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IRRADIATION PERFORMANCE OF HTGR BISO FERTILE 
PARTICLES I N  HFIR EXPERIMENTS HT-17, -18, and -19 

E. L. Long, Jr. R. L. Bea t ty  J M Robbins 
M. J. Kania W.  P.  Ea the r ly  

ABSTRACT 

A s e r i e s  of Biso-coated f e r t i l e  p a r t i c l e s  were i r r a d i a t e d  
i n  t h e  t a r g e t  f a c i l i t y  of t h e  High-Flux I so tope  Reactor .  The 
primary o b j e c t i v e s  of t h i s  experiment were t o  r e l a t e  t h e  f a s t -  
neu t ron  s t a b i l i t y  of dense propylene-derived pyrcicarbons t o  
p r e f e r r e d  o r i e n t a t i o n  and t o  r e l a t e  i r r a d i a t i o n  performance 
t o  p r e i r r a d i a t i o n  c h a r a c t e r i z a t i o n  va lues .  Coating cha rac t e r -  
i z a t i o n  included x-ray BAF, o p t i c a l  an i so t ropy ,  gaseous permea- 
b i l i t y ,  small-angle x-ray s c a t t e r i n g ,  and th i cknes s  and d e n s i t y  
de te rmina t ions .  Other o b j e c t i v e s  were t o  t e s t  Biso-coated 
large-diameter  Tho2 k e r n e l s  and coa t ings  der ived  from propylene 
d i l u t e d  wi th  C02 r a t h e r  than argon. 

Visua l  examination of t h e  i r r a d i a t e d  p a r t i c l e s  showed t h a t  
t h e  ma jo r i t y  had f a i l e d  a s  a  r e s u l t  of f a s t -neu t ron  damage. 
Some c o r r e l a t i o n  could be  made of p a r t i c l e  f a i l u r e s  wi th  pre- 
i r r a d i a t i o n  o p t i c a l  an i so t ropy  va lues .  But t h e  most c o n s i s t e n t  
c o r r e l a t i o n  was wi th  small-angle x-ray s c a t t e r i n g  d a t a .  The 
performance of t h e  coa t ing  prepared from C02-diluted propylene 
was ou ts tanding;  no f a i l u r e s  were observed a f t e r  t h e  HTGR-design 
f a s t  f l uence  was exceeded by 75% a t  a  maximum p a r t i c l e  s u r f a c e  
temperature  of 1575OC. 

INTRODUCTION 

I r r a d i a t i o n  t e s t  capsu les  HT-17, -18, and -19 were p a r t  of a  

cont inu ing  s e r i e s  of experiments designed t o  t e s t  Biso c o a t i n g s  on 

t h o r i a  ke rne l s .  The s t a t i c ,  s ea l ed  capsu les  were i r r a d i a t e d  f o r  two, 

f o u r ,  a n d . s i x  c y c l e s ,  r e s p e c t i v e l y ,  i n  t h e  t a r g e t  f a c i l i t y  of t h e  High 

Flux I so tope  Reactor (HFIR). The t h r e e  capsu les  were shared by ORNL and 

General Atomic Company (GA), bu t  t h i s  r e p o r t  w i l l  address  only t h e  r e s u l t s  

from t h e  ORNL p o r t i o n  of t h e  experiment.  The GA experiment has  been 

r epo r t ed  s e p a r a t e l y .  The ORNL test specimens were Biso-coated f e r t i l e  

p a r t i c l e s  having nominal 500- and 700-pm so l -ge l  t h o r i a  k e r n e l s .  



The exper imenta l  format  resembled t h a t  of HT-12 through -15 ( r e f .  2) 

i n  t h a t  t h e  t e s t  samples were loose ,  coated p a r t i c l e s  contained i n  smal l  

annu la r  g r a p h i t e  h o l d e r s  s tacked  i n  g r a p h i t e  s l eeves .  Each capsule  was 

des igned  t o  t e s t  p a r t i c l e s  a t  g r a p h i t e  ho lder  s u r f a c e  temperatures  of 

900 and 1250°C and t o  burnup and f a s t -neu t ron  exposures of a t  l e a s t  one 

and a  h a l f  t i m e s  t h e  HTGR des ign  va lues .  These s u r f a c e  temperatures 

correspond t o  p a r t i c l e  tempera tures  of about  1200 and 1500°C, r e s p e c t i v e l y .  

The major o b j e c t i v e  of t h e  ORNL experiment was t o  d e f i n e  t h e  f a s t -  

neu t ron  i r r a d i a t i o n  s t a b i l i t y  of t h e  dense pyrocarbon coa t ings  a s  a  

f u n c t i o n  of p r e f e r r e d  o r i e n t a t i o n .  Derived from pr'opylene, a l i  t h e  dense 

pyrocarbons were depos i t ed  s o  that.  t h e  concen t r a t i on  v a r i c d  t o  produce a 

r ange  of p r e f e r r e d  o r i e n t a t i o n s  ( a n i s o t r o p i e s )  of the. coa t ings .  Anisot- 

r o p i e s  were measured both  o p t i c a l l y  (OPTAF) and by an x-ray technique 

(BAF). The BAF (Bacon Anisotropy Fac tor )  measurements were made on f l a t  

s t r i p s  of c o a t i n g s  depos i t ed  on g r a p h i t e  p l a t e s  f l u i d i z e d  wi th  t h e  

p a r t i c l e s .  

Two secondary o b j e c t i v e s  were t o  test  a l a r g e  t h o r i a  ke rne l  (nominally 

700 pm) w i t h  a  p r o p o r t i o n a t e l y  s ca l ed  Biso c o a t i n g  and a  dense.pyrocarbon 

c o a t i n g  depos i t ed  from propylene d i l u t e d  w i t h  C02 r a t h e r  t han  t h e  u sua l  

argon.  

k'HEPAKATION AND ~HAPACTERIZATIOM OF COATED PARTICLES 

For a l l  ba t ches  except  one, t h e  nominal p a r t i c l e  dimensions were: 

a  500-vm k e r n e l  d iameter ,  a  75-pm b u f f e r ,  and an 80-pm dense o u t e r  coa t ing .  

A p e r i p h e r a l  experiment used one ba t ch  of t h o r i a  k e r n e l s  wi th  a 680-11rn 

d iameter  and a  p r o p o r t i o n a t e l y  s ca l ed  Biso coa t ing .  A l l  t h e  500-vm k e r n e l s  

were b u f f e r  coated i n  a 0.13-m c o a t e r  a s  a  s i n g l e  ba t ch  t o  prevent  v a r i a -  

t i o n s  i n  t h e  b u f f e r  coa t ing .  A l l  o t h e r  c o a t i n g s  were depos i ted  by a  

0.025-i11 l abo ra to ry - sca l e  Coater .  'The dense o u t e r  coa t ings  were depos i ted  

from propylene; t h e  primary process  v a r i a b l e  being propylene concen t r a t i on  

and hence, d e p o s i t i o n  r a t e .  This  e f f e c t i v e l y  v a r i e s  t h e  coa t ing  an i so t ropy .  

During each  o u t e r  c o a t i n g  run  s e v e r a l  g r a p h i t e  p l a t e s  were included i n  t h e  

b a t c h  t o  o b t a i n  specimens f o r  x-ray BAF measurements. The coa t ing  deposi- 

t i o n  cond i t i ons ,  t h i cknes se s ,  and d e n s i t i e s  are l i s t e d  i n  Table 1. 



