
Effect of Deposition Conditions on the 
Properties of Pyrolytic Silicon Carbide 

Coatings for H igh-Temperature Gas-Cooled 
Reactor Fuel Particles 

D. P. Stinton 
W. J. Lackey 

OAK RIDGE NATIONAL LABORATORY 
OPERATED BY UNION CAKlllUt CURPURAllUN FUR THE ENERGY RESEARCH AN11 DFVFl OPMFNT ADMINISTRATIIIN 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in the United States of America. Available from 
National Technical Information Service 

US. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy Microfiche $3.00 - 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the Energy Research and Development 
Administration/United States Nuclear Regulatoty Commission, nor any of their 
employees, nor any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not infringe privately owned rights. 



ORNL/TM-5743 
Dis tribution 
Category UC-77 

Contract No. W-7405-eng-26 

METALS AND CERAMICS DIVISION 

Thorium Utilization Program (189a OH045) 

Fuel Refabrication - Task 300 

EFFECT OF DEPOSITION CONDITIONS ON THE PROPERTIES OF PYROLYTIC 
SILICON CARBIDE COATINGS FOR HIGH-TEMPERATURE GAS-COOLED 

REACTOR FUEL PARTICLES 

D. P. Stinton and W. J. Lackey 

Date Published : October 1977 

. - 
NOTICE 

sponsored by the United Stalw Government. Neither 
LI United Slatu nor the United Stata Energy 
Rcxnrch and Developmcnt Adminirtntion, nor any of 
their cmployeu, nor any of their mntractors. 

mnanty ,  cxprcu or iniplid. ua auuur,  any I+ 
liability or rcrpohdbilily for the accuracy, completcncu 
or u ~ h l n c n  of any infornntion, appuatw, produn or 
prneur d k l o x d ,  or rcpruentr that its uu would not 

OAK RIDGE NATZONAL LABORATORY 
Oak Rldge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 



T H I S  PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



CONTENTS 

Page 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  INTRODUCTION 1 

. . . . . . . . . . . . . . . . . . . . . . . .  EXPERIMENTAL PLAN 3 

RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  EFFICIENCY 10 

. . . . . . . . . . . . . . . . . . . . . . . . . .  CRUSHING STRENGTH 11 

. . . . . . . . . . . . . . . . . . . . . . . . .  URANIUM MIGRATION 12 

. . . . . . . . . . . . . . . . . . . . . . .  CONDITION OF THE FRIT 13 

. . . . . . . . . . . . .  PERCENT OF PARTICLES LOST DURING COATING 14 

. . . . . . . . . . . . . . . . . .  SILICON CARBIDE MICROSTRUCTURE 14 

. . . . . . . . . . . . . . . . . . . . . . . .  FRACTION DEFECTIVE 20 

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
. . . . . . . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGMENTS 22 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  REFERENCES 23 

iii 



D. P. Stinton and W. J. Lackey 

ABSTRACT 

Si l icon c a r ~ l d e  coatings on HTGR microsphere f u e l  a c t  
as  the  ba r r i e r  t o  contain meta l l i c  f i s s ion  products. S i l i -  
con carbide coatings i n  t h i s  study were applied by the 
decomposition of CH3SiC13 i n  a 13-an-dim (5-in.) fluidized- 
bed coating furnace. The e f f ec t s  of temperature, CH3SiC13 
supply r a t e  and the H2:CH3SiC13 r a t i o  on coating proper t ies  
w e r e  studied. Deposition temperature was found t o  control  
coating density, whole p a r t i c l e  crushing s t rength,  coating 
efficiency, and microstructure. Coating density and 
microstructure were a l so  p a r t i a l l y  determined by the 
H2:CH3SiC13 r a t io .  From t h i s  work, it  appears t ha t  the  
r a t e  a t  which high qual i ty  S ic  can be deposited can be 
increased from 0.2 t o  0.5 p /min .  

