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IRRADIATION PERFORMANCE OF HTGR RECYCLE FISSILE FUEL 

' I  

F. J. Homan and E. L .  Long, Jr. 

ABSTRACT 

The i r r a d i a t i o n  performance of candida te  HTGR r ecyc le  
f i s s i l e  f u e l  under acce le ra t ed  t e s t i n g  condi t ions  is  reviewed. 
F a i l u r e  modes f o r  coa ted -pa r t i c l e  f u e l s  are descr ibed ,  and t h e  
performance of candida te  r ecyc le  f i s s i l e  f u e l s  i s  d iscussed  i n  
terms of these  f a i l u r e  modes. The bases  on which U 0 2  and 
(Th,U)02 w e r e  r e j e c t e d  as candida te  r ecyc le  f i s s i l e  f u e l s  are 
o u t l i n e d ,  a long wi th  t h e  bases  on which t h e  weak-acid r e s i n  
(WAR)-derived f i s s i l e  f u e l  w a s  s e l e c t e d  as t h e  re ference  r ecyc le  
kerne l .  Comparisons are made r e l a t i v e  t o  t h e  i r r a d i a t i o r ,  
behavior  of WAR-derived f u e l s  of vary ing  s to ich iometry  and 
conclusions are drawn about t h e  optimum s to ich iometry  and t h e  
range of accep tab le  va lues .  Plans f o r  f u t u r e  t e s t i n g  i n  support  
of s p e c i f i c a t i o n  development, confirmation of t h e  r e s u l t s  of 
acce le ra t ed  t e s t i n g  by real-time experiments,  and improvement 
i n  f u e l  performance and r e l i a b i l i t y  are descr ibed .  

INTRODUCTION 

I r r a d i a t i o n  t e s t i n g  of f i s s i l e  f u e l s  i n  suppor t  of HTGR r ecyc le  
f u e l  development' has  involved t h r e e  d i s t i n c t  ke rne l  types .  They are 
(1) UO2,  (2)  (Thl-zUz)02, and (3)  a uranium-containing ke rne l  der ived 
from a weak-acid i o n  exchange r e s i n .  
ten-year per iod  and i s  summarized i n  r e f .  2. This  decade of t e s t i n g  
has  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of f i v e  f a i l u r e  mechanisms f o r  
coa ted-par t ic le  f u e l s :  

g rad ien t  and through t h e  coa t ing  l a y e r s .  

of coa t ings  wi th  f i s s i o n  products ,  u sua l ly  i n  combination, which r e s u l t s  
i n  ruptured coa t ings .  
where t h e  S i c  l a y e r  i s  a t tacked .  

3 .  Pressu re  vessel f a i l u r e  from i n t e r n a l  gas  p re s su re  and stresses 
caused by t h e  dimensional changes i n  t h e  coa t ing ,  r e s u l t i n g  from i r r a d i -  
a t i o n  damage. 

4 .  Matr ix-par t ic le  i n t e r a c t i o n  involv ing  a s t rong  bond between t h e  
o u t e r  coa t ing  and t h e  matrix material. 
i r r a d i a t i o n ,  r e s u l t i n g  i n  t e n s i l e  fo rces  t h a t  w i l l  des t roy  coa t ing  
i n t e g r i t y  i f  t h e  bond is  no t  broken f i r s t .  

This  t e s t i n g  w a s  done over  a 

1. 

2. 

"Amoeba" o r  thermal migra t ion  of t he  ke rne l  up t h e  temperature 

Fission-product a t t a c k  of t he  coa t ings  and mechanical i n t e r a c t i o n  

This  problem i s  most s eve re  i n  Tr i so  p a r t i c l e s ,  

Both materials dens i fy  under 
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5. Fabr i ca t ion  d e f e c t s  o r  imperfec t ions  i n  t h e  coa t ings  introduced 
during coa t ing  o r  i n  subsequent processing.  - Of t h e  f a i l u r e  mechanisms l i s t e d  above, thermal migra t ion  and I 

f i s s i o n  product a t t a c k  of t h e  coa t ings  are r e l a t e d  t o  ke rne l  chemistry.  
Thermal migra t ion  e l imina ted  both U 0 2  and (Thl-~Uz)02 from cons ide ra t ion  
as f i s s i l e  r e c y c l e  f u e l .  Fission-product a t t a c k  of t h e  S i c  coa t ing  
e l imina ted  WAR-derived UC2 k e r n e l s .  Dense UC2 ke rne l s  were no t  con- 
s ide red  f o r  r e c y c l e  a p p l i c a t i o n ,  because ke rne l  p repa ra t ion  processes  
w e r e  considered t o  be  too  complex f o r  remote opera t ion .  P res su re  v e s s d h P ,  
f a i l u r e ,  m a t r i x - p a r t i c l e  i n t e r a c t i o n ,  and f a b r i c a t i o n  d e f e c t  f a i l u r e  
are not  r e l a t e d  t o  ke rne l  chemistry.  

r e c y c l e  f i s s i l e  f u e l s .  Work on process  cons ide ra t ions ,  economics, and 
thermodynamic a n a l y s i s  is  r epor t ed  elsewhere.  Most of t h e  d i scuss ion  
on i r r a d i a t i o n  performance is  as soc ia t ed  wi th  coated p a r t i c l e s ,  and, i n  
p a r t i c u l a r ,  t h e  ke rne l s .  Most of t h e  t e s t i n g  descr ibed  is  wi th  f u e l  
rods made by t h e  s lug - in j ec t ion3  process ,  and some aspects of f u e l  rod 
performance w i l l  be  covered. 

I 
- 

This  r e p o r t  w i l l  d i s cuss  only i r r a d i a t i o n  t e s t i n g  of candida te  

PERFORMANCE 0F.DENSE OXIDE KERNELS 

The f i r s t  candida te  r ecyc le  f u e l  for .  t h e  HTGR w a s  UO2.  Ear ly  
i r r a d i a t i o n  t e s t i n g  of U02 i d e n t i f i e d  a severe problem w i t h  thermal 
migra t ion  of t h e  U 0 2  ke rne l  up t h e  temperature  g rad ien t  and through 
t h e  coa t ing  l a y e r s .  An example of t h i s  migra t ion  i s  shown i n  F ig .  1. 
The temperature  and temperature  g r a d i e n t  t o  which t h e s e  p a r t i c l e s  
were exposed w e r e  n e a r l y  equiva len t  t o  those  i n  a Large High-Temperature 
Gas-Cooled +Reactor (LHTGR). Representa t ive  HTGR temperatures  and 
temperature g r a d i e n t s  are provided i n  Fig.  2 and Table 1 .4 3 

The thermal s t a b i l i t y  of UO2 r e l a t i v e  t o  Tho2 can b e  seen  i n  Fig.  1. 
The s u b j e c t  of thermal migra t ion  has  been ex tens ive ly  s tud ied  and 
documented i n  t h e  t e c h n i c a l  l i t e r a t u r e 6  9' and w i l l  no t  be  d iscussed  
i n  depth  i n  t h i s  r e p o r t .  
of several k e r n e l s ,  among them UO2 and ThO2; t h e  upper and lower 90% 
confidence l i m i t s  f o r  t h e  d a t a  gene ra l ly  l i e  h a l f  an o rde r  of magnitude 
above and below t h e  average. The cross-hatched reg ion  and above repre-  
s e n t s  unacceptable  performance. This  reg ion  w a s  determined by c a l c u l a t i n g  
t h e  ke rne l  migra t ion  c o e f f i c i e n t s  t h a t  would l e a d  t o  migra t ion  of t h e  
ke rne l  through t h e  b u f f e r  l a y e r  dur ing  normal ope ra t ion ,  f o r  d i f f e r e n t  
reg ions  of an LHTGR core .  F igure  3 shows t h a t  t h e  U 0 2  curve i n t e r s e c t s  
t h e  cross-hatched reg ion  i n  t h e  temperature range of primary i n t e r e s t  
f o r  t h e  LHTGR, whereas t h e  Tho2 curve i s  w e l l  below t h e  cross-hatched 
area f o r  a l l  temperatures .  The UO2 ke rne l s  were t h e r e f o r e  r e j e c t e d  
from t h e  development program. 

F igure  3 compares t h e  average thermal s t a b i l i t y  



Y - 12091 0 

W 

Fig. 1. Relative Thermal Stability of Fissile and Fertile Kernels from Irradiation 
Test H-1-2. 
time at power, 97 days. (a) UO2 (33% FIMA) . (b) Tho2 (0.2% FIMA) . Temperature, 950OC; thermal gradients, 1000°C/cm; fast fluences, 5 X lo2’ n/cm2; 
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ORNL-DWG 76-3793 

FRACTION OF FUEL VOLUME ABOVE INDICATED TEMPERATURE 

Fig.  2 .  Frac t ion  of Fuel  Operating Above a Given Temperature 
Under Normal LHTGR Condit ions.  

Table 1. Comparison of Temperature and Heat Production 
Parameters f o r  Three Nuclear Power S t a t i o n s  

F t .  S t .  V r a i n  Summit S t a t i o n  F u l t o n  S t a t i o n  

Thermal power (MW) 

Power d e n s i t y  ( k W / l i t e r )  

F u e l  rod  h e a t  ra te  (kW/ft)  

Average 

Maximum 

H e a t  f l u x  a t  c o o l a n t  h o l e s  (W/cm2) 

Average  

Maximum 

F u e l  t e m p e r a t u r e s  ("C) 

Volume a v e r a g e  

Maximum ( s h o r t  term) 

Hot c h a n n e l  

G r a p h i t e  t empera tu res  ("C) 

Average 

Maximum 

Tempera tu re  g r a d i e n t s  ( "C/CII I )~  

Average 

Maximum 

842 

6 .3  

1 . 2  

3 .8  

1 4 . 2  

44 .2  

816 

1260 

743 

1038 

2000 

8 .1  

2 .3  

6 .8  

20.5 

57.4 

857 

1420 

1585 

7 77 

1121  

240 

670 

3000 

8 .4  

2.4 

7.0 

20.5 

58.4 

890 

1410 

1571  

7 39 

1142 

250 

700 

aBased on f u e l  rod  t h e r m a l  c o n d u c t i v i t y  o f  0.07 W cm-'"C-'.  
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TEMPERATURE (T) 
i600 1500 i400 4300 4200 4 4 0 0  

" Y 40-8 

I- t 
'" 5 6 7 8 

RECIPROCAL TEMPERATURE, ~O~ITPK) 

Fig. 3. Average Fuel  Kernel Migrat ion Coef f i c i en t s  vs Inve r se  
Temperature Determined From In- and Out-of-Reactor Experiments on Fu l ly  
Dense Kernels .  
Irradiation Perfomance of LHTGR Fuel, GA-A13173 (October 1975),  p. 103. 

From D .  P. Harmon and C. B.  S c o t t ,  Development and 

The favorable  performance o.f-Th0.2-rel~tive t o  U 0 2  suggested d i l u t i o n  
of U 0 2 7 i t h  enough Tho2 f o r  s t a b i l i z a t i m .  T i n c e  t h e  o v e r a l l  Th/U rati'o 

' i n  a r e c y c l T f u e 1  element i s  about 8, i t  appeared as though cons iderable  
l a t i t u d e  ex i s t ed .  Mixed thorium-uranium oxide i n  t h e  r a t i o  of about 
4 : l  w a s  easy t o  prepare ,  and t h e  process  w a s  thought t o  be r e a d i l y  
adaptab le  t o  t h e  remote ope ra t ion  requi red  i n  HTGR f u e l  r e f a b r i c a t i o n .  
The (Tho,eU0,2)02 k e r n e l  w a s  s e l e c t e d  as t h e  r e fe rence  r ecyc le  f i s s i l e  
fue l e -  t o  r e p l a c e  UO2,  and an  i r r a d i a t i o n  program t o  test  t h e  new re fe rence  
w a s  begun. 

A summary of t h e  i r r a d i a t i o n  t e s t i n g  of t h e  dense mixed-oxide r e c y c l e  

Ear ly  r e s u l t s  a t  modest i r r a d i a t i o n  tempera- 
p a r t i c l e  i s  contained i n  Table  2.  
Th/U = 8 have been t e s t e d .  
t u r e s  were encouraging, as shown i n  F ig .  4 ( r e f .  9 ) .  Very l i t t l e  
migra t ion  of t h e  (Tho.eUo.2)Oz has  occurred ,  and as be fo re ,  t h e  Tho2 
i s  very s t a b l e .  Unfor tuna te ly ,  a t  h ighe r  ope ra t ing  temperatures  t h e  
(Tho. eUo. 2 > 0 2  w a s  uns t ab le  [.rig,-5-(ref.. 10) 1- where t h e  ke rne l  had 
migrat-e-d through t h e  coa t ings .  
of i r r a d i a t i o n  d a t a  on dense mixed-oxide ke rne l s  has  been accumulated. 