Tab le  1. Depos i t i on  c o n d i t i o n s  and p rope r ty  measurements of ORNL p a r t i c l e s  from exper iments  HT-17, -18, and -19 

Measured p r o p e r t i e s  
Depos i t i on  cond i t i onsD  

Deposi i o n  6 Buffer  Outer  c o a t i n g  
Propylene  Propylene r a t e  

~ a t c h '  Temperature f l u x  c o n c e n t r a t i o n  (pm/s) Mean Mean Mean Mean 
("C) (m3/s.m2: ( % I  th icknessd  dens i t ye  t h i cknes sd  d e n s i t y  d 

(um) (I4g/m3) (urn) ( ~ s / m ~ >  
- 

OR-1975-T 1315 6.66 33.3 70.8 68.5 (7 .8)  1 .19  83.0 (3 .5)  1.982 (0.007) 

. , 

OR-2010-T 1335 1 5  .'o 33.3 135 .0  96.6 (8 .6)  1 . 08  105 .4  (5'.4) 1 . 980  (0.009) 

a 
Kerne l s  500 pm i n  d i ame te r ,  except  OR-2010-T, which a r e  nominal ly 700 pm i n  d iameter .  

'outer c o a t i n g  on ly ;  b u f f e r  c o a t i n g  d e p o s i t e d  from a c e t y l e n e .  
C 

Di lu t ed  w i t h  a rgon ,  except  OR-2013-T, which was d i l u t e d  w i th  GO2.  

%umbers i n  p r e n t h e s e s  a r e  s . tandard d e v i a t i o n s .  
e 

Calcu l a t ed ,  i n c l u d e s  s e a l  coa s ing .  

f ~ e m p e r a t u r e  i n c r e a s e d  6"C/min du r ing  run  t o  produce r a d i a l  p rope r ty  g r a d i e n t s .  



In addition to the primary specimen set in which the outer coating 

deposition rate (propylene concentration with argon diluent) was varied, 

three specimens were included for peripheral experiments. These experi- 

ments, respectively, used the large particles mentioned above (OR-2010-T), 

a cqating deposited at gradually increasing temperatures (OR-2012-ST), 

and a coating deposited with C02 rather than argon diluent as the fluid- 

izing gas (OR-2013-T). The large particles were included to determine 

whether or not the standard 500-pm-diam thoria approached an upper size 

limit for satisfactory coating performance. The large particle was 

omitted from the high-temperature section of the six-cycle HT-19 test 

because the 2 3 3 ~  buildup late in the test would have raised the power 

generation per particle and hence, the internal particle temperature to 

unrealistically high levels. The coating deposited at variable tempera- 

tures was fabricated with a temperature rise programmed to simulate a' 

possible production furnace run. Since coating density is strongly a 

function of deposition temperature, this procedure should result in a 

significant radial density gradient. Unfortunately, no technique currently 

exists to measure the gradient, so the density reported is an average value. 

The coating deposited with C02 diluent gas was included to test a process 

developed earlier. The test showed that oxidizing fluidizing gases can 

be employed up to certain limits in pyrocarbon coating to reduce soot 

deposition in the coating chamber without harming coating properties. 3 

The coating set listed in Table 1 was intended to bracket the 

survival-failure line at various fluences in correlation with deposition 

rate and BAF. The maximum BAF value a coating may have to survive a 

given fluence is not well defined. However, we thought that deposition 

rates exceeding 5 pm/min would produce coatings able to survive the HTGR 

design fluence ( x 4  HT cycles at the HFIR midplane). 

BAF Measurements 

A set of BAF standards was prepared, as were coated particles for 

irradiation experiments HT-17 through HT-19. Since the pllrpnse nf thea~ 

tests was to compare coatings of varied anisotropies, the coating runs 

conveniently allowed us to fabricate the required set of flat plate 



specimens. The anisotropy specimens in this case were deposited onto 

graphite plates 7.9 rnm square by 0.76 rnm thick, fluidized along with the 

particles. The coatings were removed from the graphite substrate as 
.- 

5.1 mm-square plates and x-rayed. 

Each plate was placed in a collimated x-ray beam with the plane of 

deposition at 13' (the Bragg angle for the first-order basal reflection) 

to the beam. This produced a diffraction ring with radial integrated 

intensity proportional at given angular positions to the number of 

crystallites with basal planes aligned parallel to the corresponding 

angle in the specimen. Absorption corrections had to be made to maintain 

the proportionality over the full 0 to 90' span, but absorptions at the 

0 arid 90' positions are nearly identical. Thus, for convenience and 

accuracy a BAF analytical technique developed by   ass one^ was applied 
to the 0 and 90' relative intensities; it required no significant correc- 

tions. The x-ray films were scanned with an optical microdensitometer 

at the 0 and 90' positions and BAF values were obtained from the ratio 

of integrated intensities. Measurements on the HT-17 through HT-19- 

specimens showed BAF values (listed in Table 2) ranging from 1.00 to 

1.73. 

Optical Anisotropy Measurements 

While the x-ray (BAF) method - requiring flat strip specimens - 

has been applied extensively to fluidized-bed pyrolytic carbons, the 

optical (OPTAF) method is favored because it can directly monitor 

anisotropy in microsphere coatings. In addition, UP'l'AY is preferable 

because it does not require the tedious preparation - by coating - of 

flat specimens with each batch of microspheres; ,end heme, it avoids the 

uncertainty about the degree to.which the plate coating represents the 

microsphere coating. However, the OPTAF measurements must be calibrated 

against x-ray BAF determinations if results are to be correlated with 

data and experience. 

A series of optical anisotropy measurements (OPTAF) were made on 

the LTI coatings selected for irradiation in HT-17, -18, and -19. At 

the time these measurements were made the OPTAF equipment at ORNL was 



under  developmentY5 b u t  because s u p e r i o r  OPTAF equipment was developed 

a t  GAY ope ra t ion  of t h i s  equipment has  s i n c e  been discont inued.  Samples 

from f i v e  ba tches  were s e l e c t e d  f o r  OPTAF measurements a t  ORNL. We 

b e l i e v e  t h e  samples covered t h e  range of a n i s o t r o p i e s ,  based on x-ray 

BAF measurements. Samples of p a r t i c l e s  from fou r  of t h e s e  f i v e  were * 
measured a t  KFA ~ i l i c h ,  F e d e r a l  Republic of Germany, and two were 

measured a t  GA f o r  comparison wi th  t h e  ORNL measurements. Samples of 

p a r t i c l e s  from a l l  t h e  ba t ches  used i n  t h i s  experiment were measured a t  . . 
OSGAE,' Se ibersdorf  , Aus t r i a .  The r e s u l t s  of t h e s e  measurements a r e  

l i s t e d  i n  Table 2. Although t h e  measurements v a r i e d  somewhat, t h e  

p a r t i c l e s  w i th  t h e  lowest  OPTAF va lues  - determined by a1.J fnv r  

f a c i l i t i e s  - were from ba tch  OR-2013-T, t h e  ba tch  prepared from C02- 

d i l u t e d  propylene. 

Pe rmeab i l i t y  Measurements 

The Biso  coa t ing  des ign  r e q u i r e s  t h e  pyrocarbon coa t ing  t o  s e rve  a s  

a p r e s s u r e  v e s s e l  t o  r e t a i n  gaseous f i s s i o n  products ;  t h u s ,  both permea- 

b i l i t y  and s t r e n g t h  of t h e  coa t ing  a r e  important .  Permeabi l i ty  can be 

measured by measuring t h e  i n t r u s i o n  of low-atomic-number i.np.rt gases such 

a s  neon and helium through Biso coa t ings .  The method c o n s i s t s  of de te r -  

mining t h e  r a t i o  of neon t o  helium (Ne/He) i n  the g a r t i c . 1 ~  v n i d  space 

a f t e r  h e a t i n g  t o  1375OC f o r  1 h r  i n  an a t m o s p h e r ~  of equa l  parts of neon 

and helium. A f t e r  h e a t  t rea tment  t h e  p a r t i c l e s  a r e  i n d i v i d u a l l y  broken 

i n  a chamber connected t o  a m a s s  spectrometer .  The amount of gas r e t a i n e d  

i s  determined f o r  each p a r t i c l e  i n  a s e t  of 15 and t h e  r e s u l t s  a r e  averaged. 