INTRODUCTLQB , 

c ' 1  

Fuel microspheres f o r  High-Temperature Gas-Cooled keactors a r e  

coated with layers  of pyrolyt ic  carbon and s i l i c o n  carbide (S IC) .  The 

uranium bearing f i s s i l e  fue l  is  f i r s t  coated with a porous pyrolyt ic  

carbon buffer  layer  tha t  provides void volume fo r  gaseous f i s s i o n  

products and protects  outer coatings from f i s s i o n  fragment reco i l s .  The 

buffer is followed by a s i l i c o n  carbide layer  sandwiched between two 

l ayers  of high density pyrolyt ic  carbon referred t o  a s  the  low temperature 

i so t rop ic  (LTI) layer  (Fig. 1) . A s i l i con  carbide layer  is required as  

a dif fusion bar r ie r  t o  r e t a i n  so l id  f i s s ion  products such a s  cesium, 

strontium, barium, and several  r a r e  ear th  elements. The s i l i c o n  carbide 

layer  a l so  a c t s  as a pressure vessel  f o r  containing the f i s s i o n  product 

gases krypton and xenon. 



LOUTEE 
Sic LTI 

Fig. 1. Fully Caated Particles. 



Sil icon carbide is typical ly  deposited by the decomposition of 

of methyltrichlorosilane (CH3SiC13) i n  a fluidized-bed coating furnace 

using hydrogen as the f luidizing gas. Methyltrichlorosilane (MTS) i s  

most frequently used because it has a 1:l molar r a t i o  of s i l i c o n  t o  

carbon which r e su l t s  i n  the deposition of a dense stoichiometric coating. 

The s i l i con  carbide must be of nearly theore t ica l  density t o  prevent 

the diffusion of so l id  f i s s ion  products through the coating. This work 

was conducted t o  determine the influence t h a t  process var iables  have on 

s i l i c o n  carbide properties such as density, f rac t ion  defective,  crushing 

strength, uranium dispersion from the  kernel i n to  the buffer coating 

layer,  coating efficiency, percent of pa r t i c l e s  l o s t  during processing, 

and the  condition of the porous p l a t e  gas d i s t r ibu tor  a f t e r  coating. It 

was a l so  desired t o  learn i f  high qual i ty  s i l i c o n  carbide could be 

deposited a t  f a s t e r  r a t e s  than previously feasible .  

EXPERIMENTAL PLAN 

An experiment w a s  s t a t i s t i c a l l y  designed (Fig. 2) t o  study the 

e f f ec t s  of temperature, MTS f lux (MTS flow ra te l sur face  a rea  of the  

p a r t i c l e  charge), and H2:MTS r a t i o  on various properties.  The var iables  

investigated (Table 1 )  were determined t o  be the most important i n  

experiments conducted by Gyarmati and Nickel,' ~ e d e r e r , ~  Guldens3 and 

Voice and Lamb.4 These e a r l i e r  s tudies  yielded important information 

about coatings deposited i n  smaller furnaces using a conical gas d i s t r i -  

butor. The present study made use of a l a rger  diameter, 13-cm, engineer- 

ing sca le  coating furnace and a new type of coating gas d i s t r i bu to r  

su i t ab l e  f o r  scale-up t o  commercial s i z e  equipment. 

Coatings i n  t h i s  experiment w e r e  deposited using a furnace t h a t  has 

been described previously. 5 ' 6  It is important t o  note t h a t  temperature 

is measured by an op t i ca l  pyrometer focused on the outside of the  coating 

chamber t ha t  contains the f luidized bed of par t ic les ;  The measured 

temperature is thus somewhat higher than the exact p a r t i c l e  bed tempera- 

t u re  because of the  flow of hydrogen through the p a r t i c l e  bed. 

The gas d i s t r i bu to r  used was a contoured porous carbon p l a t e  cal led a 

f r i t .  Figure 3 shows the f r i t  that is described i n  more daLa.Ll 



MTS FLUX 

H,: MTS RATIO 

(L6744) (A-735) (A-730) EACH "x" REPRESENTS 

I x (A-734) ONE COATING RUN 

Fig. 2. Schematic Representation of the Experimental Design Used 
to Investigate the Effect of Temperature, MTS Flux, and H2:MTS Ratio 
on the SIC Dcposition Proccssl Each "x" represents one coating run. 
The run number is in parenthesis. 