S to ich iometr ies  from T h / U  = 1 t o  

-.- -. L__ 7- -- - 
Table 2 shows T h a t  a s i w i - f i r m o u n t  
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Table 2. Summary of ORNL Experimental  Data on Mixed (Th,U) Oxide Recycle Fuel  
P a r t  1. Real-Time Tes t ing  Under HTGR Condit ions i n  Peach Bottom Reactor 

Remarks 

RTE-1 (FTE-11) 

Body 1 

Body 2 

Body 3 

Body 4 

Body 5 

Body 6 

RTE-2 

Body 2 

Body 5 

RTE-4 

Body 3 

Body 5 

RTE-5 

Body 1 

Body 2 

Body 1 

Body 4 

Body 5 

Body 6 

RTE-6 

Body 1 

RTE-8 

Body 4 

UTE-7 

Body 1 

Body 2 

Body 3 
Body 4 
Body 5 

Body 6 

PR-56 
PR-66 

PR-56 
PR-66 

PR-56 
PR-67 

PR-56 
PR-67 

PR-66 

PR-66 

PR-66 

PR-55 

PR-S‘, 

PR-61 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-57-1 
PR-61 

PR-60 

PR-60 

PC-60 

PR-60 

PR-60 

PR-60 

PR-60 

PR- 60 

PR-57-1 
PR-57-6 
PR-61 

PR-57-1 
PR-61 

4 : 1  
2:1 

4 : 1  
2:1 
4 : 1  
2:1 

4 : 1  
2:1 

2:1 

2:l 

2:1 

4 : 1  

4 : l  

2:1 

4:1  
2:1 

4:1 
2 : 1  

4 : 1  
2 : 1  

4:1 
2:1 

2:1 
2:l 

2:l 

2:1 

2 : 1  

2 : 1  

2: 1 
2:l 
4 : 1  
4 : l  
2:1 
4 : l  
z:1 

3.3 I 102’ 

3.6 I lo2’ 

1.6 x IOz1 

4.6 I IOz1 

4 . 6  x loz1 

4 . 6  I IO” 

1.1 I 1021 

9.0 
14.7 

9.0 
14 .7  

9.0 
14.7 
9 . 0  

1 4 . 7  

1 4 . 7  

14.7 

11.1 

8.2 

5.0 

8.5  

11 .9  
18.4 

11 .9  
1 8 . 4  

11.9  
18.4 

11.9 
18.4 

10.4 

18.4 

18.2 

18.1 

5 . 5  
5 . 5  

5 . 5  

5 . 5  

1.2 
1.2 
5 . 5  

1 . 2  
5 . 5  

1 

1190d 

1300d 

1260d 

1210d 

c 

1 

c 

880d 
1130d 
1230d 

1230’ 

1150d 
l150d 

1050d 

1l5Od 

1 Os od 

150/75/130 
150/90/130 

150/90/130 
35n/75/110 

150/75/130 
350190/140 

150/75/130 
150/90/140 

350/901110 

150/90/130 

150/90/110 

350170/80 

150/75/120 

350/75/120 

10.1/1.1/1.9 
10/1.17/1.86 

10.111.1.1.9 
10/1.17/1.86 

I O . l / l .  Y 1 . 9  

m . u i . i i i . 9  

10/1.17/1.85 

10/1.17/1.85 

10/1.17/1.86 

10/1.17/1.86 

10/1.17/1.86 

10 .1 /1 .1 /1 .9  

10.1/1.1/1.94 

10.2/1.16/1.91 

10 .1 /1 .1 /1 .9  
10.2/1.16/1.9 

10 .1 /1 .1 /1 .9  
10.2/1.16/1.9 

in.1/1.111.9 

1 0 . 1 / 1 . 1 ~ 1 . 9  
10 .2 /1 .16/1 .9  

10.2/1.16/1.9 

10.2/1.16/1.9 

10.2/1.16/1.9 

10 .2 /1 .16/1 .9  

10 .2 /1 .16/1 .9  

10.2/1.16/1.9 

10.2/1.161i.9 

10 .2 /1 .16/1 .9  

10.2/1.16/1.9 

10 .1 /1 .1 /1 .9  
10.1/1.1/1.9 
10.2/1.16/1.9 

10.2/1.16/1.9 
10.1/1.1/1.9 

Slug-injected: carbonized in covered 
graphite tray: to be examined. 

Slug-injected; carbonlzed i n  covered 
graphite tray. Fuel examined from 
highest temperature region and la 
considered representative; no amoeba; 
no indication of f a i l u r e .  

from highest temperature region and 
is considered representatlve; no 
amoeba; no indlcatlon of f a i l u r e .  

Loose bed of particles; fuel examined 

Loose bed of particles; fuel examined 
from highest temperature region and 
Is considered representative; no 
amoeba; no Indlcatlons of f a i l u r e .  

slug-injecred; carbonized i n  covered 
graphite tray: f u e l  examined from 
hlghest temperature reglon and i e  
considered representative; no 
amoeba; no indication of f a i l u r e .  

Slug-1njecred;cnrbonired In covered 
graphite tray: fuel exemlned from 
highest temperature reglon and is 
considered representatlve; no amoeba; 
no indication of failure. 

Slug-injected; carbonlzed in covered 
graphite tray. 

Slug-Injected; carbonized in covered 
graphite tray; f u e l  examined from hiphest 
temperature region and is considered 
repreBenfafive; no ameba; no indications 
of f a i l u r e .  
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Part 2. Accelerated Testing in Research Reactors 

35011001100 10/1.1/2.0 

T T 

ThlU 
Fast fluence F i s s i l e  

batch 
NO. 

p a r t i c l e  Sample 
identification E ' (2. FIIIA) Ratio ("/Crn') 

355/80/135 

355/80/135 

3501801140 
35olaol l4o  

3551801135 
10.111.111.92 
10.111.111.92 
10.1/1.1/1.92 

1011. 111.85 
1011.111.65 

PR-57 H-1-4 
H-1-10 
H-1-6 

PR-67 H-1-3 
H - 1 - 1 1  

6.3 I( lo2' 8.2 
5.4 8.6 
8.6 8.6  

5 .8  x 1021 12.0 
4 . 5  12.0 

4:1  
4 : l  
4:l 

2 : 1  
2:l 

7.5 x 102' 7.5 
8 . 3  8 . 3  
8 . 2  8 .2  

355/80/135 
3551801135 
355180l135 

35o1ao/140 
3 5 0 / 8 0 / 1 4 0  

10.1/1.111.92 
10.1/1.1/1.92 

10/1.111.85 
LO/l.l/1.85 

10.1/1.111.92 

PR-57 H-2-4 
H-2-10 
H-2-6 

PR-57 H-2-4 
H-2-10 
H-2-6 

4:l 
4 : l  
4 : 1  

2:1 
2:1 

5 . 2  x 10" 11.0 
4.1 12.0 

PR-67 H-2-3 
H-2-11 

llSOf 
1400f 
1130f 

ll4Of 

5.8 14.9 
5 . 8  14.9  
5 . 4  14.0 
5.4 14.0 

5 . 8  " 1021 23.8 
6.8  2 5 . 8  
7.2 26.7 
6.7 26.0 

OR-1910 L4 
OR-1909 18 
PU-291 3.4 
OR-1909 38 
Pu-291 3C 
OR-1909 30 

350/100130/25/40 
350/100/30/25/40 
3501100180 
3501100/90 
35011wlav 
35W100190 

11908 
12208 
12008 

12508 
13009 0.1 25.0 

5.6 23.6 

1500h 

1 
4.07 X 10" 20.8 
6.04 32.8 
6.14 22.5 
6.14 . 16.4 
6.14 Y . 7  
6.04 43.9 
3.62 18 .9  

4 : l  
2:1  
4 :1  
8:1 
4 : l  
1:l 
4 : 1  

OR-2111H 11 
OR-2090H 12 

5-263 1 9  
2 5 0 / 8 5 / 8 5  
350/100/100 

1250h 

1 
5.35 x 1021 21.4 
7.95 34.0 
8.09 25.3 
8.09 19.4 
8.09 24.6 
7.95 45.7 
4.78 18.8 

35011001100 

3501100130130140 
500/100/30/30/40 
3501901100 
250/85/85 
35011001100 

350/85/85 
3-263 2 

OR-2094-H 8 
OR-2116-H 9 
U;A-6155-01-OP.O 10 
OR-2111-H 11 
OR-ZO~&LI 12 

3-263 19  

4:1 
2:1 
4:1 
8 : l  
4:1 
1:1 
4:l 

5.25 x 102' 21.2 
7.57 24.4 

3.3 x 102' 18.4 
4.8 20.5 

1250h 
1250h 

350 /100 /30 /30 /40  
3501100/30/30/40 

10/1.2/1.9513.1811.95 
1011.2/1.9513.181;.95 

OR-2116H 2 
OR-2116H 7 

l500h 
l5OOh 

OR-2116H 2 
OR-2116H 7 

350 /100 /30 /30 /40  
350/100/30/30/40 

1011.211.9513.1811.95 
10/1.2/1.9513.18/1.95 

1200h 5-263 Rod 1-1 
1-2 
1-3 
1-4 

J-263 2-1 
2-2 
2-3 
2-4 

OR-1977 3-1 
OR-1977 3-2 

J-263 3-3 
3-263 3-4 
J-263 3-5 
3-263 4-1 

4-2 
4-3 
4-4 

PU 2918 5-1 
OR 1977 5-2 
Pu 291' 5-3 
OR 1977 5-4 

10.8 x 1021 
9.58 
8.00 
5.72 
9.85 
8 .61  
6.99 
4.88 
9.85 
8.61 
7.40 
5.92 
4.37 

9.58 
8.00 
5.72 

9.18 
7.48 
5.25 

10.8 

10.4 

19.0 
18.1 
16.9 
15.9 
18.3 
17.5  
16 .4  
15.5 
16.9 
16.1 
16.7 
16 .0  
15.3 
19.0  
18.1 
16 .9  
15 .9  
20.2' 
16.4 
18 .1s  
14.4 

t 
13SOh 
1350h 
13SOh 
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Part 2a. Accelerated Testing in Research Reactors 

F i s s i l e  
par  t i c1e  
ba t ch  
No. 

Sample 
i d e n t i f  iCBtion Remarks 

PR-57 

PR-67 

PR-57 

PR-67 . 

OR-1910 

OR-1909 

Pu-291* 

OR-1909 

Ri-291* 

OR-1909 

5-263 

OR-2094H 

OR- 2 1 1 6 ~  

GGA-6155-Gl-OZG 

OR-2111H 

OR- 2G90H 

5-26) 

J-263 

OR-2094-H 

OR-2116-H 

CCA-6155-01-020 

OR-2111-H 

OR- 2090-H 

3-263 

W-1-4 

N-1-10 

H-1-6 

H-1-3 

tl-1-11 

l i - 2 - 4  

li-7-10 

11-2-6 

11-2-3 

H - 1 - 1 1  

I A  
1 B  
1c 
2A 
3.4 
36 
4A 
5 h  
5B 
6A 

IA 

i n  

3A 

38 

3c 

30 

2 

8 

9 

10 

11 

1 2  

19 

2 

8 

9 

10 

11 

1 2  

19  

H - 1  - 
Only f a i l u r e s  noted i n  s i n g l e  p l ane  of p o l i s h  vieved were due t o  f a b r i c a t i o n  d e f e c t s .  

Very h igh  temperacures  du r ing  f o u r t h  cyc le ;  ex tens ive  damage a t  center of rod.  

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

Only s l i g h t  evidence of amoeba; no f a i l e d  coa t ings .  

Rod debonded i n t o  l a r g e  f r sgnenr s ;  damaged p a r t i c l e s  on s u r f a c e  of rod 

H - ?  - 
N o t  examined; Tent to Chemical ‘Technology Div i s ion  f o r  r ep rocess ing  s t u d i e s  

Center  badly dmaged  due t o  very  high temperature  du r ing  l a s t  cyc le .  

Loose p a r r i c l e s .  Xot examined. 

Fuel rod debonded; no f a i l e d  p a r t i c l e s  observed du r ing  v i s u a l  examinat ion.  

&iter surfaces of p a r r i c l e s  near f h c  s u r f a c e  o f  rod chemical ly  a t t acked ;  amoeba appa ren t ;  
ke rne l  migrated through b u f f e r  and i n t o  LTI. 

Slug- in j ec t ed  rods:  t h i n  two-component s a c r i f i c i a l  layer on outer s u r f a c e  of p a r t i c l e s  caused 
debonding of rods  wi th  low-density ma t r ix  (lA. 13. 1C. 2A. LA. IS). Nernl lo%raphy shoved no 
f a i l e d  p a r t i c l e s  or amoeha. 

HRB-6 - 
Extruded rod ;  no f a i l u r e s ;  no amoeba; i n t e r m i t t e n t  p l a s t i c  f low through r e c o i l  zone. 

Extruded rod: no f a i l u r e s ;  s l i g h t  amoeba (2-3 urn); i n t e r m i t t e n t  p l a s t i c  f low through r e c o i l  zone 

Slug-injected;  ca rhon i red  i n  packed A12Oj; 50% f a i l e d ;  amoeba (20 urn); f a i l u r e s  s t t r i b u t e c  t o  
d e f e c t i v e  coa t ings .  

Slug-injected;  carbonized i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba (20 um). 

S lug - in j ec t ed ;  carhonized i n  packed A.1203; v i s u a l  examinat ion only:  no broken p a r t i c l e s .  

S lug - in j cc red ;  carbonized in packed Ai203; v i s u a l  examinat ion on ly ;  no broken p a r t i c l e s .  

W(B-7 

S lug - in j ec t ed ;  carbonized i n  packed A 1 2 0 3 :  no f a i l u r e s ;  amoeba (r 40 um). 

Slug-injected;  carbonized in packed Al2n1: no f a i l u r e s ;  amoeba ( 2  80 urn). 

Slug- in j ec t ed ;  ca rhnn i red  i n  packed h12n3; no f a i l u r e s :  amoeba (2  25 urn). 

