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PERFORMANCE OF CANDIDATE HTGR FUELS IN FUEL ROD 
IRRADIATIONS IN HFIR 

J. L. Scott, J. A. Conlin,* J. H. Coobs, W. P. Eatherly, 
F. J. Homan, and E. L. Long, Jr. 

ABSTRACT 

Experience has shown that the most valid test for HTGR fuels 
is one in which the fuel particles are bonded into a matrix and 
tested with temperatures and temperature gradients simulating 
those which will exist in the real reactor. A series of tests 
was conducted in the removable beryllium positions of the High 
Flux Isotope Reactor (HFIR) in which the above criteria were met. 
Although the original purposes of the tests varied, some insight 
was gained on the performance of various fissile and fertile par- 
ticles under HTGR conditions. 
several different bonding matrices was also determined. 

as a fertile particle for the HTGR, but it does exhibit amoeba 
migration after a burnup exceeding 7% FIMA. Biso-coated (4Th,U)02 
fissile particles containing either 3U or highly enriched 'U 
showed amoeba migration under conditions where Tho2 showed none, 
indicating that the threshold conditions of burnup and temperature 
had been exceeded by the fissile particles, but not by the fertile 
particles. Both 35U- and 3U-bearing particles showed about 
the same migration rates. 

A comparison of rods made by extrusion and slug-injection with 
approximately identical fuel loadings, neutron fluxes, and surface 
temperatures showed that extruded rods had a significantly better 
fuel performance than slug-injected rods, presumably because of a 
higher thermal conductivity. 

migration, but moderate to severe fission producHiC interactions 
were observed in the Triso coatings. Both palladium (arising pri- 
marily from plutonium fissions) and rare earths were identified in 
different reaction zones. Indications of a liquid phase were found 
where palladium reacted with Sic and in some of the kernels. More 
work is required to explain these observations. 

The comparative performance of 

Results showed that Biso-coated Tho2 continues to be promising 

Fissile particles made from ion exchange resins showed no amoeba 

INTRODUCTION 
Y 

There are three kinds of fuel in the large HTGR: (1) makeup 
(or initial) fuel containing 93%-enriched 
(2) recycle fuel containing 233U and virgin thorium; and (3) recycle fuel 

'U and virgin thorium; 

*Reactor Division. 
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con ta in ing  r ecyc le  2 3 5 U  p l u s  2 3 6 U  and v i r g i n  thorium. For a 1160-MWe HTGR 
ope ra t ing  wi th  a four-year f u e l  l i f e ’  t h e  number of f u e l  elements t o  be 
loaded annual ly  t o t a l s  986, c o n s i s t i n g  of 568 makeup elements ,  388 recyc le  
elements con ta in ing  3U, and 30 elements con ta in ing  r e c y c l e  5U 
(p lus  2 3 6 U ) .  
number of elements i s  s m a l l ,  t h e  concept i s  given a low p r i o r i t y  i n  t h e  
ORNL program. 

Table 1 toge the r  w i th  t h e  major alternatives.2,3 Consider f i r s t  t h e  

Since t h e  u s e  of type  (3) f u e l  may be  uneconomical and t h e  

The r e fe rence  f u e l s  f o r  makeup and 2 3 3 U  r e c y c l e  types  are l i s t e d  i n  

Table 1. Reference and A l t e r n a t e  HTGR Fue l s  

Makeup Fuel  P a r t i c l e s  

F i s s i l e  F e r t i l e  F i s s i l e  . F e r t i l e  

Recycle Fuel  P a r t i c l e s  

Reference UC2 T r i s o  Tho2 Biso (4.25Th,U)02 Biso Tho2 Biso 

A l t e r n a t e s  UO2 T r i so  Tho8 Tr i so  (4.25Th,U)02 Tr i so  ThOp T r i s o  

(8Th,U)02 Biso (8Th,U)02 Biso 

WARa UC2 T r i s o  (8Th,U)02 T r i s o  

WARa UCO Tr i so  WARa UC2 T r i s o  

WARa UCO T r i s o  

a WAR: der ived  from weak-acid r e s i n s .  

f e r t i l e  p a r t i c l e .  Experience has  shown t h a t  from the  s t andpo in t  of bo th  
f a b r i c a t i o n  c o s t s  and i r r a d i a t i o n  performance Tho2 is  supe r io r  t o  ThC2. 
Thus a 500-l~rn-diam T h o 2  k e r n e l  has  been s e l e c t e d  as t h e  r e fe rence .  The 
only  s e r i o u s  ques t ion  concerns t h e  adequacy of t h e  Biso coa t ing .  Since 
t h e  r e a c t o r  has  secondary containment,  t h e  main problem is  t h e  c l e a n l i n e s s  
of t h e  primary coolan t  c i r c u i t  and maintenance c o s t s .  The Biso coa t ing  
w i l l  release Ba,  C s ,  and Sr  from t h e  h o t t e r  r eg ions  of t h e  co re  un le s s  
t h e s e  elements are r e t a i n e d  by t h e  ke rne l .  
Biso coa t ing  i s  t h e  h ighe r  shr inkage  i n  comparison t o  a T r i s o  coa t ing .  
Because of t h i s  e f f e c t  f u e l  rods  con ta in ing  Biso-coated p a r t i c l e s  expe- 
r i e n c e  h ighe r  temperatures  wi th  a given h e a t i n g  rate than  do corresponding 
rods  wi th  Triso-coated p a r t i c l e s .  Fu r the r  d a t a  are requi red  t o  r e so lve  
t h e s e  i s s u e s .  