Table 1, Variable Levels for Deposition of 
Silicoa Cart1 de Coatlugs 

Tenrperartrrr 
Levels of IITS Flux HZ /&ITS 

FLg. 2 ("C) (cm3 /minecm2) Rstio 

Minipun 1405 0.018 11 
Cube Face 1475 0.035 25 
Center Point 1575 0.060 45 

' Cube Face 1675 0.085 65 
&xlluw 1785 0.102 79 
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POROUS CARBON 

Fig. 3. Porous P la te  Gas Distributor.  The coating gas passes from 
below the p l a t e  through the thinned regions of the  porous carbon i n t o  
the  pa r t i c l e  bed. The multiple i n l e t s  provide good dispersion of the 
coating gas. 

elsewhere. " @  The method of MTS vapor generation f o r  t h i s  work w a s  

d i f fe ren t  from most other s i l i c o n  carbide coating furnaces. I n  t h i s  

furnace, l iquid mS is  simply dripped in to  a l i n e  heated to  llO°C to  

vaporize the MTS. This l i n e  ca r r i e s  the hydrogen f lu id iz ing  gas and MCTS 

vapor i n to  the furnace. The f lux  and H2:MTS r a t i o  were controlled by 

varying the flow r a t e  of hydrogen and the amount of s i l ane  metered in to  

t h i s  l i ne .  

The substra te  material  onto which the s i l i c o n  carbide was deposited 

was a large l o t  of buffer and LTI coated microspheres of the  weak-acid 

res in  type. This is tllr reference HTCR f i e s i l e  pa r t i c l e .  ''lo ' l 1  The 



important s t a t i s t i c s  of the subs t ra te  l o t  are:  kernel diameter - 0,0359 an; 

coated p a r t i c l e  diameter - 0.0518 cm; and p a r t i c l e  density - 2.063 g/cm3. 

This l o t  was carefu l ly  r i f f l e d  i n t o  batches of about 950 g each. One 

such batch was the subs t ra te  f o r  each coating run, 

RESULTS 

Obtaining a high density coating i s  the most important objective of 

the  s i l i c o n  carbide coating operation. Densities i n  excess of 3.18 g/cm3, 

which corresponds t o  99% of theore t ica l  density, a r e  l i ke ly  reqnired tn 

achieve good i r r ad i a t ion  performance. Coating dens i t ies  a r e  measured by 

immersing s i l i c o n  carbide fragments i n  a l iqu id  gradient density 

column.12 The fragments a r e  prepared by crushing coated pa r t i c l e s  and 

co l lec t ing  la rge  s i l i c o n  carbide fragments. Carbon is removed from the 

s i l i c o n  carbide by low temperature oxidation t o  prevent formation of an 

SiO2 layer ,  and the fragments a r e  then placed i n  the  gradient column. 

Coating dens i t ies  a r e  measured by comparing the s i l i c o n  carbide fragments 

with standards of known density which a r e  a l so  immersed i n  the  l iqu id  

column. About 15  fragments a r e  used from a given coating run. Typically 

the var ia t ion  i n  density from fragment t o  fragment i s  small; the standard 

deviation is  typ ica l ly  0.005 g/cm3 and thus the 95% con£ idence l i m i t  on 

the mean density fo r  15 fragments is '0.003 g/cm3. 

The coating dens i t i e s  ranged from 3.137 to  3.200 g/cm"~able 2) . 
A mult iple  regression analysis  of t h i s  data  showed tha t  density was 

dependent on the H2:MTS r a t i o ,  temperature, and the temperature squared. 

The H2:M'l'S raeio w a s  found to  be s ign i f ican t  a t  the 90% confidence l eve l  

while temperature and temperature squared were s ign i f ican t  a t  the  95% 

confidence level .  The curves i n  Fig. 4 show the general ef fec t  t ha t  

temperature and the  H2:MTS r a t i o  have on the s i l i con  carbide density. 

These curves w e r e  p lo t ted  using the equation predicted by the multiple 

regression analysis  mentioned above. This f igure  shows t h a t  density 

increases .  from about 3.15 g;/cm3 a t  1400°C t o  about 3.195 g/rm3 a t  1625OC.. 