S lug - in j ec t ed ;  carbonized I n  packed A l g 0 3 ;  12% f a i l e d ;  amoeba ( 2  25 am). 

s lug - in j ec t ed ;  carbonized i n  packed A 1 2 n 3 :  no f a i l u r e s :  amoeba ( 2  75 um). 

Slug-injecred:  carbonized i n  packed A12n]; no f a i l u r e s ;  amoeba (5 55 um). 

Slug- in j ec t ed ;  ca rhon i red  i n  packed A 1 2 n 3 ;  no f a i l u r e s ;  amoeba (y 30 em). 

- 

XRB-8 - 
Slug- in j ec t ed ;  carhonized i n  packed A12n3; no f a i l u r e s ;  amoeba (2  13 urn). 

S lug - in j ec t ed ;  carbonized i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba (2 20 urn). 

Slug-injected;  carbonized i n  packed A 1 2 0 3 :  no f a i l u r e s :  amoeba (5 25 urn). 

Slug- in j ec t ed ;  carbonized i n  packed A l 2 O 3 ;  no f a i l u r e s ;  amoeba (L 85 urn). 

S lug - in j ec t ed ;  carhonized i n  packed A l z 0 3 :  no f a i l u r e s ;  amoeba (2  20 um). 

Slug- in j ec t ed ;  carbonized i n  packed A 1 2 0 3 ;  137. f a i l e d ;  amoeba ( 2  55 urn). 

Slug- in j ec t ed ;  carhonired i n  packed A 1 2 0 3 ;  no f a i l u r e s ;  amoeba ( z  20 urn). 
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Part 2a. Accelerated Testing in Research Reactors (Continued) 

F i s s i l e  
p a r t i c l e  Sample 
ba t ch  i d e n t i f i c a t i o n  
NO. 

Remarks 

OR-2116H 

OR-2116H 

OR-2116P 

OR-2116H 

J-263 

5-263 

OR- 197 7 

OR-1977 

3-263 

J-263 

5-263 

3-263 

J-263 

5-263 

5-263 

Pu-291' 

OR-1977 

Pu-291' 

OR- 197 7 

2 

7 

2 

7 

1-1 

1-2 

1-3 

1-4 

2- 1 

2- 2 

2-3 

2-4 

3- 1 

3-2 

3-3 

3-4 

3-5 

4-1 

4-2 

4 - 3  

4-4 

5-1 

5-2 

5-3 

5-4 

HRB-9 - 
Slug- in j ec t ed ;  carbonized in packed Alp03; v i e u n l  examination only; no broken p a r t i c l e s .  

S lug - in j ec t ed ;  carbonized in packed A1203; visual erarnlnation only; no broken p a r t i c l e s .  

HR- 

Slug- in j ec t ed ;  carbonized i n  packed A l Z O 3 ;  v i s u a l  examination on ly ;  no broken p a r t i c l e s .  

S lug - in j ec t ed ;  carbonized in packed ~ 1 ~ 0 ~ ;  no f a i l u r e s ;  amoeba (5 35 urn). 

OF-1 - 
Slug- in j ec t ed ;  no f a i l u r e s  (Metallography);  amoeba (2 5 urn); cnrbonized in packed A l 2 0 3 .  

Slug- in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized i n  packed A1203. 

S lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized in packed A1203. 

S lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized in packed A1203. 

S lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized in g r a p h i t e  block. 

S lug - in j ec t ed ;  no f a i l u r e s  (Metallography);  amoeba (2 5 urn); carbonized in g r a p h i t e  block. 

S lug - in j ec t ed ;  s t e r eo -ea rn ina t ion  on ly ;  no broken p a r t i c l e s ;  carbonized i n  g r a p h i t e  block. 

S lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized in g r a p h i t e  block. 

S lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e S ;  cnrbonired in packed A1201. 

S lug - in j ec t ed ;  no f a i l u r e s  ( l f e t a l log r sphy) ;  amoeba (1. 20 urn); carbonized in packed A1203. 

S lug - in j ec t ed ;  stereo-examination only; no broken p;:ticles; carbonized In packed A1203.  

Slug- in j ec t ed ;  no f a i l u r e s  (Metallography);  no amoeba; carbonized in packed A1203 .  

Slug- in j ec t ed ;  stereo-examinatlon only; no broken p a r t i c l e s ;  carbonized in pocked A1203. 

s lug - In j ec t ed ;  no f a i l u r i s  (ne t a l l ag raphy) ;  amoeba (I 20 urn); carbonized i n  g r a p h i t e  block. 

S lug - in j ec t ed :  stereo-examination on ly ;  3 broken p a r t i c l e s  on s u r f a c e  ( i d e n t i t y  unknovn); 
carbonized in g r a p h i t e  b lock .  

s lug - in j ec t ed ;  stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized in g r a p h i t e  block. 

S lug - in j ec t ed ;  Stereo-examination on ly ;  no broken p a r t i c l e s ;  carbonized i t .  g r a p h i t e  block. 

Slug-Injected; 2. 80% f a i l e d  (Metallography);  carbonized in packed A1203; (5 15 urn); 
f a i l u r e s  a t t r i b u t e d  t o  d e f e c t i v e  coatingti .  

s lug - in j ec t ed ;  no f a i l u r e s  (Merallogrsphy) carbonized in packed A l 2 o 3 ;  no amoeba. 

s lug - in j ec t ed ;  ?. 15% f a i l e d  (Herellography);  carbonized i n  packed A1203; amoeba (< 1 0  urn); 
f a i l u r e s  e t t r i b u t e d  to d e f e c t i v e  Coatings. 

Slug- in j ec t ed ;  stereo-examination only; carbonized in packed A120~;  no broken p a r t i c l e s .  

'A - kerne l ;  B - b u f f e r ;  
blpproximately 11.000 t o  18.000 f i s s i l e  p a r t i c l e s  per rod in RTE f u e l  rods.  d s p m d i n g  on p a r t i c l e  d l a m t e r  end dens i ty .  

'Thermal a n a l y s i s  t o  be  completed by J u l y  1976. 

%ximum fuel temperature in f u e l  body. 
i r r ad ia t ion - induced  dimensional changes are be ing  performed. 

'These t empera tu res  r e p r e s e n t  t h e  maxi- c a l c u l a t e d  f o r  t h e  f = e l  rod c e n t e r l i n e  du r inu  t h e  i r r a d i a c l o n .  
a n o n i n t e n t i o n s l  invera1.n of t h e  c a p s u l e  du r ing  t h e  last  of fou r  i r r a d i a t i o n  cyc le s .  

fTemperstures f o r  HRB-1 vere c a l c u l a t e d  from read ings  fr .om'thermeemples ad jacen t  t o  f u e l  rods.  

c - I P S ;  D - SIC; E - OPyC. 

For ty -e igh t  f u e l  rode per body. 

These are e s t h t e d  temperatures based on as - f ab r i ca t ed  dimenaions.  De ta i l ed  ana lyses  ioco rpora t ing  

Th i s  experiment van complicated by 

C e n t e r l i n e  Cemperatures'vere c a l c u l a t e d  by assuming 

(See r e f .  4 f o r , a d d i t i O n a l  d e t a i l s  on f u e l  Operating tempeC8tUreS.) 

a f u e l  rod conduc t iv i ty  of 3.0 Btulhr-ft-'F and a r a d i a l  gap of 0.004 in. 
badly du r ing  i r r a d i a t i o n .  
of p a r t I e l e ) .  

Fuel rod 48  vae composed o f  n resin b inde r .  and t h e  m a t r i x  debonded r a t h e r  
Therefore.  t h e  thermal c o n d u c t i v i t y  of t h e  f u e l  rod may have been as l o v  as 1.5 Btulhr-ft-*F (a va lue  a s s o c i a t e d  v i t h  loa -?  beds 

"his change in t h e  bed c o n d u c t i v i t y  increases t h e  c a l c u l a t e d  f u e l  c e n t e r l i n e  tcmperature from 1230 t o  1430.C. 

gFram d e t a i l e d  thermal a n a l y s i s  ( r e f .  5 ) .  

k a x i m m  des ign  f u e l  temperatures.  

iFueled v i t h  '"u. 
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I 
Fig. 5. Re la t ive  Thermal S t a b i l i t y  of F i s s i l e  and F e r t i l e  Kernels i n  I r r a d i a t i o n  T e s t  H-2-10. 

Temperature, 1350OC; thermal g rad ien t ,  1700°C/cm; f a s t  f l uence ,  5 X l o2 '  n/cm2; t i m e  a t  f u l l  power, 
37 days. L e f t :  ( 4  Th,U)02 (8.3% FIMA). Right: Tho2 (0.3% FIMA). 



1 2  

These d a t a  were t r e a t e d  i n  similar f a sh ion  t o  the U 0 2  and Tho2 d a t a  
shown i n  F ig .  3. The r e s u l t s  are given i n  Fig.  6 .  The average curve 
f o r  (Tho.eU0.2)02 f a l l s  a t  t h e  bottom of t h e  cross-hatched c r i t i c a l  
reg ion  i n  t h e  temperature  range 1 1 0 ~ 1 4 0 0 ° C .  
of t h e  thermal migra t ion  d a t a  i s  taken i n t o  account and t h e  90% confi-  
dence i n t e r v a l s  are p l o t t e d ,  t h e  upper confidence i n t e r v a l  curve 
extends w e l l  i n t o  t h e  cross-hatched region.  This  t rea tment  of t he  
i r r a d i a t i o n  da ta  f o r  t h e  r e fe rence  r ecyc le  k e r n e l  l e d  t o  t h e  conclusion 
t h a t  t h i s  f u e l  had marginal  thermal s t a b i l i t y ,  and an a l t e r n a t e  re ference  
f i s s i l e  f u e l  w a s  sought.  A t  t h i s  s t a g e ,  a d d i t i o n a l  i r r a d i a t i o n  t e s t i n g  
of o t h e r  s to i ch iomet r i e s  w a s  under way; l 1  however, t h e  r e s u l t s  showed 
l i t t l e  improvement over  t h e  r e fe rence  (Th/U = 4) system. A summary of 
t h e  d a t a  from t h e  High Flux  I so tope  Reactor (HFIR) removable beryl l ium 
(HRB)-7 capsule” f o r  f u e l s  w i th  Th/U ranging from 0 t o  8 i s  shown i n  
F ig .  7. 
t h e  ke rne l s ,  b u t  t h e  s t a b i l i t y  of (Tho,egUo,ll)O2 is  about t he  same as 

However , when t h e  scatter 

The thermal s t a b i l i t y  improves w i t h  t h e  a d d i t i o n  of thorium t o  

9 (Tho. SUO 2>02 

TEMPERATURE (“c) ORNL-DWG 74-3925R 

1500 ~400 4300 4200 4ioo 

- 
2 -  

- 
- 

5 6 7 8 9 
RECIPROCAL TEMPERATURE, i#/T (W) 

Fig. 6 .  Average Kernel Migrat ion Coef f i c i en t s  vs Reciprocal  
e r a t u r e  f o r  (4 Th,U)02. 

, 





The f i s s i l e  p a r t i c l e  s e l e c t e d  t o  r ep lace  t h e  dense mixed oxide 
w a s  an  undi lu ted  f i s s i l e  ke rne l  (conta in ing  only a f i s s i l e  i so tope)  
der ived from loading uranium i n t o  ion-exchange r e s i n s  from a weak-acid 
so lu t ion .  WAR-derived f u e l  w i l l  b e  d iscussed  i n  d e t a i l  i n  t h e  next  
s e c t i o n .  

IRRADIATION PERFORMANCE OF WAR FISSILE FUELS 

A summary of t he  i r r a d i a t i o n  t e s t i n g  of W A R  f u e l s  a t  OWL i s  
contained i n  Table 3. The dec i s ion  t o  swi tch  from (ThO.8U0.2)02 t o  
WAR-derived uranium oxide-carbide as t h e  r e fe rence  r e c y c l e  f i s s i l e  
ke rne l  w a s  based on t h e  performance of WAR-derived f u e l  i n  t h e  HRB-4 
and -5 capsules .  l 2  Typica l  p o s t i r r a d i a t i o n  metallography of t h e  W A R  
f u e l  i r r a d i a t e d  i n  those  capsules  i s  shown i n  Figs .  8 and 9 .  Extensive 
t e s t i n g  of WAR-derived f u e l s  w a s  conducted i n  capsules  HRB-7 and -8 
and capsules  HRB-9 and I n  t h e s e  las t  fou r  capsules ,  d i r e c t  
comparisons were made between t h e  performance of WAR f u e l s  of var ious  
s to i ch iomet r i e s  and dense mixed-oxide f u e l s ,  as w e l l  as wi th  t h e  
r e fe rence  HTGR f r e s h  f u e l  (dense U C 2 ) .  

Severa l  observa t ions  have been made about W A R  f u e l  performance 
from t h i s  acce le ra t ed  t e s t i n g :  

1. The porous W A R  ke rne l s  dens i fy  considerably under i r r a d i a t i o n ,  
as shown i n  Fig. 8. The d e n s i t y  of t h e  W A R  ke rne l s  is  t y p i c a l l y  about 
3 g/cm3 be fo re  i r r a d i a t i o n ,  compared wi th  d e n s i t i e s  g r e a t e r  than  10 g/cm3 
f o r  t h e  dense mixed-oxide ke rne l s  descr ibed earlier. Frequent ly ,  t h e  
d e n s i f i e d  WAR ke rne l s  remain a t t ached  t o  one s i d e  of t h e  coa t ing  l a y e r s ,  
as shown i n  Fig.  8. There i s  no c o r r e l a t i o n  between temperature  g rad ien t  
and t h e  o r i e n t a t i o n  of t h e  d e n s i f i e d  kerne l .  

