showed ze ro  f a i l -  

ure .  However, i n  capsu le  HT-31 t h i s  sample exh ib i t ed  ze ro  v i s u a l  f a i l u r e .  

i n  t h e  low-temperature magazine, wh i l e  samples w i t h  OPyC dens i ty  va lues  

w i t h i n  s p e c i f i c a t i o n i i f a i l e d  a s  s h o w  i n  Fig.  5-9. Thus, t h e  s p e c i f i c a t i o n s  

f o r  dens i ty  a lone  do n o t  ensure  good performance. 

F igure  5-11' shows OPyC c o a t i n g  f a i l u r e  a s  a  f u n c t i o n  of an i so t ropy  

f o r  TRISO Tho p a r t i c l e s  i r r a d i a t e d  i n  t h e  low-temperature magazines i n  
2  

, capsules  HT-31 and HT-33. Anisotropy between 1.026 and 1.052 BAFo does 

n o t  a f f e c t  i r r a d i a t i o n  performance a t  p a r t i c l e  s u r f a c e  temperatures  l e s s  

than 1 2 6 0 0 ~  (see  Table 4-1 f o r  time-averaged temperatures)  i n  TRISO 

p a r t i c l e s .  

The TRISO Tho2 manufacturing s p e c i f i c a t i o n s  f o r  HTGR f u e l  c a l l  f o r  an 

a c t i v e  c o a t i n g  gas r a t i o  of 10.25 du r ing  c o a t i n g  as a means of a s s u r i n g  

t h a t  an a p p r o p r i a t e  mic ros t ruc tu re  and adequate  p a r t i c l e  performance a r e  

obta ined  (Kef. 5-5). Pn capsules  HT-31 and IIT--33, only onc b a t a h  (6252- 
I 

05-010) had a  coa t ing  gas r a t i o  of (0.25 ( s e e  Table  2-1 and Figs .  5-12 and 

5-1 3 ) .  The a c t i v e  c o a t i n g  gas r a t i o  f o r  ba t ch  6252-05-01 0' was 0.16. The 

f a i l u r e  i e v e l  of. t h i s  b a t c h  was ze ro  i n  t h e  low-temperature magazine and 

95% i n  t h e  high-temperature magazine, wkiich was v i r t u a l l y  t h e  same behavior  . . 

a s  t h a t  f o r  o t h e r  samples (wh+ch had coa t ing  gas r a t i o s 2 0 . 1 6 )  i r r a d i a t e d  

under t he  same cond i t i ons  i n  e i t h e r  capsu le  HT-31 o r  . HT-33.. . Therefore ,  no 

dependence of OPyC performance on OPyC a c t i v e  c o a t i n g  gas r a t i o L O .  16 

was observed. .. . 

OPyC microporos i ty  i s  a  proper ty  a f f e c t i n g  t h e  i r r a d i a t i o n  s t a b i l i t y  

of OPyC l a y e r s ,  e s p e c i a l l y  on TRISO coated  p a r t i c l e s .  Microporosi ty  i s  a 

5-.I 5  
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Fig.  5-9. HT-31 TRISO f a i l u r e  versus OPyC density 
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Fig .  5-12. KT-31 TRISO p a r t i c l e  f a i l u r e  v e r s u s  c o a t i n g  gas  r a t i o  
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Fig. 5-13. HT-33 TRISO p a r t i c l e  f a i l u r e  versus  coat ing  gas r a t i o  
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. . . . 

measure of t h e  surface-connected p o r o s i t y  and i s  determined by high-pressure 

mercury i n t r u s i o n .  Below a  v a l u e  of about 17 ml/kg OPyC, t h e  pyrocarbon 

tends  t o  f a i l . d u e  t o ' a n  i n a b i l i t y  t o  accommodate s t r a i n .  When t h e  micro- 

po ros i ty  of t h e  OPyC i s  g r e a t e r  than  about  33 ml/kg OPyC, a  matr ix-coat ing 

i n t e r a c t i o n  causes  OPyC f a i l u r e  i n  t h e  f u e l  rods (Ref. 5-5). The samples 

i n  HT-31 and HT-33 a l l  had microporos i ty  va lues  g r e a t e r  than 32.9 mllkg 

OPyC; however', because t h e  sample was made up of l oose  p a r t i c l e s ,  matr ix-  

c o a t i n g  i n t e r a c t i o n  was not  involved and t h e  f a i l u r e  l e v e l s  a r e  independent 

of micropnros i ty .  F igures  .5-14 and 5-15 show t h a t  t h e  f a i l u r e  l e v e l s  f o r  

t h e s e  samples a r e  independent of microporos i ty  va lues  great.er than  33 

ml/kg OPyC. 