i s  h i g h l y  d e s i r a b l e  t o  keep t h e  
236U completely s e p a r a t e  from bred 2 3 3 U .  
f i s s i l e  p a r t i c l e  con ta ins  only enriched uranium i n  t h e  form of UC2.  
yea r s  ago U 0 2  w a s  considered t o  b e  p r e f e r a b l e  t o  UC2 because of lower 

Another cons ide ra t ion  wi th  t h e  

Turning now t o  t h e  f i s s i l e  !articles f o r  t h e  makeup f u e l  e lements ,  i t  
35U and i t s  unwanted p a r a s i t i c  progeny 

For t h i s  reason t h e  r e fe rence  
Two 
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fabrication costs, but UO2 appears to migrate up a temperature gradient 
(amoeba) more rapidly than UC2 below 1400°C.4 Tests now in progress should 
confirm these preliminary indications. 

Since comparative tests with UO2 and Tho2 have 8hown that Tho2 is more 
resistant against amoeba migration, ‘ + s 5  the (8Th,U)O2 kernel is being 
considered as an alternative. This kernel has. the advantages of relatively 
economical fabrication and it eliminates any problem in blending of fissile 
and fertile particles in fuel rod fabrication. It might also be usable 
with a Biso coating since the fraction of metallic fission products released 
from the fuel at the maximum burnup (14% FIMA) would be relatively low. 
Its principal disadvantage is that the 236U cannot be separated from 233U 
so that the concentration of 236U in the fuel builds up to an equilibrium 
value as the fuel is recycled. 
effects of the additional poison. 

ered by ORNL. This is a particle derived from weak-acid resins. Spherical 
weak-acid resin ( W A R )  particles consisting of methacrylic acid cross 
linked with divinyl benzene are loaded with uranyl ions by an ion exchange 
process. The loaded resins are then dried, carbonized in argon to 1200°C 
or higher, and coated with Triso coatings. The advantages of the process 
are simplicity and low costs. In addition, the kernel can be deoxidized 
to the form UC2 plus carbon prior to coating or it can be made in the 
form UO2 plus carbon or a mixture of UO2 and UC2 plus carbon. At the 
moment both the carbide and the partially deoxidized forms are being 
considered and tested. 
made from strong-acid resin ( S A R )  particles, but unanswered questions 
about possible sulfur release from exposed kernels led to a change in 
emphasis toward weak-acid resins. 

particle. The reference recycle particle consists of (4.25Th,U)02 with 
a Biso coating. 
but it contains enough 232U that remote refabrication is required. 
other hand, no physics penalty is associated with blending 233U with 
thorium. 
20% and the presence of thorium gives added stability against amoeba 
migration. The major disadvantage with this reference recycle fissile 
particle is the amount of heavy metal that must be coated remotely. The 
minimum amount of remote coating would be achieved by use of sol-gel UO2 
or particles derived from weak-acid resins. If the rate of migration of 
233U02 is comparable to 235U02, sol-gel kernels of UO2 probably cannot be 
used. Since the fission-product spectrum of 33U is somewhat different 
from that of 235U, one cannot predict the relative performance, and exper- 
imental testing is required. The use of resin-derived fissile particles 
has the advantages that the carbide or oxide-carbide can be easily 
achieved and many of the inspection steps can be done before the resin 
particles are introduced into the remote facility. Another class of 
materials being considered is  sol-gel oxides with thorium-to-uranium 
ratios other than 4.25. Tests are in progress to establish the optimum 
Th:U ratio. 

Added 235U is required to overcome the 

One other candidate for the makeup fissile particle is being consid- 

In earlier work at ORNL fissile particles were 

Perhaps the most difficult choice of all will be the recycle fissile 

Here the uranium consists primarily of the isotope 233U, 
On the 

The blending of thorium and uranium reduces the FIMA to about 
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DESCRIPTION OF HRB IRRADIATION TESTS 