2. There is  no evidence of amoeba i n  WAR ke rne l s  conta in ing  more 
than 15% c a r b i d e q y i t h  t h e  balanc-e oxide.  
have been observed t o p i g r a t e  up t h e  temperature  g r a d i e n t ,  l i k e  t h e  
dense oxide ke rne l s  d e s c r i b e d - e a r l i e r .  This  can b e  seen  i n  Fig.  10 i n  
the  upper l e f t .  F igure  10  summarizes t h e  r e s u l t s  of a l l  W A R  s to i ch io -  
metries t e s t e d  t o  d a t e .  These w i l l  be  d iscussed  i n  more d e t a i l  l a te r  
i n  t h e  r e p o r t .  

However, W A R  UO2 ke rne l s  
/ 

1 

3. Phase seg rega t ion  is as soc ia t ed  wi th  W A R  ke rne l s  a f te r  i r r a d i -  
a t i o n  and is more ex tens ive  i n  t h e  lower conversion levels." 
i s  shown i n  t h e  lower l e f t  p o r t i o n  of Fig.  10 and i n  F igs .  11 and 1 2 ,  
which w i l l  be descr ibed  i n  more d e t a i l  la ter .  

Segregat ion 

*Conversion is from UO2 t o  UC2.  I n  t h e  WAR uranium oxide-carbide 
k e r n e l ,  t h e  percent  conversion r e f e r s  t o  the propor t ion  of UC2 i n  t h e  
two-phase system; 0% conversion i s  UO2,  15% conversion i s  85% UO2 and 
15% UC2,  e tc .  
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Table 3. Sunnnary of ORNL Experimental Data on Irradiated 
Weak-Acid Resin-Derived Recycle Fuel 

loo 
0 

100 
15 
75  
75  

100 
0 

50 
100 

75  
15 
50 
NA 
15 

52A 

7 5  
15 
15 
75  
7 5  
15 
15 
75  
75  
15 

52A 

Pu-2958 
Pu-296 
Pu-291 

OR-211% 
OR-2121H 
OR-2115H 
OR-2121H 

OR-2121H 
OR-211% 
OR-2121H 
OR-2115H 

OR-2208H 
OR-212lE 
OR-2218H 
OR-2208H 
OR-2115H 
OR-22WH 
OR-2207H 

OR-2208H 
OR-2218H 
OR-2211H 
OR-2121R 
OR-2207H 
OR-2115H 
OR-2211H 
OR-2219H 
OR-220lH 
OR-2219H 

OR-2208H 
OR-2121H 
OR-2218H 
OR-2208H 
OR-2115H 
OR-2207H 
OR-2207H 
OR-2208H 
OR-2218H 
OR-221111 
OR-212111 
OR-220lH 
OR-2115H 
OR-2211H 
OR-2219H 
OR-2207H 
OR-2219H 

A-611d 
A-601d 
A-611d 
A-611d 
A-601d 
A-601d 
A-611d 
A-611d 
k 6 0 1 d  
A-601d 
A-611d 
11-601' 

5750 
5840 
5900 
2950 
2950 
2950 
2950 

5750 
5840 
5900 
2950 
2950 
2950 
2950 

28 
25 
22 

402 
407 
476 
511 

402 
407 
476 
511 

593 
433 
486 
490 
373 
486 
486 

469 
423 
520 
398 
510 
427 
566 
584 
616 
484 

593 
433 
486 
490 
373 
486 
486 
469 
423 
520 
398 
510 
427 
566 
584 
616 
484 

4450 
4440 
2530 
2530 
1980 
1980 
4450 
4450 
2520 
2520 
1980 
1980 

1A 
18 
1c  
3A 
38 
3c 
30 

1A 
18 
1 c  
3A 
38 
3c  
3D 

1c4 
1C5 
1C6 

13 
14 
15 
16 

13 
14 
15 
16 

1 
3 
4 
5 
8 
9 
1 0  

11  
12 
13 
14 
15 
16 
11  
18 
19 
6 

1 
3 
4 
5 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
6 

A-1-1 
-2 
-3 
-4 
-5 
-6 

A-2-1 
-2 
-3 
-4 
-5 
-6 

3.4 I 10" 13 
4 .0  I4  
4 . 5  
4.2 
3 . 9  
3.6 
3 . 2  

7.8 
9.2 

10.3 
9.6 
8.9 
8 . 1  
1 . 2  

7.7 
7 . 1  
7.7 

5.9 
5 .6  
5.3 
4.9 

7.7 
7.4 
6.9 
6.4 

4.7 
5.0 
6 .3  
6.8 
7.8 
7.9 
7.9 

7.9 
7.8 
1.6 
7.2 
6.8 
6 .3  
5.8 
5 . 3  
4.7 
1 . 2  

3.0 
3 . 1  
4.0 
4.3 
4.9 
5.0 
5.0 
5.0 
4.9 
4.8 
4.6 
4.3 
4.0 
3.7 
3.3 
3 . 0  
4.6 

c 
e 
e 
e 
e 
e 
c 
* 
B 
e 
e 
e 

16 
15 
14 
13  
12 

24 
21 
29 
27 
25 
23 
20 

84 
84 
84 

80.0 
79.9 
7 9 . 9  
79.9 

80.4 
80.3 
80.3 
80.3 

79.1 
79.5 
79.4 
79.9 
80.1 
80.1 
80.1 

80.1 
80.1 
80.0 
79.9 
79.9 
80.0 
79.5 
79.3 
19.1 
80.0 

11.3 
78.5 
79.2 
19.2 
79.5 
79.6 
19.6 
79.6 
79.5 
19.4 
79.3 
79.2 
79.2 
78.5 
78.0 
77.3 
79.3 

f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 
f 

6 l1 .111.9l3.1811.85 

1 

_. HUB-6"' 

IRC-72 ? 
IRC-72 95 
IRC-72 95 

IRC-72 14 
IRC-12 92 
IRC-12 14 
IRC-72 92 

IRC-72 14 
IRC-72 92 
IRC-72 14 
IRC-72 92 

OF-2 ( C e l l  21(' 

400135125130125 
400135125130125 
400135125130125 

40014a130130140 
300175130130140 
4 a o f 4 o t i o o  
3001 751 85 

4001~0130130140 
300175130130140 
4001401100 
3001 1 5 / 8 5  

360l50l30l30140 
300175130130140 
360150130130140 
3601501301 30140 

360150130130140 
400140130130140 ~ 

360150130130140 

3601 5OI3Ol 30140 
300175130130140 
3601501 3OI3Ol4O 
36Ol5Ol30l3Ol40 
400140130130140 
360150130130140 
360150130130140 
36OI5Ol 3013OI40 
360150130130140 
3601 501 301301 40  
300175130130140 
360150130130140 
400140130130140 
360150130130140 
360150130130140 
36Ol5Ol30l3Ol40 
36Ol5Ol 3Ol30l40 

t )  

360150135130135 
360150135l30115 
360150135130135 
360150135130135 
360150135130135 
3601501351 301 35 
3601501 351 30115 
360150135130135 
3601501351 50135 
360150135150135 
360150135150135 
360150135150131 

3.211.211.9513.18l1.95 
3.811.21 1.9513.18l l .  95 
3.111.211.9513.1811.95 

3.211.211.9513.1811.95 
5.311.211.9513.1811.95 
3.211.2l l .95 
5.311.211.95 

3.011.2/1.9513.18l1.95 
5.311.111.9513.1611.95 
3.711.211.9513.1812.00 
3.011.211.9513.1011.95 
3.211.211.95l3.1011.95 

3.011.211.95l3. lSl l .95 
3.011.211.95/3.18/1.95 

3. 01 1.21 1.9513.1811. 95 
5.311.211.9513.1811.95 
3.711.211.9513.1811.00 
3.011.211.9513.1811.95 
3.211.211.9513.1811.95 
3.011.211.9513.1811.95 
3.011.211.9513.1811.95 
3.011.211.9513.1811.95 
3.711.211.9513.1812.00 
3.111.211.95l3.1012.00 
5.311.211.95l3.18l1.95 
3.011.211.9513.1811.95 
3.211.211.9513.1811.95 
3.111.211.9513.1a12.oo 
3.011.211.9513.1012.00 
3.011.211.9513.1811.95 
3.01 1.211.951 3.181 2.00 
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Table 3 .  (Continued) 

V 

Maximum fuel'  
temperature 

('C) 

OR-2329H 
OR-2329H 
OR-2122H 
O R - 2 2 1 1 H  
OR-2208H 
OR- 2322H 
OR-2329H 
OR-2208H 

OR-2121H 
OR-2332H 
OR-2121H 
OR-2332H 
OR-2218H 
OR-2320H 
OR-2207H 
OR- 2 2 1 8 H  
OR-2332H 
OR-2207H 

A-601d 
A-601' 
A-601d 
A-611' 
A-611' 
A-611' 
A-601d 
A-611' 
A-611d 
A-601d 
A-601' 
A-61Id 

OR-2329H 
OR-2322H 
OR-2211H 
OR-2208H 
OR-2329H 
OR- 2322H 
OR-2218H 
OR-2208H 
OR-2329H 
OR-2322H 

OR-2332H 
OR- 22 1 8 H  
OR-23208 
OR-22078 
O R - 2 1 2 1 H  
OR-2332H 
OR-221BH 
OR-232W 
OR-2207H 
OR-2332H 

A-601d 
A-601d 
A-611d 
A-601d 

A-6158 
A-601d 
A-6158 
A-6158 

A-611d 
A-611d 
A-601d 
A-611d 

A-6158 
A-611d 
A-601d 
A-601d 

1 9 2 0  
1920 
1080 
1100 
1040 

850 
850 
820 

1520 
1940 
1520 
1940 
960 

1100 
1080 

750 
860 
850 

1520 
1520 
1290 
1290 
1290 
1290 
1520 
1520 
1290 
1290 
1290 
1290 

660 
650 
660 
530 
560 
550 
490 
530 
560 
550 

660 
580 
660 
550 
440 
560 
490 
560 
550 
560 

2500 
2500 
2970 
6790 

2 4 4 0  
2500 
2900 
6648 

2500 
2500 
2960 
6800 

2440 
2500 
2960 
6750 

A-3-2 
A - 3 4  
A-3-5 
A-3-6 
.\-3-7 
A-3-9 
A-3-10 
A-2-11 

A-4-1 
A-4-1 
A-4-3 
A-4-L 
A-4-5 
A-4-6 
A-4-7 
A-4-9 
A-4-10 
A-4-11 

B-1-1 
8-1-2 
8-1-3 
B-1-4 
8-1-5 
8-1-6 
8-2-1 
8-2-2 
8-2-3 
8-2-4 
8- 2- 5 
8-2-6 

8-3-2 
E+3-3 
8-3-4  
8-3-5 

8-3-8 
8-3-9 
8-3-10 
8-3-11 
53-12 

5 4 - 2  
8-4-3 
B-4-4 
8-4-5 
8-4-6 
8-4-7 
8-4-8 
8-4-5 
8-4-10 
8-4-11 

8-1-1 

c- 1- 1 
c-1-2 
C-1-3 
c-1-4 

c- 2- 1 
c- 2- 2 
C-2-3 
c- 2- 4 

C-3-1 
C-3-2 
c- 3- 3 
c- 3- 4 

c-4-1 
c-4-2 
c-4-3 
C-4-4 

e 

e 
e 
e 
e 
e 
e 

e 

e 

e 
e 

c 

e 

e 

f 
f 
f  
f 
f  
f  
f  
f  

f  
f 
f 
f 
f  
f 
f  
f 
f 
f  

f 
f 
f  
f  
f 
f 
f 
f 
f  
f 
f 
f  

f 
f  
f  
f  
f  
f  
f 
f  
f  
f  

f  
f 
f  
f  
f 
f 
f 
f 
f 
f 

f 
f  
f 
f 

f  
f 
f  
f  

f 
f 
f 
f  

f 
f  
f  
f 

O 

15 
50 

100 
15 
0 

100 

100 
0 

100 

0 
2 5  
75 
O 

75 

7 s  
75 
75 
15 
15 
15 
75 
1 5  
15 
75 
75 
1 5  

n 

n 

n 

n 
15 
50 

LOO 
0 

1 5  

100 
0 
15 

0 
a 
25 
75 

inn 
n 

n 

0 
25 
75 
0 

360150, 30135 

320/7S/35/30/15 
320/75/15/30/35 
375150/35/30/35 
3 6 0 1 5 0 / 3 5 / 3 0 / 3 5  
375/50/15/30/35 
320/75135/30/35 
375/50/15/30135 

OF-2 ( C e l l  11") 
72 75 360/501 

75 
15 
75 

75 
75 
75 
75 

15 
1 5  
75 
1 5  

75 
15 
75 
75 

3 . 2 / ~ 1 . 3 / 1 . 9 5 P 3 . 1 8 / 2 . 0  
3.21'1.3/1.95P3.18/2.0 
3.1/ '1.3/1.95P3.1812.0 
3.2/ '1.3/1.95P3.18/2.0 
3 . W  1.3/1.95,4 3.18/2.0 

50 

18l1.8 

apercent conversion - 9 . 100, .,here - atomic f r a c t i o n  of oxygen in k e r n e l ;  e.g. .  U C ~ O ~ . ~  - 75% converted 

bA = k e r n e l ;  B - b u f f e r ;  C IPyC; 0 - SIC: E - OPYC. 