The procedure r e q u i r e s  1 t o  2 min p e r  f u e l  p a r t i c l e  f o r  a measurement. 

The NeIHe r a t i o  i n  t h e  r e t a i n e d  gas i s  a good r e l a t i v e  measure of t h e  pyro- 

carbon coa t ing  pe rmeab i l i t y  f o r  Riso p a r t i c l e  ba tches  t h a t  have roughly 

e q u a l  r a t i o s  of s u r f a c e  a r e a  t o  void volume i n  t he  b u f f e r  l aye r .  For 

coa t ed  p a r t i c l e s  having a s i g n i f i c a n t l y  d i f f e r e n t  r a t i o  of s u r f a c e  a r e a  

t o  vo id  volume, dimensional ly based adjustments  must be  made t o  ob ta in  

comparable Ne/He r a t i o s .  The Ne/He r a t i o s  determined f o r  t h e  Biso 

* 
Kernf o r s  chungsanlange. 

'0s t e r r e i c h i s c h e  S tudiengese l l schaf  t f {r Atomenergie. 



particles in the experiment are listed in Table 2. The Ne/He intrusion 

values ranged between 0.03 and 0.19, which indicates low-permeability 

coatings. The trend of increasing permeability with increasing coating 

rate is shown in Fig. 1. 

ORNL-DWG 78-9226 

0 2 4 F; 8 40 42 44 
DEPOSITION RATE (pm/min) 

Fig. 1. Ne/He intrusion ratio as a function of coating rate for 
Biso particles irradiated in HT-17, -18, and -19. 

Small-Angle X-Ray Scattering Measurements 

Small-angle x-ray scattering (SAXS) was used to characterize the 

microstructure of the LTI coatings. The distribution of microporosity 

within the coatings can be determined from SAXS measurements, which have 

been correlated with the microstructural components of pyrocarbon. A 



* 
pa rame t r i c  p r o p e r t y ,  r e l a t i v e  amount of f i b e r  component (RAF), has  been 

developed and c o r r e l a t e d  w i t h  t h e  r e l a t i v e  concen t r a t i ons  of micropores  

ranging  i n  s i z e  from 6 t o  25 nm. This  p rope r ty ,  RAF, has  been c o r r e l a t e d  

w i t h  d e p o s i t i o n  c o n d i t i o n s ,  p h y s i c a l  p r o p e r t i e s ,  and i r r a d i a t i o n  behavior  

of o t h e r  c o a t i n g s .  The RAF v a l u e s  f o r  t h e  LTI c o a t i n g s  i r r a d i a t e d  i n  

HT-17, -18, and -19 a r e  l i s t e d  i n  Table 2. The c o r r e l a t i o n  of i n c r e a s i n g  

RAF v a l u e s  w i t h  i n c r e a s i n g  d e p o s i t i o n  rate. and temperature  f o r  t h e  par- 

t i c l e s  con ta in ing  t h e  nominal 500-pm-diam k e r n e l s  is  shown i n  Fig.  2. 

C o r r e l a t i n g  RAF w i t h  t h e  v a l u e s  of Ne-to-He i n t r u s i o n  r a t i o s ,  F ig .  3 ,  

shows a  p r o p o r t i o n a l  r e l a t i o n s h i p  t o  e x i s t  between t h e s e  two p r o p e r t i e s .  

X 
-UF (relative amount o i  i i b e r  component) i s  c a l c u l a t e d  a s  fo i iows:  

2c10 + c20  
RAF = 

3 

where 

C10 = R e l a t i v e  c o n c e n t r a t i o n  of pores  i n  a s i z e  range of  6 t o  12 nm. 

C20  = R e l a t i v e  c o n c e n t r a t i o n  of pores  i n  a  s i z e  range of 12 .1  t o  

25 nm. 

Table 2. KeSult~ trom OPTAF. EAF. Nellie, and RAF I~~eanlll.rlllrllls on 
coatings irradiated in HT-17, -18, and -19 

Bacon anisotropy factor 
(upcical) (BAFJ Bacon anisotropy Ratin of Relative amount of 

Baech £actor (x-ray) Ne to He fiber component 
(ORNL) (KFA) (~SGM) (GA) (BAF) (ORNL) (ORNL) (KAY) (KYA) 

OR-2012-ST ND ND 1.078 ND gradient 0.07 Nlj 

OR-2010-T ND ND 1.013 ND 1.00 ND 0.79 B 

= ~ o t  determined. 

b~stimated from coating run conditions. 



ORNL-DWG 78-9228 

DEPOSITION RATE (pm/min) 

Fig .  2 .  C o r r e l a t i o n  of r e l a t i v e  amount of f i b r o u s  component w i t h  
c o a t i n g  rate f o r  t h e  LTI c o a t i n g s  i r r a d i a t e d  i n  HT-17, -18, and -19. 
D e p o s i t i o n  t e m p e r a t u r e s  i n  d e g r e e s  C e n t i g r a d e  a r e  i n d i c a t e d  by each 
datum p o i n t .  

ORNL-DWG 78-9227 
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Fig .  3. C o r r e l a t i o n  of r e l a t i v e  amount of f i b r o u s  component w i t h  
r e l a t i v e  gaseous  p e r m e a b i l i t y  of L T I  c o a t i n g s  i r r a d i a t e d  i n  HT-17, -18, 
and -19. 



CAPSULE DESIGN 

Capsules HT-17, -18, and -19 were similar in design to HFIR target 

tests HT-1.2 through -15 (refs. 9, 10). The capsules, as shown in Fig. 4, 

were made of aluminum, were uninstrumented, and were backfilled with 

argon. Each capsule had the following design features: 

four graphite magazines, two designed for a nominal particle 

holder surface temperature of 900 and 1250°C; 

a total of 32 test holders fnr fertile particles. eig111 In 

each magaxinc ; 

+ rwo samples'of each test specimen type, one in each temperature. 

7, I:] I ll? ; 

a.tota1 of 0.905 g Th, 0.530 g in the high-temperature zone 

and 0.375 g in the low-temperature zone; 

a porous carbon heat shield separating the two temperature 

zones; and 

a total of 0.459 g U, 6.5% enriched 2 3 5 ~ ,  0.268 g of the total 

in the high-temperature zone and 0.191 g in the low-temperature 

zone. The uranium was present as Sic-coated weak-acid resin 

particles distributed equally in five. particle holdcrs and one 

cnd plug ill each magazine to smooth out heat generation curves 

and maintain the temperature as nearly constant as possible 

throughout the irradiation. 

The loading arrangement for the ORNL ferLile test particles is 

shown in Table 3. After each coating step the particles were sized to 

minimize extraneous results that might be introduced by dimensinnal 

variations. After the buffer and sealers were applicd, the parLlc1~0 

were also sized on a roller micrometer to eliminate excessively thick 

or thin coatings. After all coatings were applied, the particles were 

again sized on a roller micrometer. The sized fraction of the  particle^ 

with 500-vm-diam kernels was poured over an x-ray holder with 144 holes 

that captured one particle in each hole. From the radiograph of these 
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Fig. 4. Target capsule design typical  of HT-17, -18, and -19. 