There are a t  least four  types  of f a i l u r e  mechanisms f o r  coated 
p a r t i c l e s :  (1) mechanical f a i l u r e ;  (2) amoeba migra t ion ;  (3) f i s s i o n -  
product  at tack of S i c  coa t ings ;  and ( 4 )  matr ix-coa t ing  i n t e r a c t i o n s .  
Mechanical f a i l u r e  can be  s tud ied  i n  loose  p a r t i c l e  tests, bu t  t h e  o the r  
mechanisms are eva lua ted  b e s t  i n  a ma t r ix  conf igu ra t ion  wi th  a realist ic 
h e a t  f l ux .  Important cri teria f o r  a good test  are accura t e  temperatures  
and h e a t  f l uxes ,  h igh  f a s t  f luence ,  and h igh  burnup. These c r i te r ia  have 
been m e t  f a i r l y  w e l l  i n  a series of instrumented capsules  i r r a d i a t e d  i n  
t h e  removable bery l l ium (RB) f a c i l i t i e s  of t h e  High Flux Iso tope  
Reactor (HFIR). Each HRB capsule  con ta ins  a 16-in.-long column of 
0.490-in.-diam f u e l  rods.  The Poco g raph i t e  sleeve t h a t  suppor t s  t h e  
f u e l  rods  i s  instrumented wi th  several chromel-alumel thermocouples. 
In  some tests, a c e n t r a l  temperature  monitor has a l s o  been i n s e r t e d  i n t o  
annular  f u e l  rods.  The capsule  i s  swept w i th  helium-neon mixtures  t o  h e l p  
c o n t r o l  temperatures  and t o  provide information on f i ss ion-gas  release. 
The peak f a s t  f l u x  i s  5 X 10 
peak per turbed  thermal f l u x  i s  1.18 X 1015 neut rons  cm-2 sec” (>0.414 eV). 
I n  t h e  l a r g e  HTGR t h e  peak f a s t  f l u x  is  about 8 X 10l3  neut rons  cm-2 sec-’ 
(>0.18 MeV) and t h e  peak thermal f l u x  i s  about 1 .5  X 1 0 l 4  neut rons  cm-2 
sec-’ (>0.414 eV) . 
f luence  of t h e  HTGR over  a four-year per iod  a t  80% load f a c t o r  can be  
achieved i n  t h e  HRB f a c i l i t y  i n  e i g h t  23-day cyc les .  
t o  t h e  f a c i l i t y  is  t h e  h igh  thermal f l u x  ( e i g h t  times t h e  HTGR peak) which 
l e a d s  t o  t h e  r e s t r i c t i o n  t h a t  a given f u e l  rod can con ta in  only  one-eighth 
as much f i s s i l e  material as a real f u e l  rod. W e  normally d i l u t e  f u e l  rods  
w i t h  coated i n e r t  carbon ke rne l s .  

dep le t ed  more r a p i d l y  (50% i n  about 16  days a t  t h e  r e a c t o r  midplane) than 
t h e  2 3 3 U  can b e  bred i n t o  t h e  thorium. 
s t eady- s t a t e  power a t  t h e  end of t h e  f o u r t h  23-day cyc le .  A s  a consequence 
t h e  f u e l  rods  would run  cold between t h e  f i r s t  and f o u r t h  cyc le s  i f  w e  d i d  
n o t  add 238U . The 238U-239Pu equ i l ib r ium i s  e s t a b l i s h e d  between t h e  f i r s t  
and second cyc les .  Because of t h e s e  cons ide ra t ions ,  t h e  f i s s i l e  p a r t i c l e s  
have normally been 7 t o  10% enriched i n  2 3 5 U  i n s t e a d  of f u l l y  enr iched.  
With t h i s  concent ra t ion  t h e  power genera t ion  rate and temperatures  simu- 
l a t e  t h e  a c t u a l  HTGR w e l l .  The only drawback is t h a t  t h e  f i s s i l e  par- 
t i c les  t h a t  con ta in  only t h e  p a r t i a l l y  enr iched uranium exper ience  about 
25% FIMA ins t ead  of t h e  des i r ed  75%. I f  amoeba migra t ion  and f i s s i o n -  
product a t t a c k  on t h e  s i l i c o n  ca rb ide  are burnup dependent, some tests 
are requ i r ed  t o  f u l l  burnup. 

When t h e  HRB tests were i n i t i a t e d ,  t h e  number one problem w a s  t h e  
development of matrix materials s t a b l e  enough t o  bond p a r t i c l e s  t oge the r  
and r e t a i n  i n t e g r i t y  dur ing  test .  Consequently, t h e  f i s s i l e  and f e r t i l e  
p a r t i c l e s  were s e l e c t e d  f o r  convenience. Since f i s s i l e  p a r t i c l e s  made 
from i o n  exchange r e s i n s  are easiest t o  prepare  i n  small l o t s  w i th  va r ious  
enrichments,  t hese  w e r e  used f o r  capsules  HRB-2 through HRB-5. I n  HRB-6 
t h e  f i s s i l e  p a r t i c l e s  were so l -ge l  (4Th,U)02 wi th  Biso coa t ings ,  t h e  
r e fe rence  r e c y c l e  p a r t i c l e ;  p a r t i c l e s  conta in ing  e i t h e r  3U o r  5U were 
t e s t e d .  

7 

neut rons  cm-2 sec-’ (>0.18 MeV) and t h e  

Comparing t h e s e  f l u x e s ,  one f i n d s  t h a t  t h e  f u l l  

The major drawback 

Another problem with t h e  h igh  thermal f l u x  i s  t h a t  t h e  2 3 5 U  i s  

The f e r t i l e  p a r t i c l e  reaches  i t s  

A d e s c r i p t i o n  of t h e  f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  t h e  va r ious  
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HRB capsules  is  given i n  Table 2.  The purpose of each capsule  i s  l i s t e d  
i n  Table 3 t oge the r  wi th  test condi t ions .  Deta i led  r e s u l t s  have been 
repor ted  previous ly  on capsules  HRB-1 ( r e f .  7)  and HRB-2 ( r e f .  8) .  