CHaximum fue l  d e s i g n  temperature. 

d12.7 cm ( 5  in.) diam f r i t .  

ePeak f a s t  fluence v i 1 1  b e  8 I Id '  d c m 2  at end of i r r a d i a t i o n  period. 

fPeak burnup w i l l  b e  80% FW-4 a t  end of i r r a d i a t i o n  per iod .  

%2.7 cm ( 5  in.) diem cone. 

IF. J. Hwan e t  al..  IrmdktiDn Performance of H K R  Fue2 Rods in HFIR Rperimenta HRB-4 and -5, ORNL-5115. in p u b l i c a t i o n  

2P. J. Hornan et al., Irmdiation Performance of H T C H  Fuel R o d s  in XFIR RperLnent HRB-6, OWL-IN-5011 (December 1975). 

k. H .  Valentine e t  al . .  Ifiadiot- Pepfomme of HTCR Fuel Rods i n  HFIR Frporimento HRB-7 and -8. In preparation. 

'HTCR Bo88 Technology PFog~mn A m .  pFosr. R e p .  Jan. 1 ,  1974 through June 30, 1975, Sect. 6.5.1, In p r e p a r a t i o n .  
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Table 3a. Resu l t s  of I r r a d i a t i o n  Tests on Weak-Acid Resin-Derived 
Recycle Fuel  

Sample i d e n t i f i c e t i b n  Remarks8 

l A ,  18, 1 C  

)A, 38 

3C, 3D 

lA. 1B. 1 C  

3A. 38 

3c. 30 

1c4. 1c5 

1C6 

13 

1 4  
15 

16 

13 

1 4  

1 5  

16 

1. 3, 4. 5 
6  

8 

9  

10 

11 

1 2  

1 3  

14 

15 

1 6  ' 

1 7  

18  

19 

1 
3 

4. 5 
6 

8 
9 

10 

11 

12 

1 3  

14 

HUB-5 

Extruded rods;  carbonized in covered g r a p h i t e  t r a y ;  
f i n e  c racks  in Sic  observed; no moeba.  

Slug-injected rods; carbonized in packed Al208. 

Slug-injected rods;  carbonized in-block. .I 
HRB-4 - 

Extruded rods; carbonized in covered g r a p h i t e  t r a y ;  
f i n e  c racke  in SIC observed;  no amoeba. 

Slug-injected rods;  carbonized in packed A12oj. 

Slug-injected rode; carbonized in-block. I 

Matr ix -pa r t i c l e  i n t e r a c t i o n  recognized as a p o t e n t i a l  
problem with high pitch-coke y i e l d s .  No amoeba. Kernel 
d e n s i f i c a t i o n  appa ren t .  

Attack of sic coa t ing  by Pd and r s r e - e a r t h  f i s s i o n  products  
observed. Phase seg rega t ion  in about 25% of  the  ke rne l s .  
Metal lographic  r e s u l t s  i n d i c a t e  not  a l l  p a r t i c l e s  were 95% converted. 

HRB-6 - 
Loose p a r t i c l e s  i n  g r a p h i t e  tube;  recovery of a l l  p a r t i c l e s  n o t  poss ib l e ;  ma jo r i ty  f a i l e d .  

h o s e  p a r t i c l e s  i n  g r a p h i t e  tube;  tube broke du r ing  i r r a d i a t i o n ;  p a r t i c l e s  l o s t .  
n 

HRB-7 - 
Slug-injected rod; no f a i l u r e s  (Metal lography);  bu f fe r  consumed; s l i g h t  a t t a c k  of SIC by rare e a r t h s .  

Slug-injected rod; 1 5 0 %  f a i l e d  (Metal lography);  ILTI g raph i t i zed  by rare e a r t h s  on cold s ide .  

S lug - in j ec t ed  rod;  no f a i l u r e s  (Metal lography);  bu f fe r  consumed; phase seg rega t ion  in kerne l ;  no evidence of rare e a r t h  
in COBti"g8. 

Slug-injected rod; no f a i l u r e i  (Metal lography);  u n i l a t e r a l  movement of ke rne l  through buf fe r ;  no evidence of rare e a r t h  
i n  coat ing*.  

HRB-8 - 
Slug-injected rod;  no f a i l u r e s  (Metal lography);  bu f fe r  consumed; s l i g h t  a t t a c k  of sic by rare e a r t h s .  

Slug-injected rod; a l l  f a i l e d  (Metal lography);  I L T I  g raph i t i zed  by rare e a r t h s  on cold s ide .  

Slug-injected rod; no f a i l u r e s  (Metal lography);  bu f fe r  consumed; phase seg rega t ion  in kerne l ;  no evidence of rare- e a r t h  
i n  coscinge. 

s lug - in j ec t ed  rod; no f a i l u r e s  (He t s l l ag r sphy) ;  ke rne l  dcns i f  i c a t i o n  appa ren t ;  b u f f e r  intact; no evidence of rare e a r t h  
in coatings. 

HRB-9 - 
Slug-injected rod; stereo-cxm only.  No broken p a r t i c l e 9  on su r face .  

Slug-injected rod; 1 202 f a i l e d  (Metal lography);  bu f fe r  in half  of p a r t i c l e s  d e n s i f i e d  and breached; tvo-phase ke rne l ;  
S l i g h t  accumulat ion of rare e a r t h s  an cold s i d e ;  no g r e p h i t i r a t i o n  of ILTI; s l i g h t  a t t a c k  of Sic. 

Slug-injected rod; no f a i l u r e s  (Hetal logrephy);  b u f f e r  consumed; phase seg rega t ion  in kernel .  

Slug-injected rod;  110 f a i l u r e s  (Metal lography);  b u f f e r  i n t a c t ;  phase seg rega t ion  in kerne l ;  evidence of rare e a r t h  
accumulat ion on cold s i d e ;  no g r a p h i t i z a t i o n  of ILTI; no a t t a c k  of sic 
Uarm-molded rod; no f a i l u r e s  (Metal lography);  bu f fe r  i n t a c t ;  phase seg rega t ion  in kerne l ;  l e s s  evidence of rare e a r t h  
accumulat ion in rod 9; no g r a p h i t i z a t i o n  of ILTI; no a t t a c k  of sic. 
Slug-injected rod;  1 7 5 %  f a i l e d  (Metal lography);  accumulat ion of rare  e a r t h  on cold s i d e ;  g r a p h i t i z a t i o n  of ILTI; 
no a t t a c k  of SIC; two-phase ke rne l .  

Slug-injected rod; no f a i l u r e s  (Metal lography);  amoeba through buf fe r ;  rare e a r t h s  r e t a ined  in kerne l ;  a l i g h t  a t t a c k  of 
S i c  on hot s i d e  (2 um) .  
Slug-injected rod;  no f a i l u r e s  (Metal lography);  bu f fe r  i n t a c t  but d e n s i f i e d  around ke rne l ;  phase segregation in kerne l ;  
accumulat ion of rare e a r t h s  an cold s i d e ;  no g r a p h i t i z a t i o n  of ILTI ;  no a t t a c k  of SIC. 

Slug-injected rod; z 50% f a i l e d  (Metal lography);  phase seg rega t ion  in kerne l ;  accumulation of rare e a r t h s  on cold s i d e ;  
g r a p h i t i z a t i o n  of ILTI; a t t a c k  of SIC (1 5 um) .  
Slug-injected rod; s t e r eo -exw only;  no f a i l u r e s .  

Slug-injected rod; no f a i l u r e s  (Metal lography);  bu f fe r  consumed: phase seg rega t ion  i n  kerne l .  

Slug-injected rod;  same remarks 8s f o r  HRB-9. Rod 13 (50% conver t ed ) .  

Slug-injected rod; stereo-exam only;  no broken p a r t i c l e s .  

Slug-injected rod; stereo-exem only;  no broken p a r t i c l e s .  

mn-io 

Slug-injected rod; not examined. due t o  rea~tion with thermocouple. 

Slug-injected rod; stereo-exam only;  no broken p a r t i c l e s .  

Slug-injected rod; stereo-exam only;  no broken p a r t i c l e s .  

S lug - in j ec t ed  rod;  z 30% f a i l e d  (Metal lography);  accumulation of rare e a r t h s  on cold s ide ;  g r a p h i t i r a t i a n  of ILTI and 
b u f f e r ;  a t t a c k  of SIC with complete pene t r a t ion .  

Slug-injected rod; no f a i l u r e s  (Metal lography);  bu f fe r  consumed; phase segregation in kerne l .  

Slug-injected rod; 1 8% f a i l e d  (Metal lography);  phase seg rega t ion  in kerne l ;  accumulat ion of r a r e  e a r t h s  an cold s i d e .  
s l i g h t  g r a p h i t i z a t i o n  of ILTI; no a t t a c k  of Sic .  

Uarm-molded rod;  no f a i l u r e s  (Metal lography);  phase seg rega t ion  in kerne l ;  accumulat ion of ra re  e a r t h s  OD cold s ide ;  
no g r a p h i t i z a t i o n  of ILTI; * l i g h t  a t t a c k  of SIC. 

Slug-injected rod;  1 18% f a i l e d  (Hc ta l l ag raphy) ;  two-phase ke rne l ;  accumulat ion of rare e a r t h s  on cold s i d e ;  
g r a p h i t i z a t i o n  of I L T I ;  a t t a c k  of SIC (1 5 um). 
Slug- in j ec t ed  rod; z 5% f a i l e d  (Metal lography);  amoeba through buf fe r ;  rare e8 r th8  r e t a ined  in kerne l ;  a t t a c k  of Sic  
(81Uht  t o  complete pene t r a t ion ) .  

Slug-injected rod;  no f a i l u r e s  (Metal lography);  e~me remarks as f o r  HRB-9, Rod 13 (50% converted) .  except  more evidence 
of r a r e e a r t h  accumulat ion.  

s lug - in j ec t ed  rod; ?1 30% f a i l u r e s  (Metel lography);  m - p m s e  i e r u c l .  accumulat ion of rare e a r t h s  on cold a ide ;  
g r a p h i t i z a t i o n  of ILTI; a t t a c k  of S ic  (complete p e n e t r a t i o n ) .  
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Table 3a. (Continued) 

Sample i d e n t i f i c a t i o n  RCmarksa 

1 5  

16. 17 

18 

19 

A-1-1.  - 2 ,  - 3 ,  

A-2-1. - 2 ,  -3, 
-4 .  - 5 .  - 6  

- 4 .  - 5 .  - 6  

A-3-2, - 4 ,  - 5 .  -6 

A-4-1. - 2 ,  - 3 .  - 4 ,  - 5 ,  
- 7 .  - 9 .  -10. -11 

- 6 .  - 7 ,  - 9 .  -10, -11 

8-2-1.  - 2 ,  - 3 .  - 4 .  - 5 .  -6 
0-3-2, - 3 .  - 4 .  - 5 .  -7 ,  

8 - 4 - 2 ,  - 3 ,  - 4 .  - 5 .  - 6  

8-1-1. -2, -3, - 4 .  -5, - 6 ,  

-8 ,  - 9 ,  -10. -11, -12 

- 7 .  -8. - 9 ,  -10. -11 

c-1-1, - 2 .  -3 ,  -4 
c-2-1. - 2 .  -3. -4 

c-4-1.  -2, - 3 .  -4 
C-3-1, - 2 .  -3. -4 

s lug - in j ec t ed  rod ;  no f a i l u r e s  (Metallography);  accumulation of rare e a r t h s  on co ld  a ide ;  s l i g h t  g r a p h i t i z a t i o n  of ILTI; 
no a t t a c k  of SIC; phase seg rega t ion  i n  ke rne l .  

S lug - in j ec t ed  cod; s t e r e o - e ~ a m  only; no broken p a r t i c l e s .  

Slug-injezted rod; z 40% f a i l e d  (Metallography);  sane remarks as f o r  HRE-10. Rad 6 ,  

Slug-injected rod; no f a i l u r e s  (He ta l log rephy) ;  phase seg rega t ion  i n  ke rne l ;  no accumulation of rare e a r t h e ;  
no g r a p h i t i z a t i o n  of I L T I ;  no a t t a c k  of SIC.  

OF-2 (Ce l l  2 1  

A l l  s l ug - in j ec t ed  rods ;  i n i t i a l  R I B  va lues  f o r  n5mKr - 7 . 5  x 
A f t e r  4200 hr (1. 112 i r r a d i a t i o n  t ime) R l 0  85mKr - 1 I  IS^. 
P o s t i r r a d i a t i o n  examination scheduled t o  begin i n  Sep tmber  1 9 7 6 .  

A l l  s l ug - in j ec t ed  rods; 

P o s t i r r a d i a t i o n  examination scheduled LO begin i n  September 1 9 7 6 .  

i n i t i a l  R I B  values f o r  85mKr - 7 . 5  " lo-'. 
, Afte r  4200 h r  (1. 112 i r r a d i a t i o n  t ime) RIB 85mKr - 1 lo-'. 

01-2 (Cell 1) 

~ l l  fuel rods f a b r i c a t e d  by s lug - in j ec t ion  process.  
I n i t i a l  nsmKr RIB v a l u e s  I < 2 I 
8DKr RIB value - 7 I 

Afte r  4200 hr i r r a d i a t i o n  (1. 112 f u l l  scheduled term) 
P o s t i r r a d i a t i o n  examination scheduled t o  begin i n  September 1 9 7 6 .  