Table 3. Loading arrangement f o r  ORNL f e r t i l e  
test p a r t i c l e s  fo r  HT-17, -18, and -19 

Design 
Temperature 

Sample Item 

( " 0  
holder 

Batch 

Reactor midplane 

 his p a r t i c l e  replaced by i t e m  1, OR-1975-T 
i n  HT-19. 

b ~ h i s  p a r t i c l e  replaced by i t e m  9, OR-2013-T 
i n  HT-18 and -19. 

144 p a r t i c l e s ,  99 were chosen and i den t i f i ed  t o  be tested.  The 

99 p a r t i c l e s  were separated i n  a nonspecific manner i n t o  samples of 

58 and 41 p a r t i c l e s  f o r  t e s t i n g  i n  the  high-temperature high-flux region 

and t he  low-temperature low-flux region, respectively.  A similar selec- 

t i o n  technique w a s  used f o r  t h e  700-ym-dim kernel  batch, except only 

22 and 16 p a r t i c l e s  were se lected f o r  t e s t i n g  i n  t he  two temperature- 

f l u x  zones. The smaller number of p a r t i c l e s  was required because of t he  

l a r g e r  amount of thorium i n  each kernel. 

A l l  graphi te  p a r t s  were heat-treated t o  1500°C f o r  30 min i n  an 

argon atmosphere before  loading. 



IRRADIATION HISTORY 

Capsule  HT-17 was i n s e r t e d  i n  t a r g e t  p o s i t i o n  A-3 on J u l y  22, 1973, 

and was removed on Sep t .  8 ,  1973, a f t e r  46.42 days  (two HFIR c y c l e s )  a t  

' 1 0 0  MW r e a c t o r  power. The peak f a s t  f l u e n c e  was 4.73 x neutrons/m2 

(E > 0.18 MeV) and t h e  peak f e r t i l e  p a r t i c l e  burnup was 2.88% FIMA. 

Capsule  HT-18 was i n s e r t e d  i n  t a r g e t  p o s i t i o n  E-2 on J u l y  22,  1973, 

and was removed on Oct.  28, 1973, a f t e r  92.94 days  ( f o u r  HFIR c y c l e s )  a t  

100 MW r e a c t o r  power. The peak f a s t  f l u e n c e  was 9.48 x neu t rons lm 2 

(E > 0.18 MeV) and t h e  peak f e r t i l e  p a r t i c l e  burnup was 9.7% FIMA. 

Capsule HT-19 was i n s e r t e d  i n  t a r g e t  p o s i t i o n  F-7 on J u l y  22, 1973, 

and was removed on Dec. 1 7 ,  1973, a f t e r  139.27 d a y s  ( s i x  HFIR c y c l e s )  a t  

100 MW r e a c t o r  power. The peak f a s t  f l u e n c e  was 1 . 4  x neutrons/m2 

(E > 0.18 MeV) and t h e  peak f e r t i l e  p a r t i c l e  burnup w a s  17.24% FIMA. 

Tab le  4  g i v e s  t h e  f a s t  f l u e n c e  and burnup f o r  each f e r t i l e  p a r t i c l e  

specimen i n  each c a p s u l e .  No a t t e m p t  was made t o  c a l c u l a t e  t h e  f i s s i l e  

p a r t i c l e  burnup. Tab le  5 g i v e s  t h e  o p e r a t i n g  h i s t o r y  of t h e  r e a c t o r  

d u r i n g  t h e  i r r a d i a t i o n  of each c a p s u l e .  . , 

THERMAL ANALYSIS 

S i n c e  t h e r e  are no p r o v i s i o n s  f o r  d i r e c t  t e m p e r a t u r e  moni to r ing  

o'r f o r  a  sweep g a s  sys tem i n  t h e  HT c a p s u l e s ,  t h e r m a l  modeling i s  used 

t o  p r e d i c t  maximum f u e l  o p e r a t i n g  t e m p e r a t u r e s .  For c a p s u l e s  HT-17 

through 19 t h e  the rmal  modeling code HTCAP was used t o  d e t e r m i n e  t h e  

maximum o p e r a t i n g  t empera tu res  f o r  each Tho2 p a r t i c l e  i n  each of t h e  

c a p s u l e s .  Maximum p a r t i c l e  s u r f a c e  o p e r a t i n g  t empera tu res  were  c a l -  

c u l a t e d  a t  two-day i n t e r v a l s  f o r  each HFIR i r r a d i a t i o n  c y c l e .  

Temperature c a l c u l a t i o n s  were  based on knowledge of t h e  d imens iona l  

change c h a r a c t e r i s t i c s  of t h e  g r a p h i t e  sample holders . ,  g r a p h i t e  magazines ,  

and aluminum containment  v e s s e l  as a  f u n c t i o n  of t empera tu re  and fast- 

n e u t r o n  f l u e n c e  (E > 0.18 MeV); f i s s i o n  h e a t  g e n e r a t e d  p e r  p a r t i c l e  based 

on i s o t o p i c  d e n s i t y  changes a s  a f u n c t i o n  of t ime;  gamma h e a t i n g  r a t e s ;  

changes i n  m a t e r i a l  the rmal  c o n d u c t . i v i t i e s  as a  f u n c t i o n  of t empera tu re  

and f a s t - n e u t r o n ' f l u e n c e  (E > 0.18 MeV); and t h e  c o o l a n t  t empera tu re  a t  



Table 4.  Fast-neutron f lux,  fast-neutron fluenee, and burnup for specPnens i n  HFIR 
:arget capsules HT-17, -18, and -19 

Fast-neutron f luence, neutrons/m2 D i s t a ~ c e  from Fert i le  part ic le  burnup, % FIMA 
=---- - {E > 0.18 MeV) Fast-neucrm f lux,  neutrors/m2s . holder czr-ter Jauy re 
holder HT-17 ' HT-18 HT- 19 

(E > 0.18 MeV) to  reactor ddplane HT-17 
lrnl 



Table 5 .  Opera t iona l  h i s t o r y  of capsu les  HT-17 through -19 

HFIR 
Dates Accumulated i r r a d i a t i o n  

Length of 
cyc l e  ope ra t i on  

time a t  100 MW 
Cycle 

(dl  
r e a c t o r  power 

Cycle end beginning (d) 

Capsule HT-17 

Capsule HT-18 

Capsule HT- 19 

a 
Reactor began a  programmed r educ t ion  i n  power on 9/14/73 i n  

p repa ra t i on  f o r  t h e  shutdown on 9/17/73. 

t h e  containment su r f ace .  A d e t a i l e d  d e s c r i p t i o n  of t h e  c a l c u l a f i o n a l  

procedure i s  descr ibed  i n  r e f e r e n c e  11. 

The dimensional  change d a t a  f o r  capsu les  HT-17 through -19 were 

l i m i t e d  i n  t h a t  p o s t i r r a d i a t i o n  dimensional  d a t a  were ob ta ined  only on 

capsu l e  HT-19. The r e s u l t s  of t h e s e  measurements, a s  w e l l  a s  t h e  pre- 

i r r a d i a t i o n  des ign  dimensions,  a r e  shown i n  Appendix A, Tables  A-1 and 

A-2, f o r  t h e  g r a p h i t e  magazines and g r a p h i t e  c r u c i b l e s ,  r e s p e c t i v e l y .  

These d a t a  and t h e  p o s t i r r a d i a t i o n  dimensional d a t a  from g r a p h i t e  

components from capsules  HT-14 and -15 were used a s  supplemental  d a t a  

f o r  HT-17 and -18 and inco rpo ra t ed  i n t o  t h e  HTCAP code. 