RESULTS 

The p r i n c i p a l  r e s u l t s  obtained from HRB capsules  c o n s i s t  of t h r e e  
types  of information:  genera l  s t a b i l i t y  of t h e  va r ious  matrices, dimen7 
s i o n a l  changes induced by fas t -neut ron  i r r a d i a t i o n ,  and performance of 
t h e  f i s s i l e  and f e r t i l e  p a r t i c l e s .  I n  gene ra l  t h e  s t a b i l i t y  of a l l  b u t  
t h e  earliest bonding matrices w a s  good. 
f a i l u r e  of p a r t i c l e  coa t ings  w a s  observed; t h i s  r e s u l t e d  i n  gene ra l  de- 
grada t ion  of t h e  f u e l  rods.  
rods  were determined by t h e  d e n s i f i c a t i o n  of t h e  coa t ings .  
T r i so  coa t ings  showed diameter  decreases  of about 2% a t  f u l l  f luence .  
Rods wi th  Biso coa t ings  showed inc reas ing  shr inkage  wi th  decreas ing  
i n i t i a l  coa t ing  d e n s i t y ; g  r e s u l t s  are shown i n  Table 4. From t h e  shr ink-  
age s tandpoin t ,  i n i t i a l  coa t ing  d e n s i t i e s  above 1.95 g/cm3 are d e s i r a b l e .  
However, w e  have found t h a t  t h e s e  coa t ings  must be appl ied  a t  coa t ing  rates 
above 10 pm/min ( i n  our  r e sea rch  c o a t e r s ) .  
such dense coa t ings  is unacceptable  (BAF > 1.10) .  

t i o n  of va r ious  rods  near  t h e  peak f l u x  p o s i t i o n s .  
ence preproduct ion f i s s i l e  and f e r t i l e  p a r t i c l e s  f o r  t h e  For t  S t .  Vrain 
(FSV) Reactor i r r a d i a t e d  i n  HRB-2. Both t h e  (4Th,U)C2 f i s s i l e  and ThC2 
f e r t i l e  p a r t i c l e s  performed w e l l  a t  t h e  f u l l  HTGR f luence  t o  burnups equal  
t o  o r  exceeding t h e  HTGR peaks. These r e s u l t s  g ive  assurance t h a t  t h e  FSV 
f u e l  w i l l  perform w e l l .  The performance of U02 i n  HRB-1 i s  ind ica t ed  i n  
Fig.  2 .  The rod conta in ing  t h i s  p a r t i c l e  had a ma t r ix  t h a t  contained l a r g e  
amounts of g l a s s y  carbon der ived  from phenol ic  r e s i n s .  Severe c racking  and 
debonding produced a s t r u c t u r e  such t h a t  t h e  thermal  conduct iv i ty  w a s  
e s s e n t i a l l y  t h a t  of l oose  coated p a r t i c l e s ;  however, t h e  l i n e a r  hea t ing  
rate w a s  only 3.5 kW/ft so  t h a t  t h e  maximum p a r t i c l e  temperature w a s  about  
1250OC. Under t h e s e  cond i t ions ,  some s l i g h t  amoeba migra t ion  of t h e  UO2 
w a s  observed (Fig.  2 ) .  The breakage of t h e  ou te r  low-temperature i s o t r o p i c  
(LTI) coa t ing  w a s  due t o  t h e  c h a r a c t e r  of t h e  o u t e r  nonbonding and s a c r i f i -  
c i a l  coa t ings ,  which are no longer  used. 
(4Th,U)02 i n  a companion rod t o  t h e  above p a r t i c l e  is shown i n  Fig.  3. The 
enrichments w e r e  ad jus ted  t o  make t h e  burnup of t h e  two p a r t i c l e s  about t h e  
same. With t h e  mixed oxide,  no h i n t  of amoeba w a s  observed, sugges t ing  t h a t  
i nc reas ing  t h e  thorium content  i nc reases  t h e  r e s i s t a n c e  a g a i n s t  amoeba 
migrat ion.  

a f t e r  i r r a d i a t i o n  i n  t h e  HRB-2 capsule .  
and undamaged. The broken coa t ing  shown on t h e  r i g h t  of t h e  f i g u r e  w a s  
caused by a matr ix-coat ing i n t e r a c t i o n ,  and was  one of only t h r e e  f a i l e d  
p a r t i c l e s  found. F i s s i l e  k e r n e l s  der ived  from strong-acid r e s i n s  were 
t e s t e d  under more severe condi t ions  i n  HRB-3. Resu l t s  are shown i n  Fig.  5. 
The p a r t i c l e  des ign  be ing  t e s t e d  cons i s t ed  of a T r i s o  coa t ing  appl ied  
d i r e c t l y  onto t h e  k e r n e l  without  a b u f f e r .  
t ic les  performed w e l l ,  bu t  a few p a r t i c l e s  showed f a i l u r e  of t h e  inne r  L T I  

I n  a few ins t ances  ex tens ive  

The dimensional changes of densely packed 
Rods wi th  a l l  

Otherwise t h e  an iso t ropy  of 
9 

The most i n t e r e s t i n g  r e s u l t s  w e r e  obtained by meta l lographic  examina- 
F igure  1 shows r e f e r -  