It then decreases t o  about 3.17 g/cm3 by 1 8 0 0 " ~ .  Higher H2:MTS r a t i o s  

produce more dense coatings (Fig. 4).  By increasing the H2:MTS r a t i o  

from 25 t o  45 o r  from 45 t o  65, the ,coa t ing  density increased by about 
I '  . - 

- - ' 3 v', -~<-~,k *#:$ 
- 

,--,,- 



Table 2. Exp~rimental Conditions and Results for Sic Depositfon 

De?osi t  i on  Immersion Fra- t i o n  
Frn r r ion  P a r t i c l e  

Run MTS Gas F lu r  Tempera t u r e  Rate 
Dcnsiry Defective by D e f e c t i v e  by Crushing Uranium Condi t ion  E f f i c i e n c y  Pazi:cfles 

Number (cm3/min.cm2i n2'nTs (OC) (Jm,m:n) (g,cml) Hg I n t r u s i o n  Burn and S t r e n g t h  o i s ~ e r s i a n ~  o f  F r i t b  (%) 
Aqueous Leach ( l b )  ( % )  

A-736 0.085 65 1475 

A-737 0.060 45 1575 

A-738 0.060 79 1575 

A-739 0.085 €5 1675 

A-740 0.060 45 1405 

A-741 0.060 4 5 1785 

A-'7 4 2 0.035 € 5 1475 

A-743 0.102 ~5 1575 

A-744 0.060 I 1  1575 

A-745 0.060 L5 1575 

a Denotes  t h e  l e a s t  dispersion. 

b ~ e n o t e s  t h e  b e s t  c o n d r t i o n  o f  t h e  f r i t .  

C ~ o r t i o n  of ba tch  was no t  weighed. 
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QEPOS ITION TEMPERATURE ("C) 

Fig .  4 .  C o r r e l a t i o n  of Sic Density with Tempera.t~tre and Ha:%fI'S 
Ratio. A d e n s i t y  v a l u e  g r e a t e r  than  3.18 g/cm3 is  d e s i r e d .  

0.005 g/cm3. These r e s u l t s  ag ree  c l o s e l y  wi th  those  from s t u d i e s  con- 

duc ted  wi th  sma l l e r  c o a t e r s  by Gyarmati and ~ l . r k . t ? l ~  and Federer .  2 

The d e p o s i t i o n  r a t e  does no t  a f f e c t  t h e  coa t ing  dens i ty  f o r  the 

equipment and process  cond i t i ons  employed. Coat ings w i t h - d e n s i t i e s  

of  3.195 g/cm%r g r e a t e r  were depos i ted  a t  r a t e s  of 0.07, 0.14, 0.26, 

0.37, and 0.46 pmlmin. An a d d i t i o n a l  coa t ing  run  was r e c e n t l y  made 

a f t e r  t h e  s t a t i s t i c a l l y  designed experiment t o  v e r i f y  t h a t  high d e n s i t y  

c o a t i n g s  could be depos i ted  a t  f a s t  r a t e s  provided s u i t a b l e  process  

cond i t i ons  were used.  For t h i s  e x t r a  run  the  depos i t i on  r a t e  was 

0.48 pm/min and a d e n s i t y  of 3.191 g/cm3 was obta ined .  From these  

r e s u l t s ,  i t  appears  t h a t  h igh  d e n s i t y  coa t ings  can now b e  produced i n  a  

13-cm-diam (5-in.)  c o a t e r  a t  depos i t i on  r a t e s  up t o  about  0.50 vmlmin. 



Previous experience i n  s i m i l a r l y  depos i t i ng  s i l i c o n  carbfde  wi th  

t h i s  furnace  us ing  a  s i n g l e  i n l e t  cone t o  d i s t r i b u t e  t h e  gas r a t h e r  

than  t h e  f r i t  had shown t h a t  unacceptably low d e n s i t y  coa t ings  were 

obta ined  a t  depos i t i on  r a t e s  exceeding 0.15 t o  0.20 pm/min. It appears  

t h a t  use of t h e  f r i t  type  gas d i s t r i b u t o r  is  r e spons ib l e  f o r  t h e  a t t a i n -  

ment of h igh  coa t ing  d e n s i t i e s  a t  h igh  depos i t i on  r a t e s .  Future  work 

w i l l  be  d i r e c t e d  toward inc reas ing  t h e  depos i t i on  r a t e  even f u r t h e r  

wi th  t h e  f r i t  gas d i s t r i b u t o r .  