Sample 6252-05-0160 had a  microporos i ty  v'alue of 32.9 ml/kg OPyC and 

an  a c t i v e  c o a t i n g  gas r a t i o  of 0.16. The microporos i ty  was h ighe r  t h a n '  

was expected from t h e  empir ica l  c o r r e l a t i o n  between microporos i ty  -and 

c o a t i n g  gas r a t i o  given ' in  Fig. 5-1 6  and Ref.  5-6. F igure  5-1 6 shows t h e  

d a t a  given from Ref'. 5-6 and t h e  d a t a  p o i n t  provided by sample 6252-05- 

0160. The reason f o r  t h e  poor c o r r e l a t i o n  i s  unknown. 

A s  shown i n  Fig. 5-17, t h e  TRISO p a r t i c l e s  t e s t e d  i n  HT-31 and HT-33 

had OPyC coa t ing  r a t e s  between 4.5 and 8.4 ym/min. The OPyC f a i l u r e  l e v e l  

shows no c o r r e l a t i o n  w i t h  coa t ing  r a t e  i n  e i t h e r  t h e  high- o r  low- 

temperature magazines. 

I n  capsu le  HT-31 and HT-33 no c o r r e l a t i o n  between TRISO OPyC per for -  

mance and t h e  OPyC v a r i a b l e s  of d e n s i t y ,  microporos i ty ,  a c t i v e  c o a t i n g  gas 

r a t i o ,  c o a t i n g  r a t e ,  o r  an iso t ropy  was shown. The samples from t h e  low- 

temperature magazines had low f a i l u r e  l e v e l s  and t h e  high-temperature 

magazine 'samples had h igh  f a i l u r e  l e v e l s .  

5.1.4.2. BISO OPyC Variables .  Figtire 5-18 is  a  p l o t  of t h e  percent  

d e n s i t y  chang'e ve r sus  f a s t  £ h e n c e  f o r  BISO. coa ted  p a r t i c l e s  i r r a d i a t e d  

i n  capsu le  HT-33. The dens i ty  change and t.he c a l c u l a t e d  d i ame t ra l  change 

a r e  given i n  Table  4-8. For comparison, i r r a d i a t i o n  d a t a  from capsu le s  

HT-18 and HT-19 and t h e  p red ic t ed  d e n s i t y  change, based on d a t a  presented 
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Fig. 5-15. HT-33 TRISO p a r t i c l e  f a i l u r e  ve r sus  microporos i ty  
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Fig. 5-16. Micraporosity versus coating .gas rat io  



0 

. , 
, 0 LOW TEMP SAMPLES 

HIGH TEMP SAMPLES 
. . 

OPyC COATING RATE (pmlmin) 

Fig. 5-17.  HT-31 and HT-33 TRISO fa i lure  versus' OPyC coating rate  
,. . 



PE
RC

EN
T 

D
EN

SI
TY

 C
HA

NG
E 

A
d
-
-
.
.
-
 

- -
 - 

.
N

 
Q

)
4

m
m

o
-

N
W

P
=

G
d

m
m

O
 



i n  Ref. 5-7, a r e  included i n  Fig.  5-18. The BISO p a r t i c l e s  s h r i n k  r a p i d l y  

w i t h  t h e  i n i t i a l  i r rad ia t ion- induced  d e n s i f i c a t i o n  of t h e  pyrocarbon and 

then expand a s  t h e  f i s s i o n  gas p r e s s u r e  i nc reases  w i t h  i n c r e a s i n g  burnup. 

The experimental  d a t a  i n  Fig.  5-18 show a  p rog res s ive  reduct ion  i n  t h e  

d e n s i t y ,  o r  i n c r e a s e  i n  p a r t i c l e  s i z e ,  a s  t h e  f a s t  f l u e n c e  i n c r e a s e s  from 
2  

6.5 t o  11.5 x  n/m (E > 29 fJ)HTGR. The model a l s o  shows a  reduct ion  

i n  d e n s i t y  a s  t h e  f luence  inc reases ;  however, t h e  p red ic t ed  v a l u e  is  about 

50% of t h e  experimental  va lues .  Th i s  i s  a t t r i b u t e d  t o  t h e  c u r r e n t  BISO 

p a r t i c l e  models, which do not  adequate ly  r e f l e c t  t h e  e f f e c t s  of OPyC 

aniso t ropy  on p a r t i c l e  dimensional change. These d a t a  w i l l  b e  u s e f u l  i n  

t h e  development of an  improved BISO model. 