'References t o  "I f a i l e d  p a r t i c l e s "  are based an f a i l u r e s  observed i n  me ta l log raph ic  s e c t i o n s ,  end t h e r e f o r e  are no t  s t a t i s t i c a l l y  
s i g n i f i c a n t  since normally < 20 f i s s i l e  p a r t i c l e s  are exposed i n  a random plane-of-polish.  These r e s u l t s  are. however. i n d i c a t o r s  of relative 
perf ornlmce. 
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R-70001 

1UU"n LUllVtKltU 

1 5 ' ~  CONVLRIED 50 '0  CONVERlED 
---I 

/ > ' a  CUNVtKltU 

Fig .  10. 
(0% Converted) t o  UC2 (100% Converted). 
burnup of 80% FIMA. The two 
p a r t i c l e s  a t  t h e  top of t h e  f i g u r e  are from t h e  p e r i p h e r a l  reg ions  of f u e l  rods and opera ted  a t  less 
than  peak rod temperatures but  demonstrate performance l i m i t a t i o n s  i n  s t e e p  thermal g r a d i e n t  
(>800°C/cm) condi t ions .  

Relative Performance of Weak-Acid Derived Kernels Converted Within t h e  Range of U 0 2  
I r r a d i a t e d  a t  a m a x i m u m  f u e l  temperature  of 1500°C t o  a 

F a s t  f luence  ranged from 4 . 3  t o  5.0 X l o 2 '  n / m 2  (E > 0.18 MeV). 

The hot s i d e  of t h e  p a r t i c l e s  is on t h e  r i g h t .  



22 

I 

I 
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R-70456 - 

Fig. 11. D i s t r i b u t i o n  of Uranium and Rare-Earth F i s s i o n  Products  
(Typi f ied  by Nd X-Ray Display) i n  a 15% Converted Weak-Acid Resin-Derived 
P a r t i c l e .  
carbon l a y e r .  (a)  O p t i c a l  micrograph. (b) Backscat tered e l e c t r o n  image. 

There i s  no i n d i c a t i o n  t h a t  t h e  Nd pene t r a t ed  t h e  i n n e r  pyro- 

(c) U MB- (d) Nd L a -  

. 
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4 .  There is  cons iderable  f i s s i o n  product  a t t a c k  of t h e  Sic coa t ings  
by ra re-ear th  f i s s i o n  products  La ,  C e ,  P r y  and Nd i n  WAR UC2 f u e l s .  This  
same type  of a t t a c k  has  been observed i n  dense UC2 f u e l s  i r r a d i a t e d  i n  
HRB capsules  under acce le ra t ed  condi t ions ,  and a l s o  i n  t h e  Peach Bottom 
Reactor under real-time condi t ions .  The presence of UO2 reduces t h e  
amount of f i s s i o n  product  a t t a c k  of t h e  S i c  l a y e r ,  apparent ly  due t o  
t h e  formation of s t a b l e  r a re -ea r th  oxides ,  which are r e t a i n e d  i n  t h e  
ke rne l .  
nominally 95% UC2 f u e l  i r r a d i a t e d  i n  t h e  HRB-4 capsule  are shown i n  
Fig.  1 3 .  A s imi l a r  d i sp l ay  of r e fe rence  f r e s h  f i s s i l e  f u e l  (UC2) i r r a d i -  
a t e d  under real-time condi t ions  i n  t h e  Peach Bottom Reactor i s  shown 
i n  Fig.  14. (Note t h a t  t h e  UC2 shown i n  Fig.  1 4  has  been i r r a d i a t e d  
t o  less than  20% f u l l  burnup and t o  less than  20% of t h e  f a s t  neutron 
exposure expected f o r  t h e  LHTGR. 14) 
depos i t i on  i n  W A R  UC2 and dense UC2 f u e l  i r r a d i a t e d  i n  HRB-7 i s  shown 
i n  Fig.  15. The po la r i zed - l igh t  p o r t i o n  of t h i s  f i g u r e  reveals reg ions  
having a high degree of o p t i c a l  a c t i v i t y ,  which i n d i c a t e s  g r a p h i t i z a t i o n  
as a r e s u l t  of f i s s i o n  product i n t e r a c t i o n .  

Op t i ca l  metallography and sh ie lded  microprobe d i sp lays  of 

The s i m i l a r i t y  of f i s s i o n  product 

5. There i s  a cons iderable  temperature g r a d i e n t  e f f e c t  on the  
f i s s i o n  product a t t a c k .  Under high-temperature g r a d i e n t s ,  t he  f i s s i o n  
products  are concentrated on t h e  cold s i d e  of t h e  p a r t i c l e ,  and f a i l u r e  of 
t h e  S i c  l a y e r  is  l i k e l y ,  as shown on t h e  l e f t  s i d e  of F ig .  16.  Under less 
severe temperature  g r a d i e n t s ,  t h e  f i s s i o n  products  are less concentrated 
and do less damage. 
w a s  opera ted  a t  t h e  c e n t e r  of t h e  same f u e l  rod. The temperature 
g rad ien t  i s  zero a t  t h e  c e n t e r  of t h e  rod, and even though t h e  opera t ing  
temperature  w a s  h igher  a t  t h i s  p o s i t i o n ,  less damage w a s  done t o  the  
coa t ings  by t h e  f i s s i o n  products .  The bottom por t ion  of Fig.  16 ( i n  
po la r i zed  l i g h t )  shows t h e  l i g h t  reg ions  where f i s s i o n  products  are 
present .  The temperature  g rad ien t  of 1000°C/cm is  about 30% higher  
than  t h e  maximum temperature g rad ien t  f o r  an LHTGR (Table 1). 

The p a r t i c l e  shown on t h e  r i g h t  s i d e  of Fig.  16  

F i s s i o n  product a t t a c k  of t h e  coa t ings  appears  t o  be t h e  l i m i t i n g  
performance fea ' iure of UC2 f u e l s .  Thermal migra t ion  appears  t o  be 
l i m i t i n g  f o r  U O 2 .  In te rmedia te  s to i ch iomet r i e s  appear t o  perform 
w e l l  compared w i t h  these  extremes. I n  t h e  HRB-7 through -10 series 
of expe,riments, WAR f i s s i l e  f u e l s  w i th  conversion l e v e l s  of 0 ,  15 ,  50, 
75, and 100% were t e s t e d .  These WAR ke rne l s  w e r e  coated wi th  r e fe rence  
Tr i so  coa t ings  and were f a b r i c a t e d  i n t o  f u e l  rods using t h e  s lug-  . 

i n j e c t i o n  technique.  A s  i nd ica t ed  earlier,  t h e  W A R  UO2 ke rne l  has 
migrated 'up t h e  temperature  g r a d i e n t ,  and t h e  W A R  UC2 p a r t i c l e  has  
f a i l e d  due t o  f i s s i o n  product a t t a c k  of t h e  S i c  l a y e r .  Figure 17  shows 
an o p t i c a l  photomicrograph of a W A R  UC2 p a r t i c l e  i r r a d i a t e d  i n  HRB-8. 
Also shown a r e  e l e c t r o n  microprobe d i sp lays  f o r  t h e  r a re -ea r th  f i s s i o n  
products  L a ,  P r y  C e ,  and Nd. The g r a p h i t i z a t i o n  of t h e  inne r  p y r o l y t i c  
carbon coa t ing  and f a i l u r e  of t h e  S i c  i n  t h e  reg ions  occupied by t h e  
f i s s i o n  products  i n d i c a t e s  f a i l u r e  due t o  chemical i n t e r a c t i o n .  



F i g .  13.  Weak-Acid Resin Particle From Fuel Rod 3 B ,  Irradiation 
Capsule HRB-4. 
(d) La La. (e) P r  La. (f) S i  La. (g) Ce La. (h) Nd &. 

(a) Optical photograph. (b) Backscattered electron. (c) U %. 
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Y-6645 

F i g .  15. Relative Performance of Dense UC2 and W A R  UC2 i n  I r r a d i -  
a t i o n  Capsule HRB-7. Top: Bright  f i e l d .  Bottom: Po la r i zed  l i g h t .  
Le f t :  UCZ (VSM). Right: WAR- 100% reduced. 
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Fig.  17. D i s t r i b u t i o n  of Rare-Earth F i s s i o n  Products  i n  a Triso-Coated 100% Reduced Weak-Acid 
Resin P a r t i c l e  I r r a d i a t e d  i n  HFU3-8. (a) Op t i ca l  micrograph. (b) La La. (c) Pr La. (d) Back- 
s c a t t e r e d  e l e c t r o n  image. (e) C e  La. ( f )  Nd La. 
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The thermodynamic arguments a s s o c i a t e d  wi th  ke rne l  s to ich iometry  
are discussed i n  r e f .  1. Ca lcu la t ions  have been made of t h e  amount of 
U 0 2  necessary t o  keep a l l  t h e  r a re -ea r th  f i s s i o n  products  i n  t h e  form 
of oxides  i n  WAR f u e l s  i r r a d i a t e d  t o  f u l l  burnup [about  75% f i s s i o n s  
p e r  i n i t i a l  heavy-metal atom (FIMA)]. 
HRB-7 through -10 support  t h e  conclusions reached i n  t h e s e  c a l c u l a t i o n s .  
U02  f u e l  (Fig.  18) r e t a i n s  a l l  t h e  r a re -ea r th  f i s s i o n  products  i n  t h e  
ke rne l  i n  t h e  form of s t a b l e  oxides .  The 15% converted W A R  f u e l  shown 
i n  F igs .  11 and 1 2  have a l s o  r e t a i n e d  most of t h e  r a re -ea r th  f i s s i o n  
products  (-93%) w i t h i n  t h e  k e r n e l .  A s  t h e  amount of UC2 i n  t h e  ke rne l  
i s  inc reased ,  t h e  capac i ty  t o  hold t h e  r a re -ea r th  f i s s i o n  products  
w i t h i n  t h e  ke rne l  i s  reduced, as shown i n  F igs .  19 and 20. The s l i g h t  
accumulation of neodymium a t  t h e  i n n e r  s u r f a c e  of t h e  S i c  l a y e r  i n  
50% converted f u e l  i s  shown i n  F ig .  19. Most of t h e  neodymium, however, 
has  been r e t a ined  i n  t h e  ke rne l .  
i s  a l s o  r e p r e s e n t a t i v e  of L a ,  P r y  and C e .  F igure  20 shows h igher  
magni f ica t ion  views of t h e  cold s i d e  of t h e  coa t ings  f o r  t h e  15,  50, 
and 75% converted f u e l s .  S l i g h t  accumulations of f i s s i o n  products ,  
be l ieved  t o  be rare e a r t h s ,  can be  seen a t  t h e  Sic- inner  L T I  i n t e r f a c e  
f o r  p a r t i c l e s  w i th  50 and 75% converted ke rne l s .  The amount of f i s s i o n  
product accumulation increased  wi th  an inc rease  i n  the  percentage of 
UC2 p re sen t .  

The i r r a d i a t i o n  r e s u l t s  from 

The neodymium d i s p l a y  i n  t h i s  f i g u r e  

The ques t ion  of optimum k e r n e l  s to ich iometry  f o r  W A R  f u e l s  has 
no t  y e t  been answered. Experiments t h a t  have been designed t o  e s t a b l i s h  
t h e  optimum U02 content  are now in - reac to r .  Based on t h e  r e s u l t s  from 
HRB-7 through -10 and t h e  thermodynamic c a l c u l a t i o n s ,  ' i t  i s  a n t i c i p a t e d  
t h a t  t h e  optimum va lue  w i l l  be  about 35% conversion,  w i th  a range of 
+20% permit ted.  The arguments a g a i n s t  high UC2 conten t  are clear. 
Some problems have a l s o  been encountered wi th  h igh  UOn con ten t ,  i n  
a d d i t i o n  t o  t h e  amoeba a l r eady  noted. While no f i s s i o n  product a t t a c k  
of t h e  S i c  l a y e r  w a s  noted wi th  t h e  W A R  U 0 2  f u e l ,  t h e r e  w a s  some 
evidence of ox ida t ion  of t he  i n n e r  s u r f a c e  of t h e  S i c  l a y e r .  The amount 
of a t t a c k  w a s  moderate f o r  f u e l  temperatures  of about 1250°C, b u t  f o r  
temperatures of about 1500°C t h e r e  w a s  complete p e n e t r a t i o n  of t he  S i c .  
Examples of t h e  ox ida t ion  of t h e  S i c  i n  W A R  UO2 f u e l  are shown i n  
Fig.  21. Fuel  of t h i s  same composition w a s  i r r a d i a t e d  i n  capsule  HRB-9 
a t  a design c e n t e r  l i n e  tempgrature of 1250°C, and very s l i g h t  ox ida t ion  
w a s  noted. 

From t h e  processing s t andpo in t ,  i t  i s  d e s i r a b l e  t o  maximize t h e  
UO2 content  i n  t h e  two-phase W A R  ke rne l s .  Considerable  e f f o r t  has there-  
f o r e  been expended t o  understand t h e  behavior  of t h e  15% converted 
f u e l  from HRB-7 through -10, which i s  c u r r e n t l y  thought t o  be t h e  
lower l i m i t  f o r  t h e  conversion s p e c i f i c a t i o n .  ' 
i n  F igs .  11 and 12  i s  apparent  both from o p t i c a l  examination and from 
microprobe work. The uranium-bearing phase is  r e t a i n e d  w i t h i n  t h e  
o u t e r  boundary of t h e  b u f f e r  l a y e r .  It is  apparent  from the  work done 
t o  d a t e  on 15% converted f u e l  t h a t  t h e  b u f f e r  l a y e r  is  l a r g e l y  incor- 
pora ted  i n t o  t h e  ke rne l .  According t o  t h e  cu r ren t  d e f i n i t i o n  of f a i l u r e ,  
developed f o r  dense f i s s i l e  k e r n e l s ,  t h i s  f u e l  would be unacceptable .  