The average s tandard  d e v i a t i o n  of t h e  coa t ing  d e n s i t y  f o r  t h e s e  

ba tches  w a s  found t o  be q u i t e  low (0.005 g/cm3). S p e c i f i c a t i o n s  f o r  

s i l i c o n  ca rb ide  coated p a r t i c l e s  might r e q u i r e ,  f o r  example, t h a t  

99% of t h e  p a r t i c l e s  have s i l i c o n  ca rb ide  coa t ings  wi th  a  d e n s i t y  g r e a t e r  

than  3.17 g/cm3. A t y p i c a l  ba tch  having a  mean s i l i c o n  ca rb ide  d e n s i t y  

of 3.195 and a  s tandard  d e v i a t i o n  of 0.005 has  99% of t h e  coa t ings  wi th  

a  d e n s i t y  g r e a t e r  than  3.183 (Fig.  5 ) .  With t h i s  low s tandard  d e v i a t i o n ,  

ORNL-DWG 7646744 



t h e  mean can drop t o  3.185 and s t i l l  99% of t h e  coa t ings  w i l l  have 

d e n s i t i e s  above 3.173 g/cm3. 

EFFICIENCY 

A l l  0.f the  s i l i c o n  and carbon p re sen t  i n  t h e  MTS coa t ing  gas does 

n o t  end up a s  S i c  coa t ings  on the  p a r t i c l e s .  Some of t h e  gas l e a v e s  

t h e  fu rnace  e i t h e r  wi thout  decomposing o r  a f t e r  only p a r t i a l  decomposition. 

Also, some of t h e  s o l i d  s i l i c o n  ca rb ide  which is formed d e p o s i t s  on t h e  

f r i t  and furnace  l i n e r .  The term e f f i c i e n c y ,  a s  used h e r e ,  r e f e r s  t o  

t h e  percentage  of S i c  i n  t h e  inpu t  coa t ing  gas which ends up a s  S i c  

c o a t i n g  on t h e  p a r t i c l e s .  The e f f i c i e n c y  observed i n  t h i s  s tudy  ranged 

from about ,  70 t o  86% (Table 2 ) .  The d e p o s i t i o n  temperature has  a. l a r g e  

e f f e c t  on e f f i c i e n c y  (F ig .  6) . An inc rkase  i n  temperature above 1475OC 

Fig .  6 ,  E f f e c t  of Temperature on t h e  Ef f i c i ency  of t h e  S i c  Deposi t ion 
P roces s .  The p l o t t e d  l i n e s  a r e  f o r  cons t an t  f l u x  and H2:MTS r a t i o .  



causes a  decrease  i n  e f f i c i e n c y .  From t h e  run made a t  1405OC i t  appears  

t h a t  e f f i c i e n c y  a l s o  decreases  below 1475OC. An a n a l y s i s  of t h e  d a t a  

showed t h a t  temperature was s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95% confidence 

l e v e l .  The a n a l y s i s  a l s o  showed t h a t  f l u x  and t h e  H2:MTS r a t i o  a f f e c t e d  

e f f i c i e n c y .  Higher f l u x e s  and h ighe r  H2:MTS r a t i o s  produced h ighe r  

coa t ing  e f f i c i e n c i e s  (Fig.  6 ) .  However, t h e  e f f e c t s  of f l u x  and H2:MTS 

r a t i o  were smal le r  than  t h e  temperature e f f e c t .  

The e f f i c i e n c y  of one s i l i c o n  ca rb ide  run  made us ing  t h e  f r i t  i n  

a  24-cm-diam coa te r  w a s  90%. This i n d i c a t e s  t h a t  e f f i c i e n c y  inc reases  

wi th  inc reas ing  c o a t e r  s i z e  which is  c o n s i s t e n t  wi th  work of Gyarmati 

and Nickel wi th  con ica l  gas d i s t r i b u t o r s  s i n c e  they observed a h ighe r  

e f f i c i e n c y  f o r  a  8-cm-diam c o a t e r  than  f o r  a  5-cm-diam one. 

CRUSHING STRENGTH 

Whole p a r t i c l e  c rush ing  s t r e n g t h 1 3  i s  an important  p rope r ty  of 

HTGR f u e l  p a r t i c l e s  because t h e  p a r t i c l e s  must wi ths tand  cons iderable  

s t r e s s e s  generated during pneumatic p a r t i c l e  t r a n s f e r  and f u e l  rod 

f a b r i c a t i o n .  Also, s t rong  s i l i c o n  ca rb ide  is  needed t o  wi ths tand  t h e  

h igh  gas p re s su re  generated w i t h i n  t h e  p a r t i c l e  dur ing  i r r a d i a t i o n .  