A f i s s i l e  p a r t i c l e  c o n s i s t i n g  of 

F i s s i l e  p a r t i c l e s  der ived  from strong-acid r e s i n s  are shown i n  Fig.  4 
The coa t ings  were gene ra l ly  i n t a c t  

The ma jo r i ty  of t h e  par- 



Table 2. Description of Fissile and Fertile Particles in HRB Capsules 

HRB- 3 HRB-4, -5 HRB-6 HRB-2 HRB-1 
~~~ 

Fissile Fertile Fissile Fertile Fissile 1 Fissile 2 Fissile 3 Fertile Fissile Fissile 1 Fissile 2 Fertile 
GGA ORNL GGA ORNL 

Type 
U Enrichment, X 

Kernel Diameter, 

Buffer 
Density, g/cm3 
Thickness, pa 

Density, g/cm3 
Thickness, pa 

Density, glcm’ 
Thickness, pa 

Density, glcm’ 
Thickqess, pa 

d Inner LTI 

sic 

d Outer LTI 

UOZ (4Th.U)Oz ThOz (4Th.U)Cz SAR UOSa ThCz Tho2 SAR UCSb 
7.1 36.0 93.1 10.2 7.3 
195 195 380 150 252 350 201 430 

None 
0.9 0.9 0.9 1.1 0.9 1.1 0.9 
42 37 64 55 31 55 56 

1.85 1.85 1.85 1.85 1.85 1.8 
20 20 5 25 25 22 

3.14 3.15 3.15 3.21 3.21 3.21 
19 23 17 25 25 23 

None None 

None None 

1.78 1.80 1.88 1.80 1.93 1.80 1.91 1.86 
43 53 48 25 74 30 61 63 

Tho2 

400 

1.2 
55 
None 

None 

1.97 
76 

WAR UC2‘ ThOn 
6.0 
370 490 

0.85 0.95 
45 88 

1.94 
31 

None 

None 
3.21 
32 

1.89 1.92 
28 79 

(4Th,U)Oz (4Th.U)Oz (4Th,U)Oz ThOz 
98 2 3 3 U  93.1 93.1 

366 351 366 504 

m 1.0 1.1 1.1 1.2 
97 105 98 96 
None None None 

1.95 
31 

None None None 
3.20 
27 

2.05 1.81 1.98 1.81 
93 85 41 93 

aSAR UOS - multiphase kernels prepared by carbonizing uranium-loaded strong-acid resins at 12OOOC. 
bSAR UCS - multiphase kernels prepared by carbonizing uranium-loaded strong-acid resins at 1800°C. 
‘WAR UC:, - kernels prepared by carbonizing uranium-loaded weak-acid resins at 1600’C. 
d~~~ - low temperature isotropic P ~ C  coating. 

, L 
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Table 3. Description of HRB Irradiation Tests 

I r r a d i a t i o n  Conditione Maximrrm 

Fluence Surf ace  Linear (neutrons/cm2, P a r t i c l e  S t a r t  

Maximum Fas t  Burnup. X FfMA I r r a d i a t i o n  Schedule Maximum 
End 

Rod Capsule Specimen Des c r i p t  ion  

Temperature Heating Rate > 0.18 MeV) F i s s i l e  F e r t i l e  
("C) (kW/ft 1 

HRB-1 

HRB-2 

HRB- 3 

HRB-4 

HRB-5 

HRB-6 

I n i t i a l  design matr ix  materials; 1100 3.5 8 25 10 8/69 2/70 
improved mat r ices  with higher  carbon 
conten ts ;  s a c r i f i c i a l  l a y e r s  on 
c o a t i n g s  t o  prevent matri-oating 
i n t e r a c t i o n s  

E f f e c t  o f  f i l l e r  material on matr ix  1100 3.3 11 31 15 12/70 11/71 

Warm-molded f u e l  rods  with matr ix  1100 5.8 11 31 15 1/72 i o n 2  

performance; FSV production-type 
f u e l  r o d s  

d e n s i t y  o f  1.45 g/cm3; f u e l  rods 
made by s lug- in jec t ion ;  experimental 
f u e l  rods  made by GGA 

1.75 g/cm3; rods made with improved 
s l u g - i n j e c t i o n  techniques;  experi-  
mental  f u e l  rods  made by GGA 

1.75 g/cm3; rods  made with improved 
s l u g - i n j e c t i o n  techniques;  experi- 
mental  f u e l  rods made by GGA 

rods ;  s lug- in jec ted  rode;  experimental 
f u e l  rods made by GGA 

Extruded rods wi th  mat r ix  dens i ty  of  1100 5.4 11 30 15 i o m  6/73 

Extruded rods  wi th  mat r ix  dens i ty  of 1100 5.4 5 15  4.b 10172 2/73 

Reference r e c y c l e  p a r t i c l e s ;  extruded 1100 5.4 8 30 10  2/73 9/73 
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Table 4. Evaluation of the Density of Particle Coatings in ORNL Fuel 
Rods at 8 X lo2’ neutrons/cm2 Fast Fluence Exposure 

Range of 
Measured Fuel Rod 
Diameter Decrease 

Calculated Final Outer 
Coating Densitya 

(g/cm3) 

Initial 
Outer 
Coating 
Density (x) 

Maximum Minimum Average Maximum Minimum (g/cm3) 
~ ~ ~ 

1.98 3.35 2.00 2.18 2.10 2.14 

1.89 4.70 4.00 2.16 2.12 2.14 

1.85 6.20 5.15 2.19 2.14 2.16 

1.67 7.50 5.15 2.05 1.93 2.00 

Based on assumption that coatings shrink isotropically and that a 
densification is not affected by internal pressure. 

coating and an interaction between the fuel and the silicon carbide coating. 
We now believe that a thin buffer layer should have been applied to protect 
the inner LTI coating. 