Phase seg rega t ion  shown 
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Fig. 18. Retent ion of Rare-Earth F i s s i o n  Products  i n  t h e  Kernel of a Sol-Gel U 0 2  Triso-Coated 
P a r t i c l e  I r r a d i a t e d  i n  HRB-8. 180X. (a) Op t i ca l  micrograph. (b) La La. (C) P r  La. (d) Sample 
c u r r e n t  image. (e )  C e  La. ( f )  Nd La. 
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Fig. 19. Distribution of Uranium and Rare-Earth Fission Products 

(Typified by Nd X-Ray Display) in a 50% Converted Weak-Acid-Derived Particle. 
Note that Nd is present at the inner surface of the Sic coating. (a) Optical 
micrograph. (b) Backscattered,electron image. (c) U MB. (d) Nd La. 
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Fig. 21. Oxidation of the S i c  Layer i n  WAR UO2 Fuel Irradiated i n  HRB-10. 
(a) Irradiated on the surface of the fuel  rod a t  about 120OOC. 
center of the fuel  rod at about 1500°C. 

(b) Irradiated a t  the 
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However, i t  i s  c u r r e n t l y  be l ieved  t h a t  t h i s  d e f i n i t i o n  of f a i l u r e  is  
not  appropr i a t e  f o r  WAR f u e l s .  For f i s s i l e  p a r t i c l e s  conta in ing  dense 
oxide ke rne l s  t h a t  are migra t ing  up t h e  temperature g r a d i e n t ,  migra t ion  
through t h e  b u f f e r  means t h a t  t h e  i n t e g r i t y  of t h e  p re s su re  vessel has  
been compromised. Thus, f a i l u r e  i s  def ined  as migra t ion  through t h e  
b u f f e r  l a y e r .  However, f o r  f i s s i l e  p a r t i c l e s  conta in ing  WAR UO2-UC2 
ke rne l s  w i th  more than  t h e  15% ca rb ide  phase,  temperature  g rad ien t  
dependent migra t ion  of t h e  k e r n e l  has  not  been observed. 
r a t i o n  of t he  b u f f e r  l a y e r  i n t o  t h e  ke rne l  does not  appear t o  in f luence  
t h e  i n t e g r i t y  of t h e  o u t e r  coa t ing  l a y e r s .  
under way t o  prove s t a t i s t i c a l l y  t h a t  t h e  15% converted W A R  f u e l  meets 
t h e  performance c r i t e r i a  f o r  f i s s i l e  p a r t i c l e s .  Quan t i t a t ive  e l e c t r o n  
microprobe r e s u l t s  have shown t h a t  t h e  15% converted ke rne l s  r e t a i n  a l l  
b u t  about 7.5% of t h e  ra re-ear th  f i s s i o n  products  t h a t  form during 
i r r a d i a t i o n .  Quan t i t a t ive  work is  under way f o r  ke rne l s  of 50 and 75% 
conversion, b u t  i t  is c e r t a i n  t h a t  t h e s e  f u e l s  w i l l  release more f i s s i o n  
products  than t h e  15% converted f u e l ,  based on t h e  o p t i c a l  comparisons 
t h a t  have a l r eady  been made. 

The incorpo- 

I r r a d i a t i o n  t e s t i n g  is  

PERFORMANCE OF COATED PARTICLES AND FUEL RODS 

Of t h e  f i v e  f a i l u r e  mechanisms f o r  coated p a r t i c l e  f u e l s  l i s t e d  i n  
t h e  In t roduc t ion ,  t h e  f i r s t  two have been descr ibed thoroughly i n  t h e  
previous s e c t i o n s  of t h i s  r e p o r t .  
be  descr ibed i n  t h i s  s e c t i o n .  

The remaining t h r e e  mechanisms w i l l  

Pressure vessel fai lure is  only s l i g h t l y  dependent on t h e  ke rne l  
type.  A s  noted earlier,  t h e  WAR-derived ke rne l s  are considerably more 
porous than  dense oxides  o r  carb ides  and tend t o  s h r i n k  apprec iab ly  
during i r r a d i a t i o n .  Both of t hese  e f f e c t s  c o n t r i b u t e  t o  h igher  f i s s i o n  
gas release a t  low burnup. High po ros i ty  f r a c t i o n s  provide an  easy 
r o u t e  f o r  f i s s i o n  gas  release, and t h e  ke rne l  shr inkage and h igh  p o r o s i t y  
content  c o n t r i b u t e  t o  h ighe r  ke rne l  ope ra t ing  temperatures  than  would 
be experienced by dense ke rne l s  opera t ing  a t  t h e  same power l e v e l .  High 
opera t ing  temperatures  d r i v e  more f i s s i o n  gas  ou t  of t h e  ke rne l  matr ix .  
P re s su re  vessel f a i l u r e  is  not  considered t o  be  a s e r i o u s  problem f o r  
r ecyc le  f i s s i l e  f u e l ,  s i n c e  t h i c k e r  S i c  coa t ings  t h a t  w i l l  wi ths tand  
t h e  h igher  f i s s i o n  gas  release can be  s p e c i f i e d .  An example of p re s su re  
vessel f a i l u r e  i s  shown i n  F ig .  22. 

Matrix-particle interaction occurs  when a s t rong  bond forms between 
t h e  mat r ix  and t h e  ou te r  coa t ing  l a y e r .  Both mat r ix  and coa t ings  s h r i n k  
during i r r a d i a t i o n ,  causing t h e  o u t e r  coa t ing  t o  f r a c t u r e  o r  s e p a r a t e .  
example is  shown i n  Fig.  23. The most exaggerated ma t r ix -pa r t i c l e  i n t e r -  
a c t i o n  seen w a s  i n  t h e  HRB-4 and -5 experiment12 where t h e  f u e l  rods were 
carbonized i n  a g r a p h i t e  tube  t o  s imula t e  in-block carboniza t ion .  No 
i n t e r a c t i o n  w a s  observed i n  f u e l  rods carbonized i n  beds of packed alumina; 
presumably because t h e  v o l a t i l e  hydrocarbons are more e a s i l y  removed. 

An 
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Fig. 22. Pressure  Vessel F a i l u r e  i n  HRB-8, Specimen 5 (23 3U02). 
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Fig. 23. Particles Broken During Irradiation Due t o  Matrix-Particle Interaction. 
Irradiated t o  3 .6  X 10” n/cm2 (E > 0.18 MeV) a t  940-1145°C. Carbonized i n  graphite tube. 

(a) Biso particle.  (b) Triso part ic le .  
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The causes  of ma t r ix -pa r t i c l e  i n t e r a c t i o n  are no t  y e t  f u l l y  understood. 
It i s  known t h a t  no s i n g l e  parameter i s  c o n t r o l l i n g ,  r a t h e r ,  i t  i s  a 
combination of matrix dens i ty ,  microporos i ty  con ten t ,  and pitch-coke 
y i e l d .  A comparison of t h e  ma t r ix  s t r u c t u r e s  f o r  f u e l  rods  i r r a d i a t e d  
i n  t h e  OF-1 experiment’’ i s  shown i n  F ig .  2 4 .  
i n t e r a c t i o n  problem w a s  encountered i n  t h e  f u e l  rods  i r r a d i a t e d  i n  OF-1. 

No ma t r ix -pa r t i c l e  

From a thermal conduc t iv i ty  s tandpoin t  i t  is  d e s i r a b l e  t o  have a 
dense ma t r ix .  Therefore ,  work has  been done t o  a d j u s t  t h e  ma t r ix  materials 
and processing v a r i a b l e s  so t h a t  f u e l  rods  can b e  manufactured wi th  
dense ma t r i ces ,  y e t  maintaining a high p ropor t ion  of p o r o s i t y  as micro- 
p o r o s i t y ,  as shown i n  Fig.  25). The appearances 05 t h e  matrices produced 
by d i f f e r e n t  ca rbon iza t ion  techniques are more similar i n  Fig.  25 than  
w a s  t h e  case  i n  Fig. 2 4 .  No problems wi th  ma t r ix -pa r t i c l e  i n t e r a c t i o n  
have been encountered s i n c e  t h e  HRB-4 and -5 experiment;  however, a l l  
in-block s imula t ions  have been conducted i n  g r a p h i t e  tubes .  
t e r i s t ics  of f u e l  rod matrices produced by in-block ca rbon iza t ion  (on 
a product ion b a s i s )  are s t i l l  unknown. 

The charac- 

Examples of t h e  i r r a d i a t i o n  performance of coated p a r t i c l e s  wi th  
f a b r i c a t i o n  d e f e c t s  are shown i n  Fig.  26.  Four types of d e f e c t s  are 
shown i n  t h i s  f i g u r e :  a missing segment of t h e  S i c  l a y e r ,  a missing 
b u f f e r  l a y e r ,  a nonspher ica l  p a r t i c l e ,  and a n i s t r o p i c  coa t ing  p r o p e r t i e s .  
The p a r t i c l e s  shown i n  Fig.  26 are  not  a l l  of t h e  same type  and are not  
from t h e  same f u e l  rod. F igure  26(a) is  a W A R  T r i s o  p a r t i c l e ;  t h e  
o t h e r s  are dense-oxide Biso p a r t i c l e s .  I t  is  not  t h e  i n t e n t  of F ig .  26 
t o  compare coa t ing  des igns ,  b u t  r a t h e r  t o  g i v e  examples of f a i l u r e  due 
t o  f a b r i c a t i o n  d e f e c t s .  

FUTURE PLANS 

The r ecyc le  f i s s i l e  p a r t i c l e s  t h a t  have been developed f o r  HTGR 
r ecyc le  a p p l i c a t i o n  are  adequate t o  su rv ive  t h e  i r r a d i a t i o n  condi t ions  
of any HTGR a p p l i c a t i o n  c u r r e n t l y  under cons ide ra t ion ,  inc luding  gas 
t u r b i n e  and process  h e a t  HTGRs ,  f o r  i r r a d i a t i o n  temperatures  up t o  
14OOOC. 
made t o  enhance t h e  performance of o t h e r  po r t ions  of t h e  f u e l  system, 
notab ly  t h e  f u e l  rods  and f u e l  elements.  
t h e  next  few years  can be d iv ided  i n t o  t h r e e  c a t e g o r i e s :  

Fur ther  improvements i n  t h i s  des ign  of t h e s e  p a r t i c l e s  can be  

Fuel  development work over 

1. 

2 .  

3 .  

development and i r r a d i a t i o n  t e s t i n g  i n  suppor t  of product s p e c i f i -  
c a t i o n  development, 
v e r i f i c a t i o n  of t h e  good performance of candida te  f u e l s  under real- 
t i m e  HTGR cond i t ions ,  and 
development of advanced f u e l s  f o r  gas t u r b i n e  and process  h e a t  
app l i ca t ion .  
and improvements i n  t h e  f u e l  rod t o  t ake  advantage of t h e  supe r io r  
performance c a p a b i l i t i e s  of t h e  W A R  ke rne l s .  

This  work i s  p r imar i ly  coa t ing  development and t e s t i n g  
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F i g .  26. Examples of Particles That Failed Because of Manufacturing 
Defects. 150X. (a) Portion of S i c  missing. (b) Buffer missing. (c) 
Nonspherical particle .  (d) Poor-coating propertfes. 
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Product S p e c i f i c a t i o n  Support 

Over the next  few yea r s  t h e  product  s p e c i f i c a t i o n  work w i l l  c en te r  
around i r r a d i a t i o n  t e s t i n g  i n  the HFIR and t h e  Oak Ridge Research Reactor  
(ORR). 
every two yea r s  w i l l  b e  dedica ted  t o  e s t a b l i s h i n g  product  s p e c i f i c a t i o n s .  

Approximately fou r  HFIR capsules  p e r  year  and one ORR capsule  

Real-Time Tes t ing  

A l l  d a t a  c o l l e c t e d  t o  d a t e  on t h e  i r r a d i a t i o n  performance of WAR- 
der ived  f u e l s  have been from acce le ra t ed  tests. HRB tests reach f u l l  
fas t -neut ron  exposure i n  about t e n  months, compared t o  f o u r  years  i n  
an LHTGR and s i x  yea r s  i n  t h e  F o r t  S t .  Vrain Reactor (FSVR). Tests i n  
t h e  ORR reach f u l l  exposure i n  about 15 months, wh i l e  HFIR t a r g e t  (HT) 
capsule  tests are f u l l y  exposed i n  about  f o u r  months. Tes t ing  under 
acce le ra t ed  condi t ions  is  be l ieved  t o  b e  conserva t ive  i n  t h a t  t he  f u e l  
i s  subjec ted  t o  h ighe r  power product ion rates ( w a t t s / p a r t i c l e )  and 
h igher  temperature  g r a d i e n t s  than  those  l i s t e d  i n  Table 1. However, 
t h e r e  are a number of k i n e t i c  a spec t s  t o  f u e l  performance, no tab ly  
amoeba and f i s s i o n  product  a t t a c k  of t h e  coa t ings .  Since t h e  time- 
dependent na tu re  of t h e s e  processes  is  not  e s t ab l i shed ,  t h e  good 
performance of t hese  f u e l s  must be  v e r i f i e d  under real-time condi t ions .  
The Peach Bottom recyc le  tes t  elements (RTE) l 4  ” ” were i r r a d i a t e d  
under HTGR cond i t ions ,  bu t  t h e s e  elements rece ived  less than  ha l f  t h e  
maximum neutron exposure and burnup a n t i c i p a t e d  f o r  t h e  LHTGR, and no 
W A R  f u e l  w a s  included i n  t h e s e  tests.  Many of t h e  performance charac- 
terist ics observed f o r  o t h e r  f u e l s  [ThOn, (Th,U)02, UC2]  i n  t h e  RTEs 
have a l s o  been observed i n  t h e s e  same f u e l s  when i r r a d i a t e d  under 
a c c e l e r a t e d  condi t ions .  These observa t ions  provide confidence t h a t  
acce le ra t ed  t e s t i n g  d a t a  are r e l e v a n t  and t h a t  f u e l s  t h a t  perform w e l l  
under acce le ra t ed  condi t ions  w i l l  a l s o  perform w e l l  under real-time 
HTGR condi t ions .  However, t h i s  po in t  needs t o  be  proven more convinc- 
i n g l y  by a d i r e c t  comparison wi th  c u r r e n t  r e fe rence  f u e l s  i r r a d i a t e d  
t o  f u l l  burnup and fas t -neut ron  exposure.  