F igures  5-19 through 5-22 show BISO f a i l u r e  l e v e l s  ve r sus  a c t i v e  

coat i r ig  gas  r a t i o , '  d e n s i t y ,  microporos i ty ,  and c o a t i n g  r a t e .  F igure  5-19 

shows a  high f a i l u r e  l e v e l  f o r  samples w i t h  c o a t i n g  gas r a t i o s  >0.40 t h a t  

were i r r a d i a t e d  i n . t h e  low-temperature magazine. A s  shown i n  Fig.  5-20, 

t h e  samples w i t h  d e n s i t i e s  >1 .95 ~ ~ / m ~  have h igh  f a i l u r e  l e v e l s  i n  t h e  

low-temperature magazine. The samples w i t h  t h e  h igh  f a i l u r e  l e v e l s  have 

coa t ing  gas r a t i o s  >0.40 and OPyC d e n s i t i e s  21.95 were f a b r i c a t e d  

w i t h  N a s  . t h e  d i l u e n t  gas ,  and have h igher  BAFo v a l u e s  than  t h e  o t h e r  
2  

samples. F igure  5-21 shows f a i l u r e  l e v e l  ve r sus  microporos i ty .  ,The 

f a i l u r e  l e v e l  of low-temperature samples r i s e s  and ' £ a l l s  between micro- 

po ros i ty  va lues  of 17 t o  25, bu t  no conclus ion  can b e  drawn from t h i s  

smal l  amount of d a t a .  I t  is  known, however, from t h e  r e s u l t s  of capsu le s  

HT-12 through HT-19 t h a t  high-densi ty ,  high-anisotropy BISO coa t ings  have 

h igher  f a i l u r e  r a t e s  a t  .low temperatures  (Ref. 5-8). Therefore ,  t h e  h igh  

f a i l u r e  observed h e r e  was probably caused more by an i so t ropy  of OPyC 

r a t h e r  than t h e  e f f e c t s  of microporosi ty .  F igure  5-22 shows BISO f a i l u r e  

ve r sus  OPyC coa t ing  r a t e .  No c o r r e l a t i o n  between c o a t i n g  r a t e  and OPyC 

f a i l u r e  can be  seen  f o r  t h e s e  samples. 

5.1.4.3.  Heat-Treated BISO P a r t i c l e s .  A s  was shown i n  T a b l e 4 - 2 ,  t h e r e  

was no s i g n i f i c a n t  d i f f e r e n c e  between f a i l u r e  l e v e l s  of hea t - t r ea t ed  and 

as-coated BISO p a r t i c l e  ba tches .  Because t h e  hea t  t r e a t i n g  caused a n  

, i n c r e a s e  i n  t h e  BAF. v a l u e  and a decrease  i n  c o a t i n g  th i ckness  i n  some 
0 
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F i g .  5-20. HT-33 BISO p a r t i c l e  f a i l u r e  v e r s u s  OPyC d e n s i t y  
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ba tches ,  a h ighe r  f a i l u r e  l e v e l  was expected f o r  hea t - t r ea t ed  samples from 

p a r e n t  b a t c h  6542-41-015. I n  t h e  low-temperature magazine t h e  samples from 

p a r e n t  ba t ch  6542-41-015 w e r e  i n  p o s i t i o n s  11 and 13. The sample i n  posi-  

t i o n  1 1  had been h e a t  t r e a t e d  and had a coa t ing  f a i l u r e  l e v e l  of 35%. The 

sample i n  p o s i t i o n  1 3  was n o t  hea t  t r e a t e d  and had a c o a t i n g  f a i l u r e  l e v e l  

of 30%.   he hea t - t r ea t ed  sample had a 5% higher  f a i l u r e  l e v e l  than t h e  as- 

coa t ed  sample; however, t h e  hea t - t r ea t ed  sample w a s  i r r a d i a t e d  a t ,  a h igher  

tempera ture .  The o t h e r  comparison samples from p o s i t i o n s  5 and 7 bo th  

showed z e r o  c o a t i n g  f a i l u r e .  I n  t h e  high-temperature magazine t h e  as- 

coa t ed  sample from pa ren t  b a t c h  6542-41-015 was l o s t  and no comparison 

could  be  made. The o t h e r  comparison samples were i n  p o s i t i o n s  24 and 26. 

The as-coated sample showed 17.2% f a i l u r e  and t h e  hea t - t r ea t ed  sample show'ed 

z e r o  f a i l u r e ,  which was o p p o s i t e  t o  t h e  expected f a i l u r e  performance. 