Conditions were severe enough to cause some amoeba migration of the Tho2 
particle. 
linear heating rates. One cause for the amoeba migration observed was 
the low thermal conductivity of the particular bonded bed matrix 
(density 0.58 g/cm3). Generally, bonded beds have densities in the range 
0.7 to 0.8 g/cm3. An adjoining rod to the one above, but with a much 
higher matrix density (1.45 g/cm3), is shown in Fig. 6. 
by a slurry-blending process, had a high enough thermal conductivity that 
no Tho2 amoeba was observed. 

After a process for loading weak-acid resins was developed, emphasis 
shifted to this type of fissile particle because of the absence of sulfur. 
The performance of this type of particle in HRB-5 is shown in Fig. 7. The 
main effect observed was the marked shrinkage of the initially low-density 
kernel, so that the fissile kernel is like a pea in a pod. 
particle, also shown in Fig. 7, is in excellent condition. 

The appearance of the same fissile particles used in slug-injection 
fuel rods and irradiated in HRB-4 (same conditions, but twice the burnup 
and fast fluence as in HRB-5) is shown in Fig. 8. A typical-appearing 
particle is shown on the left of this figure; the only obvious changes at 
this higher fluence level were additional densification of the buffer 
coating and the appearance of small metallic globules on the inner surface 
of the silicon carbide layer on the cold side of the particle. These 
globules have been identified as the rare earth fission products La, Ce, 
Pr, and Nd. The effect of the rare earths on the silicon carbide is shown 
in Fig. 9 along with an adjacent particle that revealed another type of 
attack. About one-third of the fissile particles showed random, localized 

A fertile particle in the same rod is also shown in Fig. 5. Test 

This was not observed in earlier HRB capsules, which had luwer 

This rod, made 

The fertile 



(Th,U)Cr Fissile, 23% FIMA 

T E 

1 
a 
0 
0 * 

Thc2 Fertile, 11 % FIMA 

Fig. 1. Triso-Coated Particles Irradiated to 7.6 X lo2’ neutrons/cm2 at 1200°C. 
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3 
I 

- _ _ . ~  

L 
5 

I 

I 

1 

~~ ~ I: 
Fig. 2.  Triso-Coated UO;! Fuel Particles Irradiated t o  a Fast Fluence 

of 5 . 8  X lo2’ neutrons/cm2 (22 a t .  % burnup), Showing Fracture and 
Deformation of Outer Isotropic Coating. A s  polished. 200X. Reduced 
1 7 % .  

Fig. 3. Triso-Coated (4Th,U)02 Fuel Part ic les  Irradiated t o  a Fast 
Fluence of 5 .8  X 1021 neutrons/cm2 (15 at .  % burnup). 
200x. Reduced 17%. 

A s  polished. 
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I 
Y-120914 

fl 

c 

T h Q  (14.5%FIMA) 

Center-Line Temperature: 1460°C 
Fast Fluence: 
Time at Power: 254 days 

8 X lo2’ neutrons/cm2 

Fig. 5. Relative Thermal 
Stability of Fissile and Fertile 
Kernels Irradiated in HRB-3 to a 
Fast Fluence of 8 X lo2’ neutrons/ 
an2 at a Center Line Temperature of 
146OOC for 254 Days. As polished. 



11-66 

Fig. 6. Cross Section of HRB-3 Molded Specimen 1-D Containing 42 vol % Triso SA Resin, Biso Th02, and 
Inert Particles. 



Y-120913 

WEAK ACID RESIN (15% FIMA) T h Q  (4.4% FIMA) 

Fig. 7. 
Fast Fluence of 4 X 1021 neutrons/cm* at a Center Line Temperature of 123OOC for 107 Days. 
As polished. 

Thermal Stability of Fissile and Fertile Kernels Irradiated in HRB-5 to a 



Y -1 22288 

Fig. 8. Weak-Acid-Resin-Derived Fissile Coated Particles (-95% UC2) from Irradiation Lapsule HKB-4.  
The kernel on the left is typical in appearance; the kernel on the right was molten during irradiation. 
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Y-122253 

Optical Photograph 

Si Lo 

Lo b 

Bockscattered Electrons 

Pr La 

Fig.  10. Characteristic Elemental X-Ray Displays Obtained During 
an Electron Microprobe Analysis of the Molten Kernel Shown i n  F i g .  8.  
Reduced 20%. 



18 

The Tho2 k e r n e l s  of t h e  Biso f e r t i l e  p a r t i c l e s  i n  HRB-4 (11 cyc le s )  

N o  migra t ion  of t h e  Tho2 k e r n e l s  was  observed 
e x h i b i t e d  a s l i g h t  "amoeba" e f f e c t  i n  a s lug- in jec ted  rod and had migrated 
a maximum of about 20 pm. 