P lans  f o r  a d i r e c t  comparison between 15- and 75%-converted W A R  
f u e l ,  b o t h - i r r a d i a t e d  i n  t h e  ORR and i n  FSVR, have been made. The f u e l  
f o r  t h i s  experiment is  a l r eady  under i r r a d i a t i o n  i n  t h e  OF-2 capsule  
i n  ORR. ’* 
FSVR test elements 2 ,  4 ,  and 6 ,  presen t ly  scheduled t o  begin i r r a d i a t i o n  
i n  t h e  f a l l  of 1977. Addi t iona l  capsu le  tests (acce le ra t ed )  and real- 
t i m e  tests ( i n  FSVR) are scheduled i n  suppor t  of t he  cold pro to type  
development and hot  subsystems t e s t i n g  p o r t i o n s  of t h e  Thorium U t i l i z a t i o n  
Program. 

F i s s i l e  f u e l  from the  same ba tches  w i l l  b e  i r r a d i a t e d  i n  
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Advanced Fuels  

Beginning i n  FY 1977, work w i l l  beg in  a t  ORNL on advanced f u e l  designs 
t o  e x p l o i t  t h e  performance c a p a b i l i t i e s  of W A R  ke rne l s .  This work w i l l  
concent ra te  on minimizing t h e  temperature  d i f f e r e n c e  between t h e  ke rne l s  
and t h e  coolant .  Development w i l l  i nc lude  t h e  t e s t i n g  of a l t e r n a t e  
coa t ings ,  of t h i n n e r  and s t r o n g e r  coa t ings ,  of h ighe r  conduct iv i ty  
ma t r i ces ,  and of a l t e r n a t e  process ing  cond i t ions  t h a t  w i l l  produce f u e l  
rods of h igher  o v e r a l l  thermal conduct iv i ty .  

DISCUSSION AND SUMMARY 

Five f a i l u r e  mechanisms have been i d e n t i f i e d  and discussed.  Of t h e s e  
mechanisms, two are independent of ke rne l  chemistry and design.  Amoeba, 
a severe problem wi th  dense-oxide f i s s i l e  k e r n e l s ,  has  not  been a problem 
wi th  ca rb ide  f u e l s  i n  t h e  temperature  and temperature-gradient reg ions  
of i n t e r e s t  f o r  t h e  HTGR. Amoeba has  no t  been observed i n  WAR-derived 
f u e l s  conta in ing  more than  15% UC2.  Chemical i n t e r a c t i o n ,  a severe 
problem f o r  dense ca rb ide  f u e l s ,  has  been c o n t r o l l e d  i n  W A R  f u e l s  by t h e  
proper propor t ion ing  of U 0 2  and UC2 conten t .  P re s su re  vessel f a i l u r e  
due t o  dimensional changes i n  t h e  coa t ings  is  independent of k e r n e l  
type;  however, t h e  W A R  f u e l  i s  cons iderably  less dense than  dense oxide 
o r  ca rb ide  ke rne l s  ( 3  g/cm3 f o r  W A R  f u e l  vs 10  g/cm3 f o r  dense oxide 
and 13 g/cm3 f o r  dense ca rb ide  f u e l ) .  
observed t o  s h r i n k  during i r r a d i a t i o n ,  l eav ing  a gap between t h e  ke rne l  
and the  coa t ings .  This  high-porosi ty  ke rne l  and t h e  void between t h e  
ke rne l  and coa t ings  w i l l  s u r e l y  combine t o  raise t h e  k e r n e l  opera t ing  
temperatures of t h e  WAR f u e l  ( r e l a t i v e  t o  dense ke rne l s  a t  t h e  same 
w a t t / p a r t i c l e ) .  
h igher  f i s s i o n  gas release and h ighe r  stresses on t h e  coa t ings ,  which 
may r e s u l t  i n  t h e  need t o  redes ign  t h e  coa t ings  and make them t h i c k e r .  

Also, WAR ke rne l s  have been 

The h igh  temperature  and h igh  p o r o s i t y  w i l l  l e a d  t o  

Lindemer's thermodynamic ana lyses '  suggest  t h a t  ke rne l  s t o i c h i o m e t r i e s  
ranging from 15  t o  70% conversion from oxide  t o  ca rb ide  should perform 
w e l l .  I n  ke rne l s  w i th  less than  15% ca rb ide ,  t h e  f i s s ion - re l eased  
oxygen w i l l  react wi th  carbon t o  form COY which w i l l  raise t h e  i n t e r n a l  
gas p re s su re  and perhaps c o n t r i b u t e  t o  thermal migra t ion  as w e l l  as 
p re s su re  vessel f a i l u r e .  Should t h e  CO reach t h e  S i c  l a y e r  due t o  
f a i l u r e  o r  permeabi l i ty  of t h e  inne r  PyC, t h e  CO w i l l  react wi th  t h e  
S i c  t o  form s i l f c o n  oxides  and u l t i m a t e l y  f a i l  t h e  S i c  l a y e r .  I n  
ke rne l s  w i t h  more than  70% ca rb ide ,  t h e r e  i s  i n s u f f i c i e n t  oxygen p resen t  
t o  combine wi th  t h e  cGemically active r a re -ea r th  f i s s i o n  products  , 
which w i l l  migra te  as ca rb ides  and a t t a c k  t h e  S i c  and inne r  PyC l a y e r s .  
I r r a d i a t i o n  t e s t i n g  t o  d a t e  suppor t s  t h e  conclusions of t h e  thermo- 
dynamic s tud ie s .  S to ich iometr ies  of 0,  15,  50, 75, and 100% ca rb ide  
have been t e s t e d .  
migrat ion.  The W A R  UC2 f u e l  exh ib i t ed  excess ive  f i s s i o n  product a t t a c k  
of t h e  S i c  l a y e r  caus ing  a h igh  f a i l u r e  f r a c t i o n  i n  t h e s e  p a r t i c l e s .  

The W A R  UO2 f u e l  probably exh ib i t ed  excessive thermal 
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The 15, 50, and 75% ca rb ide  ke rne l s  performed w e l l ,  wi th  inc reas ing  
rare-earth f i s s i o n  product l o s s  from t h e  ke rne l s  ( a t t a c k  of t h e  S i c  
noted) as ca rb ide  conten t  increased .  

The ke rne l  process  development work done t o  d a t e  has  ind ica t ed  
t h a t  t h e  f l e x i b i l i t y  a n t i c i p a t e d  f o r  W A R  f u e l ,  wi th  r e spec t  t o  kerne l  
d e n s i t y  and s to ich iometry ,  i s  indeed p o s s i b l e  i n  labora tory-sca le  
equipment. The technology appears t o  be  capable  of e x t r a p o l a t i o n  t o  
product ion-scale  equipment wi th  no d i f f i c u l t y .  
p rocess  development w i l l  cont inue  t o  determine process  l a t i t u d e s .  

Addi t iona l  work on 

The importance of t h e  work descr ibed i n  t h i s  r e p o r t  i s  t h a t  a 
f i s s i l e  f u e l  has  been developed which w i l l  perform w e l l  i n  any HTGR 
a p p l i c a t i o n  c u r r e n t l y  under cons ide ra t ion  - up t o  i r r a d i a t i o n  tempera- 
t u r e s  of 1400°C. It is  a n t i c i p a t e d  t h a t  a d d i t i o n a l  i r r a d i a t i o n  t e s t i n g  
of optimum s to i ch iomet r i e s  w i l l  f u r t h e r  raise t h e  temperature l i m i t .  
Fu r the r ,  t h e  processes  r equ i r ed  t o  produce t h e s e  p a r t i c l e s  are r e a d i l y  
adaptab le  t o  remote ope ra t ion ,  which i s  e s s e n t i a l  f o r  a r ecyc le  f u e l .  
Direct comparisons of WAR-derived f u e l  wi th  c u r r e n t  r e fe rence  f r e s h  
f u e l  (dense UC2) suggest  s u p e r i o r  performance by t h e  W A R  f u e l ,  which 
f u r t h e r  sugges ts  t h a t  t h e  W A R  f u e l  may become t h e  r e fe rence  f r e s h  
f i s s i l e  f u e l  as w e l l  as the  r e fe rence  r ecyc le  f u e l .  

Future  work should be  d i r e c t e d  a t  opt imizing t h e  WAR p a r t i c l e  
design and deve1oping.a product s p e c i f i c a t i o n  f o r  manufacture.  Addi- 
t i o n a l  work should be done t o  improve t h e  f u e l  rod and f u e l  element 
design t o  t ake  advantage of t h e  performance c a p a b i l i t i e s  of t h e  coated 
p a r t i c l e s .  Design modi f ica t ions  t h a t  minimize t h e  temperature d i f f e r -  
ence between ke rne l s  and coolan t  w i l l  permit h ighe r  coolant  temperatures ,  
higher  thermal e f f i c i e n c y ,  and more complete c a p a b i l i t i e s  of t h e  HTGR 
re la t ive t o  t h e  needs of steam cyc le  power product ion and process  h e a t  
a p p l i c a t i o n s .  

The au thors  wish t o  acknowledge t h e  e n t i r e  HTGR s t a f f  f o r  t h e  s i g n i -  
f i c a n t  con t r ibu t ions  i n  t h e  areas of planning,  execut ion ,  and eva lua t ion  
of t h e  numerous i r r a d i a t i o n  experiments over  t h e  p a s t  decade. I n  pa r t i c -  
u l a r ,  t h e  au thors  wish t o  acknowledge P. R. Kasten,  J .  H .  Coobs, A. L. L o t t s ,  
W. P .  Ea ther ly ,  J. L. S c o t t ,  J.  D. Sease,  R. A. Bradley, R. B .  F i t t s ,  
A. R. Olsen, and R. L.  Bea t ty  of t h e  Metals and Ceramics Div is ion  and 
J. A. Conlin,  B .  H .  Montgomery, and K. R. Thoms of t he  Reactor Div is ion  
f o r  t h e i r  p a r t i c i p a t i o n  i n  t h e  planning and designing of t h e  experiments;  
t h e  ind iv idua l s  i n  t h e  Metals and Ceramics Div is ion  t h a t  p a r t i c i p a t e d  i n  
the  f a b r i c a t i o n  and c h a r a c t e r i z a t i o n  of t h e  tes t  p a r t i c l e s  and f u e l  rod 
specimens: R. L. Hamner, J M Robbins, W. J .  Lackey, A. J .  Caputo, 
G.  W. Weber, C. B .  Po l lock ,  W .  H .  M i l l e r ,  J r . ,  C. Hamby, D. E .  Rosson, 
J. B .  Flynn, and C .  E. DeVore. 
capsules  were provided by H. T .  Kerr of t h e  Reactor Div is ion  and 
R. L. Shepard of t h e  Ins t rumenta t ion  and Controls  Div is ion ,  r e spec t ive ly .  

The dosimetry and thermometry of t h e  
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Thanks go t o  T. N. Tiegs and E. L. Ryan of t h e  Metals and Ceramics Div is ion  
f o r  t h e  conduction of the  p o s t i r r a d i a t i o n  examinations of t h e  more r e c e n t  
experiments and t o  E. M. King and h i s  s t a f f  of t h e  Operations Div is ion  
f o r  t h e i r  a s s i s t a n c e  i n  providing t h e  f a c i l i t i e s  and services requi red  . 

t o  conduct p o s t i r r a d i a t i o n  examinations.  The metallography of t he  
un i r r ad ia t ed  c o n t r o l s  w a s  performed by M. D. Al len  of t h e  General Metal- 
lography group, and t h e  remote metallography w a s  performed by N. M. Atchley 
and L. G.  Shrader of t h e  Radia t ion  and E lec t ron  Metallography group of t h e  
Metals and Ceramics Divis ion.  
formed by T. J. Henson of t h e  Radia t ion  and E lec t ron  Metallography group 
of t h e  Metals and Ceramics Divis ion.  The au thors  a l s o  acknowledge t h e  
t echn ica l  reviews and c o n s t r u c t i v e  comments provided by T.  B.  Lindemer 
and G. W. Weber, and t h e ' a s s i s t a n c e  of R. H. Powell ,  Jr . ,  f o r  t e c h n i c a l  
e d i t i n g  and J u l i a  Bishop f o r  typ ing  and makeup of t h e  r epor t .  
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