F i g u r e  5-23 i s  a p l o t  of BISO coa t ing  f a i l u r e  v e r s u s  an i so t ropy  and shows 

t h e  f a i l u r e  l e v e l s  of t h e  hea t - t r ea t ed  and as-coated p a r t i c l e  samples. The 

f a i l u r e  l e v e l s  seem t o  b e  more dependent on an i so t ropy  and i r r a d i a t i o n  

tempera ture  t h a n . t h e y  are on h e a t  t rea tment  o r  any of t h e  o t h e r  OPyC 

v a r i a b l e s .  
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6. SUMMARY AND CONCLUSIONS 

The HT capsule  i r r a d i a t i o n  t e s t s  a r e  performed t o  eva lua t e  f e r t i l e  

p a r t i c l e  coa t ing  des igns .  The d a t a  obta ined  from t h e s e  a c c e l e r a t e d  t e s t s  

can be used i n  performance model s t u d i e s .  The r e s u l t s  6f t h e  HT-31 and 

HT-33 capsule  i r r a d i a t i o n  t e s t s  a r e  summarized a s  fo l lows:  

1 .  TRISO and BISO Tho f u e l  f a b r i c a t e d  i n  t h e  240-mm-diameter c o a t e r  
2  

performs a s  w e l l  du r ing  i r r a d i a t i o n  a s  does f u e l  f a b r i c a t e d  i n  

t h e  127-mm-diameter c o a t e r .  

2. The BISO and TRISO f u e l  showed no s i g n i f i c a n t  f i s s i o n  product 

r e l e a s e  o r  f a i l u r e  up t o  a  burnup of 7.5% FIMA at  1250°C f o r  

2800 h. A t  1250°C from 7.5% t o  9.0% FIMA t h e  BISO p a r t i c l e s  

showed some f a i l u r e ,  wh i l e  t h e  TRISO p a r t i c l e s  showed no f a i l -  

u r e  o r  f i s s i o n  product r e l e a s e .  A t  p a r t i c l e  s u r f a c e  tempera- 

t u r e s  of about 1500°C, both  TRIBO and BISO f u e l  showed very  h igh  

f a i l u r e  l e v e l s .  

3. Two BISO samples from t h e  high-temperature magazine showed zero  

t o t a l  c o a t i n g  f a i l u r e ,  but s'howed ve ry  h igh  d i f f u s i o n a l  r e l e a s e  

of t h e i r  cesium inventory.  

4. No s i g n i f i c a n t  c o r r e l a t i o n  between f i a i l u re  and t h e  TRISO OPyC 

v a r i a b l e s  of a c t i v e  c o a t i n g  gas r a t i o ,  c o a t i n g  r a t e ,  an i so t ropy ,  

dens i ty ,  o r  microporosi ty  could be  determined. 

5. Anisotropy w a s  t h e  only OPyC v a r i a b l e  t h a t  appeared t o  a f f e c t  

t h e  f a i l u r e  of t h e  BISO p a r t i c l e s .  



6. The e f f e c t  of h e a t  t rea tment  a l o n e  on BISO OPyC performance 

could n o t  be  determined. 

7.  There was no d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  i r r a d i a t i o n  perform- 

ance of t h e  TRISO coa t ings  of t h e  450-~m k e r n e l  p a r t i c l e s  and 

t h e  l a r g e r  500-um k e r n e l  p a r t i c l e s .  

8'. The TRISO presiure v e s s e l  performance i s  c o n s i s t e n t  w i t h  t h e  . . 
p r e s s u r e  v e s s e l  performance . p red ic t ed  by s t r e s s  modeling. 

9. c a l c u l a t e d '  i n - p i l e  k e r n e l  migra t ion  c o e f f i c i e n t s  (KMCs) f o r  
, . .  

TRISO Tho p a r t i c l e s  from HT-31 were found t o  be i n  e x c e l l e n t  
2. . . 

agreement ' (wi th in .  a  f a c t o r  of 1 .5) w i t h  out-oE-pile KMC va1u .e~  

f o r  BISO Tho2 p a r t i c l e s .  

. . 
10:' A whi t e  phase of m e t a l l i c  s i l i c o n  w a s  found i n  t h e  l e n t i c u l a r  

f laws  of t h e  SIC i n  some of t h e  TRISO ba tches  a f t e r  i r r a d i a t i o n ,  

bu t  t h i s  d i d  n o t  a f f e c t  t h e  i r r a d i a t i o n  performance of t h e s e  

batches.  

I .  

1 1 .  The shr inkage  of BISO p a r t i c l e s  caused by i r r a d i a t i o n  i s  i n  

q u a l i t a t i v e  agreement w i th  p r e d i c t i o n s ,  bu t  a r e  about 50% 

g r e a t e r  than  t h e  p red ic t ed  va lues .  
. . .  , 
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