i n  HRB-5 ( f i v e  cyc le s )  o r  HRB-6 ( e igh t  cyc le s ) .  Thus, w e  b e l i e v e  t h a t  t h e  
migra t ion  observed i n  HRB-3 and HRB-4 began after t h e  e i g h t h  cyc le .  
mentioned earlier, migra t ion  of t h e  Tho2 k e r n e l s  had been observed earlier 
i n  HRB-3. I n  both  HRB-3 and HRB-4 where Tho2 amoeba w a s  observed, ad jacen t  
rods wi th  s l i g h t l y  lower power genera t ion  rates showed no amoeba. 
on t h e s e  observa t ions  we t h i n k  t h a t  t h e r e  i s  a th re sho ld  temperature ,  a 
th re sho ld  temperature  g rad ien t ,  and a th re sho ld  burnup a t  which Tho2 
migra t ion  occurs.  Once i t  begins ,  migra t ion  is  rap id .  Observed rates 
w e r e  20 t o  30 pm migra t ion  i n  69 days (dur ing  c y c l e s  9, 10, and 11) .  The 
va r ious  th re sho lds  are i n t e r r e l a t e d  so t h a t  t h e  th re sho ld  burnup i s  lower 
a t  a h ighe r  temperature  and/or  temperature  g rad ien t .  
which s imula t e  peak HTGR cond i t ions ,  no Tho2 amoeba has  been observed u n t i l  
burnups exceed 7% FIMA. None of t h e  Biso coa t ings  f a i l e d .  

The relative performance of Biso-coated (4Th, 'U) 02 and (4Th, 
was compared i n  s lug - in j ec t ed  rods  i n  HRB-6, as w e l l  as Triso-coated 
(4Th, %)02 and Biso-coated (4Th, %)02 i n  extruded rods.  The extruded 
rods have a h ighe r  ma t r ix  d e n s i t y ,  were i n  about t h e  same f l u x  p r o f i l e ,  
and t h e r e f o r e  opera ted  a t  o v e r a l l  lower temperatures .  There was  no meas- 
u r a b l e  d i f f e r e n c e  i n  t h e  relative thermal  s t a b i l i t y  of t h e  k e r n e l s  t h a t  
contained 2 3 3 U  ver sus  2 3 5 U  i n  t h e  s lug - in j ec t ed  rods.  Both migrated up 
t h e  thermal  g rad ien t  f o r  a maximum d i s t a n c e  of about 20 pm (Fig. 11) .  
o t h e r  adverse  e f f e c t s  w e r e  noted. 

A s  

Based 

I n  t h e  HRB tests, 

%) 02 

No 

Fig. 11. Appearance of a Biso-Coated (4Th, 'U)O2 F i s s i l e  P a r t i c l e  
i n  Slug-Injected Rods from I r r a d i a t i o n  Capsule HRB-6. 
up t h e  thermal  g r a d i e n t  f o r  a d i s t a n c e  of about 20 pm. 
Reduced 13%. 

The k e r n e l  migrated 
As pol i shed .  
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Examination of t h e  Biso- and Triso-coated f i s s i l e  p a r t i c l e s  i n  t h e  
extruded f u e l  rods  from HRB-6 revea led  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e i r  
performance (Fig.  12) .  There w a s  no evidence of p o t e n t i a l  f a i l u r e  of t h e  
Biso o r  T r i s o  coa t ings .  I n t e r m i t t e n t  p l a s t i c  flow of t h e  ke rne l  through 
t h e  f i s s i o n  r e c o i l  zone of t h e  b u f f e r  coa t ing  w a s  no ted ,  and only s l i g h t  
evidence of t h e  e a r l y  s t a g e  of amoeba was  noted i n  t h e  Biso-coated f i s s i l e  
p a r t i c l e .  Since t h e  migra t ion  rates were much lower i n  extruded rods than  
i n  s lug- in jec ted  rods ,  w e  conclude t h a t  t h e  h igher  thermal conduc t iv i ty  
of t h e  extruded rods  enhances t h e i r  performance I n  comparisoa t o  s lug-  
i n j e c t e d  rods.  

DISCUSSION 

A t  t h i s  t i m e  f i s s i l e  p a r t i c l e s  made from weak-acid r e s i n s  and so l -  
The g e l  (4Th,U)02 appear  t o  perform w e l l  under normal HTGR condi t ions .  

t o t a l  burnups achieved t o  d a t e  f o r  t h e  r e fe rence  makeup f i s s i l e  p a r t i c l e  
have been less than  t h a t  t o  be  experienced i n  t h e  r e a c t o r ,  s o  t h a t  addi- 
t i o n a l  i r r a d i a t i o n  t e s t i n g  i s  r equ i r ed  t o  f u l l  burnup. Examination of 
capsules  HRB-4 and HRB-6 has  helped c l a r i f y  t h e  p i c t u r e  f o r  t h e  r e fe rence  
r ecyc le  f i s s i l e  p a r t i c l e ,  which showed evidence of s l i g h t  amoeba a t  about 
h a l f  aga in  t h e  r equ i r ed  burnup f o r  HTGR i n  an  acce le ra t ed  tes t .  
Biso Tho2 f e r t i l e  p a r t i c l e  has  performed w e l l  i n  a l l  tests t o  d a t e ,  b u t  
s l i g h t  amoeba migra t ion  w a s  observed i n  HRB-3 and HRB-4. It should b e  