Crushing s t r e n g t h s  a r e  measured by p l ac ing  an  i n t a c t  p a r t i c l e  between 

two f l a t  p l a t e s  and determining the  load  r equ i r ed  t o  i n i t i a t e  f r a c t u r e .  

Crushing s t r e n g t h s  have been measured on each ba tch  of p a r t i c l e s  coated 

i n  t h i s  experiment (Table 2) . 
me d a t a  ahowed t h a t  crushing s t r e n g t h  s t r o n g l y  depends on depos i t i on  

temperature.  The maximum crushing  s t r e n g t h  is  produced a t  a  temperature 

nea r  1500°C (Fig.  7 ) .  A m u l t i p l e  r eg re s s ion  a n a l y s i s  of t h e  d a t a  showed 

t h a t  ( temperature)  and temperature were s i g n i f i c a n t  a t  99% con£ idence 

l e v e l .  The decrease i n  s t r e n g t h  wi th  inc reas ing  depos i t i on  temperature 

i s  c o n s i s t e n t  with r e s u l t s  of Bongartz e t  a1.13 and wi th  r e s u l t s  which 

show the crushing s t r e n g t h  of s i l i c o n  ca rb ide  coated p a r t i c l e s  decreases  

on annea l ing  a t  1800°C ( r e f .  1 4 ) .  A s  w i l l  be  d iscussed  l a t e r ,  t h e  h igher  

t h e  temperature t o  which t h e  s i l i c o n  ca rb ide  has  been exposed t h e  l a r g e r  

t h e  g r a i n  s i z e .  Thus, g iven  t h e  usua l  c o r r e l a t i o n  between s t r e n g t h  and 

g r a i n  S ~ Z P ,  i.t i s  n o t  s u r p r i s i n g  t h a t  s t r e n g t h  decreases  wi th  inc reas ing  

exposure temperature.  
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DEPOSITION TEMPERATURE ( O C )  

Fig .  7.  C o r r e l a t i o n  of S i c  Crushing St rength  and Deposi t ion 
Temperature. 

URANIUM MIGRATION 

Under some p roces s ing  cond i t i ons ,  a p o r t i o n  of t he  uranium i n  t h e  

f u e l  k e r n e l  has  been found t o  migrate  i n t o  t h e  b u f f e r  coa t ing  l a y e r .  1 5  

The presence  of uranium i n  t h e  b u f f e r  could conceivably l e a d  t o  poor 

i r r a d i a t i o n  performance although exper ience  i s  t o  t h e  cont ra ry .  However, 

a s ' a  p recau t iona ry  measure uranium migra t ion  should b e  minimized. Uranium 

d i s p e r s i o n  i n t o  t h e  b u f f e r  i s  thought t o  b e  caused by t h e  r e a c t i o n  of 

c h l o r i n e  wi th  UC2 and t o  a l e s s e r  e x t e n t  wi th  U02 p re sen t  i n  t h e  ke rne l .  1 5  

There are two p o s s i b l e  sources  of c h l o r i n e  dur ing  coa t ing  wi th  t h e  13-cm 

fu rnace  be ing  used he re .  One is  back-diffusion of C 2 C 1 4  vapor from a 

scrubber  used t o  remove s o o t  and tars from t h e  c o a t e r  off-gas.  A second 

p o s s i b l e  source  i s  t h e  HCI produced by t h e  decomposition of CH3SiC13 

du r ing  s i l i c o n  ca rb ide  coa t ing .  

Uranium d i s p e r s i o n  i n t o  t h e  b u f f e r  has  been s t u d i e d  i n  r e l a t i o n  t o  

t h r e e  coa t ing  parameters .  For each coa t ing  run ,  approximately 100 p a r t i c l e s  



were examined by x-ray microradiography; ' Uranium d i s p e r s i o n  i n t o  t h e  

b u f f e r  l a y e r  of each p a r t i c l e  was classified according t o  t h e  type  of 

d i s p e r s i o n  p re sen t .  Using t h i s  c l a s s i f i c a t i o n  scheme, each ba t ch  was 

placed i n t o  groups according t o  t h e  s e v e r i t y  of uranium migra t ion .  The 

groups ranged from type  one which showed t h e  l e a s t  d i s p e r s i o n  up t o  type 

f i v e .  Dispersion was found t o  c o r r e l a t e  wi th  tempera ture 'and  t h e  H2:MTS 

r a t i o  (Table 2 ) .  Lower coa t ing  temperatures  (1475OC) provided a s ign i -  

f i c a n t l y  lower amount of d i s p e r s i o n  than  d id  t h e  h ighe r  coa t ing  temperatures  