A significant portion of the heat generated in an HT capsule is 

from gamma heating of the capsule components. Figure 5 describes the 

gamma heating rate12 for graphite in the HFIR target region as a function 

of distance from the horizontal midplane (HMP) of the reactor. This same 

function was used for the gamma heating rate for the aluminum. 

ORNL-DWG75-q5375A 

0 2 4 6 8 4 0 

DISTANCE FROM HFIR HMP (in.) 

Fig. 5. Gamma heating rate for graphite in the HFIR target 
facility as a function of axial distance from the reactor horizontal 
midplane. '10 convert to millimeters multiply by 25.4. 

The design operating temperatures for the outer surface of the 

particle holders in capsules HT-17 through -19 were 900°C for the low- 

temperature magazine and 1250'~ for the high-temperature magazine. 

Operating temperature histories derived from the HTCAP code for each 

Biso Tho2 particle irradiated are shown in Appendix B, Figs. B.l and 

2 .  For each particle type the maximum particle surface temperature, 

graphite annulus temperature (holder temperature), and power generated 

per particle are described as a function of irradiation time. 

The following conclusions can b e  drawn from these data: 

1. Graphite holder operating temperatures were 50 to 100°C higher 

than the design temperature of 900,"C for the low-temperature magazine. 



In the high-temperature magazine the graphite holders operated at 50 to 

150°C higher than the design temperature of 1250°C. The temperature 

increase depended on holder position with respect to the reactor hori- 

zontal midplane. 

2. Maximum particle surface temperatures were 300 to 400°C higher 

than were holder temperatures in the low-temperature magazine. Particle 

type OR-2010-T, with a 1083-~m,diameter, had the highest temperature 

difference. In the high-temperature magazine, the maximum particle 

surface temperatures were 200 to 250°C higher than holder temperatures 

were. Peak particle surface temperatures occurred at the end of the 

sixth cycle (HT-19) in the low-temperature magazine and during the 

fourth cycle (HT-18) in the high-temperature magazine. 

3. Average particle operating temperatures for capsules KT-18 and 

-19 were determined to range from 1250 to 1350°C for the low-temperature 

magazine and from 1550 to 1650'~ in the high-temperature magazine. 

POSTIRRADIATION EXAMINATION 

The .capsules were transferred from HFIR to the High-Radiation 

Examination Laboratory,(HRLEL) for disassembly and examination. The 

graphite magazines appeared free of soot; this was attributed to the 

gettering action of zirconium foil disks between particle holders in 

each magaziine. The graphite holders from HT-17 and the low-temperature 

region of HT-18 were easily removed. However, the magazines in HT-19 

and the high-temperature magazine of HT-18 had to be slit open to 

recover the graphite holders. The holders from the higher temperature 

magazine of HT-18 and -19 were quite fragile and had to be broken to 

recover the particles. The tops of the other holders unscrewed easily. 

The results of the visual examinations, made with the aid of a shielded 

stereomicroscope, are listed in Table 6. Two failure mechanisms were 

identified: failures that resulted from fast-neutron damage to the 

c:c~at:ings and pressure-vessel failures. Examples of these failure 

mechanisms are shown in Fig. 6. Pressure-vessel failure causes the 

coatings to fragment, while fast-neutron damage causes them' to unfold. 

As Table 6 shows, most coating failures occurred at low fluences and 

were fast-neutron induced. 



Table 6. Percent  f a f l u r e s  and f a i l u r e  mechanisms f o r  3 i s c  f e r t i l e  
p a r t i c l e s  i r r adLa ted  i n  HT-17, -18, and - 1 2  

- - - 

HT-17 (2 cyc les )  HT-18 (4  cyc l e s )  HT-19 (6 cyc l e s )  

Batch a a F a i l u r e s ,  % Mechanism a F a i l u r e s ,  T Mechanism F a i l u r e s ,  % Mechanism 

OR-1967-T 0 100 FND 100 100 FND d 9 8 100 FND FND 

OR-1985-T 7 100 PV PV 100 100 FND d 100 100 FND d 

OR-1986-T 76 0 FND 100, 100 FND FND 100 100 FND FND 

OR-19 72-T 0 100 BV 100 100 FND FND 9 2 100 FND d 

. OR-1987-T 0 100 FNlD 100 100 FND F?D 100 100 FND d 

OR- 19 7 8- T 0 10 0 PND 100 N I  FND 100 N I  FND 

0 ~ - 2 0 1 3 - T ~  ?i I N I  N I 0 N I  0 

OR- 19 75- T ?i I N I N I N I N I  9 1 FND 

OR-2010- T9 0 0 0 14 P'? 6 N I  PV 

OR-2012- ST h 0 16 PV 100 100 FND FND 100 100 FND d 

a ~ r e s s u r e  - - Vessel.  

b 
I r r a d i a t e d  i n  - low-temperature magazine. 

C I r r a d i a t e d  i n  h igh - t e lpe ra tu re  magazine. 

d ~ c a t i n g  frasments  and k e r n e l s  e i t h e r  r eac t ed  o r  damage was too  s e ~ e r e  t o  i d e n t i f y  f a i l u r e  
mechanism. 

e ~ c . a t i n g  depos i ted  w i th  a C o g  d i l u c n t .  

'??cat - Inc luded  in test .  

' ~c~mina l  700-pm-diam kz rne l .  

hRadial  d e n s i t y  g r a d i e n t  coa t ing .  



Fig. 6. Two f a i l u r e  mechanisms observed during t h e  p o s t i r r d i s t P o n  
examination of Biso p a r t i c l e s  from capsules HT-17 through -19. 
(a) Pressure-vessel. f a i l u r e s  of OR-1985-T from t h e  low-temperature 
region of WT-17. (b) Fa i lu res  r e s u l t i n g  from fast-neutron damage t o  

. ,,,the coatings of OR-2012-ST from t h e  low-temperature region of BT-18. 
> 

DISCUSSION OF RESULTS 

Although most coating f a i l u r e s  resu l t ed  from fast-neutron damage, 

a s t a t i s t i c a l  ana lys i s  w a s  performed t o  i d e n t i f y  any coating t h a t  might 

have improper thickness, which could lead t o  pressure-vessel f a i l u r e .  

Despite t h e  f a c t  t h a t  the  p a r t i c l e s  w e r e  s ized with a r o l l e r  micrometer 

a f t e r  the  buffer  and s e a l e r  coats  had been appl ied ,  considerable vari- 

a b i l i t y  of t h e  buf fe r  coating thicknesses was observed i n  radiographs 

of t h e  f i n a l  heat-treated coated p a r t i c l e s .  This was su rpr i s ing  i n  

t h a t  t h e  individual  p a r t i c l e  batches were a l l  derived from t h e  same 

seal-coat run (A-242) and buffer  run (A-240) performed i n  a 0.13-m 

coater .  