noted t h a t  t h e  burnup w a s  about twice t h a t  requi red  f o r  thorium i n  t h e  
a c t u a l  r e a c t o r ,  b u t  t h e  t i m e  w a s  about one - f i f th  t h a t  of t h e  l a r g e  r e a c t o r .  
Again more t e s t i n g  i s  requi red .  

HRB f a c i l i t y  is  the  h igh  power genera t ion  r a t e  pe r  p a r t i c l e  a t  t h e  begin- 
n ing  of t h e  test. To 
ge t  around t h e  problem, we have i n i t i a t e d  t h e  i r r a d i a t i o n  of two new 
capsules ,  HRB-7 and HRB-8, which are f u e l e d  w i t h  f u l l y  enr iched p a r t i c l e s ,  
i n  a new p o s i t i o n  f u r t h e r  out  i n  t h e  bery l l ium r e f l e c t o r  of HFIR f o r  two 
t o  four  cyc le s  t o  burn ou t  much of t h e  f i s s i l e  material before  t h e  cap- 
s u l e s  are i n s e r t e d  i n  t h e  high-f lux HRB p o s i t i o n .  
HRB-8 w i l l  test candida te  f i s s i l e  p a r t i c l e s  f o r  makeup and r ecyc le  f u e l s  
a t  design cen te r - l i ne  temperatures  of 1500 and 125OOC. These tests w i l l  
a l low us t o  compare t h e  va r ious  candida te  p a r t i c l e s  l i s t e d  i n  Table 1 i n  
t h e  same capsule  i r r a d i a t e d  under i d e n t i c a l  condi t ions .  Resu l t s  should 
al low us t o  e l imina te  some candida te  f i s s i l e  p a r t i c l e s  from t h e  s tandpoin t  
of performance. 
be  needed t o  narrow t h e  choice  s t i l l  f u r t h e r .  

The 

One d i f f i c u l t y  wi th  t e s t i n g  f u l l y  enr iched f i s s i l e  p a r t i c l e s  i n  t h e  

Some designs r e s u l t  i n  more than  1 W pe r  p a r t i c l e .  

Capsules HRB-7 and 

Addi t iona l  long-term tests of t h e  b e t t e r  performers w i l l  

CONCLUSIONS 

Based on t h e  HRB i r r a d i a t i o n  tests, w e  conclude t h a t  Biso-coated Tho2 
cont inues t o  b e  promising as a f e r t i l e  p a r t i c l e  f o r  t h e  HTGR, 
some migra t ion  w a s  observed ( i n  HRB-3 and HRB-4), i t  d id  not  begin (under 
HTGR peak temperature  cond i t ions )  u n t i l  t h e  burnup exceeded 7% FIMA. 
migra t ion  s t a r t e d ,  however, i t  occurred rapidly,  and mare information is 

Although 

Once 
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Fig. 12. Triso-Coated (a) and Biso-Coated (b) (4Th,23 5U)02 Fissile 
Particles  in Extruded Rods from Irradiation Capsule HRB-6. 
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. 

needed on t h e  th re sho ld  cond i t ions  which i n i t i a t e  migrat ion.  
of t h e  Biso-coated (4Th,U)02 f i s s i l e  p a r t i c l e s  w a s  observed i n  HRB-6 
t o  a d i s t a n c e  of about 20 pm. Adjacent Tho2 p a r t i c l e s  showed no migra t ion ,  
i n d i c a t i n g  t h a t  t h e  threshold  condi t ions  of burnup and temperature had been 
exceeded i n  t h e  f i s s i l e  p a r t i c l e s ,  b u t  no t  i n  t h e  f e r t i l e  p a r t i c l e s .  

Migrat ion 

Both 
35U- and %-bearing p a r t i c l e s  showed about  t h e  same migra t ion  rates. 

A comparison of rods made by ex t rus ion  and s lug - in j ec t ion  wi th  
approximately i d e n t i c a l  f u e l  loadings ,  neutron f l u x e s ,  and s u r f a c e  tempera- 
t u r e s  showed t h a t  extruded rods had a s i g n i f i c a n t l y  b e t t e r  f u e l  per- 
formance than  s lug - in j ec t ed  rods, presumably because of a h igher  thermal  
conduct iv i ty .  

migrat ion,  b u t  moderate t o  severe f i s s i o n  product-i l icon ca rb ide  i n t e r -  
a c t i o n s  were observed. Both palladium ( a r i s i n g  p r imar i ly  from plutonium 
f i s s i o n s )  and rare e a r t h s  were i d e n t i f i e d  i n  d i f f e r e n t  r e a c t i o n  zones. 
Ind ica t ions  of a l i q u i d  phase w e r e  found where palladium reac ted  wi th  
s i l i c o n  carbon and i n  some of t h e  ke rne l s .  
exp la in  t h e s e  observa t ions .  

F i s s i l e  p a r t i c l e s  made from i o n  exchange r e s i n s  showed no amoeba 

More work is  requi red  t o  
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