The d a t a  a r e  presented i n  Table 7. The pe r t inen t  s t a t i s t i c a l  va r i -  

a b l e  is  k, t h e  non-central t var iab le ,  he re  ca lcula ted  aga ins t  a minimum 

acceptable  buf fe r  th ickness  of 52 pm, 80% of the  nominal minimum 65-pm 

b u f f e r  des i red .  An a n a l y s i s  of the  var iances  of t h e  n ine  batches wieh 

presumably i d e n t i c a l  b u f f e r s  yielded a within-batch variance of 6.98 pm 

and a between-batch var iance  of 2.15 pm. This l a t t e r  va lue  is  j u s t  

s i g n i f i c a n t l y  d i f f e r e n t  from zero a t  t h e  95% confidence l eve l .  More- 

over,  n e i t h e r  t h e  batch means nor t h e i r  var iances  form any p a t t e r n  i n  

c o n t r a s t  t o  those of t h e  coat ing condit ions.  The conclusion is  t h a t  

a l l  buf fe r  coat ings  a r e  i n  f a c t  the  same, and t h e  sample s i z e  of 

25 p a r t i c l e s  per batch  was too  small  t o  r e l i a h l y  estimate the  d i s t r i -  

but ion tails. Hence, d i f fe rences  i n  f a i l u r e  of the  i r r a d i a t e d  p a r t i c l e s  

cannot be a t t r i b u t e d  t o  d i f fe rences  i n  buf fe r  coatings. 

The geometrical c h a r a c t e r i s t i c s  of t h e  LTI coatings a r e  given i n  

Table 8. Again, t h e  k va lues  vary considerably a s  ca lcula ted  agains t  

a minimum acceptable th ickness  of 67.5 pm, 90% of the  nominal minimum 

Table 7. S t a t i s t i c a l  analys is  of b u f f e r  coatings on 
p a r t i c l e s  f o r  HT-17 through -19 

Duffer tt'11clu1ess 

Batch Descr ip t ion Degrees of Standard Meal1 k 

(vm) 
devia t  iou 

(urn) 

A-240 Buffer only 
A-242 Buffer p lus  sealer 
A-2/12 Siscd 
OK-1478-I' L'i'l coating rate 0.8 vm/min 
OR-19 8 7-T 1.7 
OR-19 72-T 1.0 
OR-19 86-T 2.1 
OR-19 85-T 2.9 
OR-19 6 7-T 5.2 
OR-2013-T 11.5 
OR-19 75-T 11.8 
OR-2012-ST (3.7) 

Between batches 
Withtn batches 

To ta l  



T a b l e  8. S t a t i s t i c a l  a n a l y s i s  of pyrocarbon 
LTI c o a t i n g s  on p a r t i c l e s  f o r  

HT-17 through 19 

Batch 

LTI t h i c k n e s s  ,a pm 

M e  an  S tandard  
d e v i a t i o n  

-- ~ 

OR- 19 7  8-T 83.9 3 .6  4.556 
OR-1987-T 84.9  4 . 3  4.046 
OR-19 72-T 78.7 4 . 3  2.605 
OR-19 86-T 78.6 3.5 3.171 
OR-1985-T 76.4 3.9 2.282 
OR-1967-T 78.4 3.7 2.946 
OR-2013-T 84.5 3.9 4.359 
OR-19 75-T 83.0 3.5 4.428 
OR-2012-ST 100.4  3.0 10.967 

a 
24 d e g r e e s  of freedom f o r  a l l  a n a l y s e s .  

75-pm c o a t i n g  d e s i r e d .  Values  of k as low as 2.28 p e r m i t  5.1% of t h e  

d i s t r i b u t i o n  t o  l i e  below 67.5 pm a t  t h e  95% l e v e l ,  and even a  k of 

3.17 l e a v e s  o n l y  1 .0% of t h e  d i s t r i b u t i o n  below 67.5 urn. We may s u s p e c t  

t h a t  t h e  mechanism of f a i l u r e  of b a t c h e s  OR-1985 and OR-1967 was p r e s s u r e -  

v e s s e l  and,  indeed ,  f o r  OR-1985 a f t e r  two HFIR c y c l e s ,  i t  was. For  t h o s e  

b a t c h e s  t o  have y i e l d e d  k v a l u e s  of 4.0 would r e q u i r e  s t a n d a r d  d e v i a t i o n s  

below 2 .3  and 2 . 7  pm, r e s p e c t i v e l y ,  w e l l  below any v a l u e  expec ted  from 

t h e  l a b o r a t o r y  c o a t e r s .  

OPTAF'(BAF ) v a l u e s  f o r  t h e  above p a r t i c l e  b a t c h e s  a r e  summarized 
0 

i l l  T a b l e  9. Also p r e s e n t e d  a r e  t h e  c a l c u l a t e d  s u r f a c e  t e m p e r a t u r e s  of 

t h e  p a r t i c l e s ;  t h e  f l u e n c e  a t ' w h i c h  t h e  p a r t i c l e s ,  as v i s u a l l y . e x a m i n e d ,  

were s t i l l  i n t a c t ;  and t h e  f l u e n c e s  a t  which t h e  f a i l u r e s  were observed.  

The e n t r y  z e r o  i n  t h e  i n t a c t  rows s imply i n d i c a t e s  t h e  p a r t i c l e s  f a i l e d  

b e f o r e  r e a c h i n g  t h e  lowes t  f l u e n c e  l e v e l  a t  which t h e y  were examined. 

OPTAF (BAF ) v a l u e s  determined by t h e  v a r i o u s  l a b o r a t o r i e s  a g r e e  
0 

r e a s o n a b l y  w e l l ,  e s p e c i a l l y  i f  one remembers t h a t  no a t t e m p t  was g e n e r a l l y  

made t o  measure t h e  same p a r t i c l e s  o r  l o c a t i o n s  w i t h i n  c o a t i n g s .  The . 

f a i l u r e  of b a t c h e s  w i t h  c o a t i n g  rates of 2 . 1  pm/min o r  l e s s  can be c l e a r l y  

a s c r i b e d  t o  t o o  much a n i s o t r o p y .  



Table  9. Anisotropy an6 f a i . l u r e  d a t a  f o r  p a r t i c l e s  i n  HT-17 through -3 

Low-temperature magazinea High-temperature magazinea 

OPTAT (BAF,) Fluence ,  lo2 '  n/m2 Temperature Fluence,  lo2 '  n/m2 Temperature 
Coat ing of of 

Batch 
r a t e  

ORNL WA OSGAE ,GS P z r t i c l e s  P a r t i c l e  P a r t i c l e s  P a r t i c l e  c o a t i n g  c o z t i n g  
(vm!min) s t i l l  f a i l u r e  ('0 s t i l l  f a i l u r e  ("0 

j n t a c t  observed F n t a c t  observed 

OR- 19 7 8-T 0 . 8  1 . 5 1  1.380 1 . 4 4  2.37 4.74 1275 0 4.73 1525 

OR-1987-T 1 .7  1.148 3.07 6.14 1350 0 4.47 1550 

OR-1972-T 2.0 1.033 3.21 6.4L 1350 0 4.55 1550 

OR-1986-T 2.1 1.138 0 3.42 1300 4.58 9.19 1550 
N 
N 

OR-1985-T 2.9 1.03 1.026 1.065 1300 0 4.67 1575 
0 3.56 

OR-1967-T 5.2 1.02 1.014 1.0$5 3.74 7.49 1375 0 4. 70 1550 

OR-2013-T 11 .5  1.02 1.014 1.028 1 .02  Not t e s t e d  Not t e s t e d  14.2 1575 

OR-19 75-T 11.8 1.02 1.029 1.063 Not t e s t e d  Not t e s t e d  12 .8  1500 

OR-2012-ST 3. 7b 1.078 2.83 5.68 1350 0 4.41 1500 

OR-2010-'I 22.5 1 .013  2.72 8.15 1525 4.26 8.54 1650 

a"O" i n d i c a t e s  f a i l a r e  o c c u r r ~ d  b e f o r e  lowest  f l u e n c e  l e v e l  a: which they  were examined. 

b ~ v e r a g e  c o a t i n g  r a t e  f o r  g r a d i e 3 t  c o a ~ i n g .  



. A more striking correlation of a measured property and irradiation 

performance can be made by comparing the coating RAF values with observed 

failures (Fig. 7). Failures occurred in all particle batches with RAF 

values less than 1.0. One sample of particles from OR-1985-T experienced 

a 7% failure rate at a fluence of 3.6 x, neutrons/m2 but showed 100% 

failure as the design fluence was approached. Two data points appear 

to depart from the pattern shown in Fig. 7; they are results from the 

high- and low-temperature magazines that contained the large-diameter 

Tho2 particles (OR-2010-T) with significantly thicker coating layers 

than the standard Biso particles have. We note that although the 

anisotropy of the OR-2010-T coating was low (BAF = 1.013) and the 
0 

failures were pressure-vessel failures, the RAF value was less than one, 

which indicated that the performance of the coatings was in question. 

Also worthy of note was the outstanding performance of batch OR-2013-T 

The gamma spectrum and gas content of these particles were measured after 

irradiation. , The fission-product inventory for particles from HT-18 

ORNL- DWG 78-9229 

0.4 0.5 0.6 0.7 0.8 0.9 ' 4.0 4.1 1.2 
RELATIVE AMOUNT OF FIBEROUS MATERIAL (RAF) 

Pig. 7. Correlation of coating failures observed ia HT-17, -18, 
and -19 with relative amount of fibrous material in the LTI layers. 



(9.7% FIMA) showed t h a t  24% of t h e  1 3 7 ~ s  was miss ing ,  whi le  t h e  expected 

amount of xenon, krypton ,  and carbon monoxide were p re sen t .  The OR-2013-T 

p a r t i c l e s  from HT-19 (17.2% FIMA) showed a 28% l o s s  of 1 3 7 ~ s  and aga in  

t h e  expected carbon monoxide, krypton,  and xenon con ten t s .  The 1 3 7 ~ s  

l o s s  w a s  t h a t  a n t i c i p a t e d  f o r  s o l i d - s t a t e  d i f f u s i o n .  The containment 

of t h e  i n t e r n a l  gases  i n d i c a t e d  t h a t  t h e  coa t ings  were impermeable. 

Hence, t h e  apparent  success  of t h i s  ba tch  was r e a l  and cannot be 

a t t r i b u t e d  to .  p ressure-vesse l  r e l i e f  from permeable coa t ings ,  

The micropore d i s t r i b u t i o n  up t o  about  10 nm f o r  fou r  of t h e  

c o a t i n g  'batches,  determined by SAXS measurements, is show11 i n  Fig. 8. 

Values of pore  volume a r e  compared t o  t hose  of a  s tandard  p y r o l y t i c  carbon. 

Of i n t e r e s t  a r e  t h e  r e l a t i v e  d i s t r i b u t i o n s  of t h e  pore volumes and t h e  

peakfng exh ib i t ed  by OR-2013-T a t  around. 4.0-nm pore diameter .  This  

c o n t r a s t s  sha rp ly  w i t h  t h e  o t h e r  t h r e e  ba tches  wi th  coa t ing  r a t e s  .of a t  

l e a s t  2.9 pm/min and wi th  BAFs below 1.07. C lea r ly ,  OR-2013-T i s  unique 

ORNL-DWG 75-13655R 
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0 REFERENCE 
OR 2013T 
OR 1975T  

A OR 1967T 
0 OR 1 9 8 5 T  

PORE DIAMETER (nm) 

Fig .  8. A comparison of pore volumes of s e v e r a l  LTI coa t ings  a s  
measured by small-angle x-ray s c a t t e r i n g .  



i n  b o t h  m i c r o s t r u c t u r e  and r e s i s t a n c e  t o  r a d i a t i o n - i n d u c e d  f a i l u r e .  It 

is  a l s o  un ique  i n  t h a t  i t  was f a b r i c a t e d  w i t h  Cog-di lu ted r a t h e r  t h a n  

a rgon-d i lu ted  propylene.  

CONCLUSIONS 

Most c o a t i n g s  used i n  t h i s  series of i r r a d i a t i o n  t e s t s . s h o w  t h a t  

a h i g h  d e p o s i t i o n  rate by i t s e l f  does  n o t  a s s u r e  a s t a b l e  c o a t i n g .  While 

t h e s e  c o a t i n g s ,  produced i n  a 0.025-m (1-in.)  c o a t e r ,  c a n n o t  b e  c o n s i d e r e d  

r e p r e s e n t a t i v e  of c o a t i n g s  d e p o s i t e d  a t  s i m i l a r  r a t e s  i n  l a r g e  c o a t e r s ,  

i t  i s  v e r y  impor tan t  t o  acknowledge t h a t  d e p o s i t i o n  r a t e  a l o n e  is  n o t  a n  

a d e q u a t e  c r i t e r i o n  f o r  s t a b i l i t y .  T h i s  shows t h e  importance of c h a r a c t e r -  

i z i n g  c o a t i n g s  on t h e  b a s i s  of measurab le  p r o p e r t i e s  and of i d e n t i f y i n g  

t h o s e  p r o p e r t i e s  t h a t  d e t e r m i n e  i r r a d i a t i o n  performance.  T h e r e f o r e ,  work 

shou ld  c o n t i n u e  t o  c h a r a c t e r i z e  pyrocarbon c o a t i n g s  t o  improve o u r  under- 

s t a n d i n g  of why some c o a t i n g s  f a i l e d  d e s p i t e  h i g h  d e p o s i t i o n  r a t e s  and 

r e l a t i v e l y  low BAF v a l u e s .  F u t u r e  exper iments  have been planned t o  con- 

s i d e r  p r o c e s s  spec i f i ca t ions ; inc lud ing  hydrocarbon t y p e ,  d i l u e n t ,  and 

c o n c e n t r a t i o n ,  a s  w e l l  a s  c o a t i n g  r a t e .  

The major p o i n t s  shown by t h e s e  exper iments  may b e  summarized a s  

f o l l o w s  : 

1. U s e  of Cog r a t h e r  t h a n  argon d i l u e n t  i n  t h e  c o a t i n g  g a s  r e s u l t e d  

i n  a more s t a b l e  c o a t i n g  i n  t h e  one specimen t e s t e d .  The r e a s o n  

f o r  t h i s  i s ' n o t  y e t  c l e a r ,  

2. Low a n i s o t r o p y  v a l u e s  a l o n e  do n o t  a s s u r e  t h e  stability of dense  

pyrocarbons  under  f a s t - n e u t r o n  i r r a d i a t i o n .  

3 .  The c o a t i n g s  t e s t e d  i n  t h i s  exper iment  may have been t o o  d e n s e  

f o r  optimum i r r a d i a t i o n  s t a b i l i t y .  

4 .  Large d e n s i t y  g r a d i e n t s  must b e  a l s o  c o n s i d e r e d ,  as a b s o l u t e  

d e n s i t y  v a l u e s  and o t h e r  f a c t o r s  a r e ,  i n  judging d e t r i m e n t a l  

e c f e c t s  on performance.  

5. B iso  c o a t i n g s  on dense  t h o r i a  k e r n e l s  a s  l a r g e  a s  680 Mm have 

y e t  t o  perform a d e q u a t e l y .  



6. The process specification, high deposition rate, alone does not 

guarantee the stability of dense pyrocarbon coatings. 

7. Irradiation stability appears to relate strongly to the amount 

of the fibrous component in pyrocarbon, as determined by SAXS. 

8. Further development of product characterization techniques is needed 

to qualify pyrocarbon coatings for irradiation stability. 
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Appendix A 

PRE- AND POSTIRRADIATION DIMENSIONS OF 

GRAPHITE COMPONENTS OF HT-19 
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Table A-1. Dimensional changes for the high- ind low-temperature graphite magazines for HT-19 

Magazine 

Outside diameter (nun) Inside 
diameter Length 

Large Midpoint Small (mm) (mm) 

0° 90" 0" 90' 0" 90" 0" 90" 0° 90" 

Postirradiation 

13.108 U.136 13.012 13.030 12.801 12.829 

12.816 12.829 12.534 12.506 12.141 12.161 

b b b 

13.020 13.088 ,13.002 13.020 12.849 12.857 

a 
Preirradiation dimensions are the same as design dimensions. 

b~imelasions were not measured. 



Table A-2.  Diameter changes f o r  g r a p h i t e  
c r u c i b l e s  i n  HT-19 

Holder Diameter Change a 
(mm> ( p e r c e n t ) .  

a 
Percent  change based on a  p r e i r r a d i a t i o n  

des ign  diameter  of 9.779 mm. - 

b Diameters were n o t  measured. 



Appendix B 

THERMAL ANALYSES OF HFIR IRRADIATION CAPSULES HT-17, -18, AND -19 
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Fig. B.1. Temperature and power h i s t o r i e s  f o r  ORNL Biso-Tho2 p a r t i c l e s  dtlring i r r a d i a t i o n  
i n  t h e  high-temperature magazines from capsu le s  HT-17, -18, and -19. 



ORNL-DWG 75-75'48 

TIME FROM BEGINNING OF IRRRDIRTION (DRYS1 

Batch OR-1978-T, Ho lde r  2 

2010 

1sm 

- 
U 
W 
a 
E' lorn 1.0 

h! 
W 
e F 
I I- 
W n: 
I- a 

Y 
U - 
I- 

500 0.5 e 
% * 
8 

L a 

- .** 5 
x 

f tD e - ** #**, , I' , , I I I 1  - B 0 
0 50 loo 150 200 

III RNNULUS TEMP. 
A PRRTICLE SURFRCE TEMP. 
O POWER PER PRRTICLE 

TIME FROM BEGINNING OF IRRADIATION (OATS) 

Batch OR-1972-T, Ho lder  8 

ORNL-DWG 75-75'49 

III RNNULUS TEMP. 

1500 

- 
U 
W 
a 
E' lom 
2 
w 
la 
r w 
I- 

1500 

- 
u .  
W 
a 
2 lom 
a 
8 
e 
s W 
I- 

500 

TIME FROM BEGINNING OF IRRROIRTION (DRYS1 

Batch OR-2010-T, Ho lder  4 

BnNL-OWG 75-5553 

I3 RNNULUS TCM?. 
Q PFIRTICLE SURFRCE TCW. 
Q POWER PER PARTICLE 

ORNL-DWG 75-7550 

PRRTICLE SURFACE TEMP. 
POWER PER PRRTICLE 

TIME FROM BEGINNING OF IRRADIATION IDAYSI 

Batch OR-2012-ST, Ho lder  5 

ORNL-DUG 75-755U 

III RNNULUS TEMP. 
PRRT I CLE WRFflCE TEMP. 

Q POWER PER PARTICLE 

TIME FROM BEGINNING OF IRRADIRT ION (DRYS) 

Batch OR-1986-T, Ho lder  10 

TIME FROM BEGINNING OF IRRADIATION IDAYSI 

Batch OR-1985-T, Ho lder  11 

ORNL-OWG 75-7551 
2om 

- 
U 
W 
a g lorn 
0 
e 
s W 
I- 

a . - *** 
** - .* 

,**, , " ,  , 
I I I 

A 8 8 . t  0 
0 50 100 150 200 

TIME FROM BEGINNING OF IRRRDIRTION (DRYS1 

Batch OR-1987-T, Holder  7 

TIME FROM BEGINNING OF IRRROIRTION (DAYS1 

Batch OR-1967-T, Holder  13 

L3 HNNllLllS TFMP. 

1m 

!2 
W 
a 
,' lorn, 1.0 

Fig .  B-2. Temperature and power h i s t o r i e s  f o r  ORNL Biso-Tho2 p a r t i c l e s  du r ing  i r r a d i a t i o n  
i n  the low-temperature magazines from capsu le s  HT-17, -18, and -19. i 

a a 
W 
a. 
s W k 

So0 

0 50 100 150 200 

- 

-be 

t 
** 

* , I 

E 
% - 
W 

$ 
I- 

0.5 g 
L 

a 
W L 

8 
B 
e 

- 0  

.**** 
#**- 

,** 

, , I I I  
- 1 1 1 1  1 



ORNL/TM-6414 
D i s t .  Category UC-77 

INTERNAL DISTRIBUTION 

C e n t r a l  Research L ib ra ry  53-62. E.  L. Long, Jr .  
Document Reference Sec t ion  63. A. L. L o t t s  
Laboratory Records Department 64. J. E. Mack 
Laboratory Records, ORNL RC 65. W. R. McCauley 
ORNL P a t e n t  Of f i ce  66. C .  S. Morgan 
Technical  P u b l i c a t i o n s  67. A. R. Olsen 

Department 68. M. F. Osborne 
P. Angel in i  69. R. L. Pearson 
R. L. Bea t ty  70. H. Postma 
B. J. Bol f ing  71-75. J.  M. Robbins 
R. A. Bradley 76. J .  E. S e l l e  
A. J .  Caputo 77. R. L. Senne 
D. A. Costanzo 78. C .  J. Sparks,  Jr. 
R. S. Crouse 79. D.  P. S t i n t o n  
W. P. Ea the r ly  80. V. J. Tennery 
R. J .  Gray 81. S. M. T iegs  
R. E. H e l m s  82. T.  N. Tiegs 
M. R. H i l l  83. D.  R. Vondy 
F. J.  Homan 84. G. W. Weber 
J. A. Horak 85. R. W. B a l l u f f i  ( consu l t an t )  
M. J. Kania 86. P. M. B r i s t e r  ( c o n s u l t a n t )  
P. R. Kasten 87. W. R. Hibbard ( consu l t an t )  
W. J .  Lackey 88. M. J. Nayf ie ld  ( consu l t an t )  
K. H. Lin 89. N. E. Promise1 ( consu l t an t )  
T. B. Lindemer 90. J. 'L. S t r i n g e r  ( consu l t an t )  

EXTERNAL DISTRIBUTION 

91-94. DOE Div i s ion  of Nuclear Power Development, Washington, DC 20545 

D i r e c t o r  
A s s i s t a n t  D i r e c t o r ,  Fue l  Cycle 
Chief ,  Technology Branch 
Ch ie f ,  P r o j e c t s  Branch 

95. DOE Idaho Operat ions O f f i c e ,  P.O. Box 2108, Idaho F a l l s ,  I D  83401 

Barry Smith 

96. San-Development, San Diego Area O f f i c e ,  P.O. Box 81325, San Diego, 
CA 92138 

Senior  Program Coordinator  

97. DOE Oak Ridge Operat ions O f f i c e ,  P.O. Box E, Oak Ridge, TN 37830 

D i r e c t o r ,  Research and Technica l  Support D iv i s ion  



98-274. ~ O E ' T e c h n i c a l  Information Center ,  P.O. Box 62, Oak Ridge, TN 37830 

For d i s t r i b u t i o n  a s  shown i n  TID-4500 D i s t r i b u t i o n  
Category, UC-77 (Gas-Cooled Reactor Technology) 

a US.GOVERNMENT PRINTINGOFFICE: 1977-74&189/274 