(1675°C) (Fig.  8 ) .  Higher H2:MT.S r a t i o  decreased t h e  s l o p e  of t h e  l i n e s  

on t h e  d i s p e r s i o n  ve r sus  temperature graph. Probably t h e  H2:MTS e f f e c t  

is i n  r e a l i t y  caused by lower bed temperatures  r e s u l t i n g  from t h e  use 

of high hydrogen flow r a t e s .  The a r b i t r a r y  grading  s c a l e  causes a l a r g e  

amount of s c a t t e r  i n  t h e  d a t a  (Fig.  8 ) .  

CONDITTON OF THE FRIT 

I n  t h i s  s tudy  a new f , r i t  was used f o r  each coa t ing  run ,  The condition 

of t h e  f r i t  a f t e r  use  w a s  examined f o r  each run. A s c a l e  was s e t  up t o  

TEMPERATURE ( O C )  

F ig.  8. In f luence  of Temperature and H2:MT.S Rat io  on t h e  Extent  of 
Uranium Dispersiurl  f rum Lhe Kernel  PnLu L l ~ r  Bulfer CoaLlug . 



grade  t h e  appearance of t h e  f r i t  a f t e r  coa t ing .  The grade was determined 

by comparing t h e  number of p a r t i c l e s  t h a t  s t u c k  t o  t h e  f r i t  and t h e  

l o c a t i o n  of t h e  s t u c k  p a r t i c l e s .  The s c a l e  ranged from one t o  f i v e  wi th  

one r e p r e s e n t i n g  t h e  fewest  p a r t i c l e s  . s tuck  t o  t h e  f r i t  (F ig .  9 ) .  

The parameters  t h a t  a f f e c t e d  t h e  cond i t i on  of t h e  f r i t  were found t o  

b e  MTS f l u x  and tempera ture  (Table 2 ) .  A s t a t i s t i c a l  a n a l y s i s  showed 

t h a t  bo th  tempera ture  and MTS f l u x  were s i g n i f i c a n t  a t  t h e  95% confidence 

l e v e l .  Higher MTS f l u x e s  and lower temperatures  produce f r i t s  i n  t h e  

b e s t  cond i t i on  (F ig .  10). 

PERCENT OF PARTICLES LOST DUlZI??Q COATING 

The percent  of particles l o ~ t  during coa t ing  bccauoc of t h c  adhcrcncc 

of p a r t i c l e s  t o  t h e  c o a t e r  i n t e r i o r  o r  from being blown o u t  of  t h e  fur -  

nace was measured f o r  each coa t ing  run  (Table 2 ) .  There w a s  no c o r r e l a t i o n  

wi th  any of t h e  c o a t i n g  v a r i a b l e s .  There was a l s o  no c o r r e l a t i o n  between 

t h e  t o t a l  gas  f low and t h e  percent  of p a r t i c l e s  l o s t .  The formula used 

t o  c a l c u l a t e  t h e  l o s s  of p a r t i c l e s  is:  

No. P a r t i c l e s l g  a f t e r  coa t ing  x Batch Weight ou t  
7: Losr = 100 - 100 . 

N o .  P a r t i c l e s l g  be fo re  coating x Batch Weight in 

The number of p a r t i c l e s  pe r  gram was determined by c a r e f u l l y  counting t h e  

number of p a r t i c l e s  i n  t h e  sample (-1 g) with  an  automatic  p a r t i c l e  

counter .  l 7  This  sample was then weighed t o  0 . 1  mg accuracy.  Apparently 

t h e  r e s u l t  of inaccuracy  i n  one o r  more of t h e  measurements i s  g r e a t e r  

than  t h e  e f f e c t  of t h e  v a r i a b l e s  because s e v e r a l  va lues  a r e  l e s s  than 

0% (Table 2 ) .  

The m i c r o s t r u c t u r e s  of the.  coa t ing  runs  made i n  t h i s  s tudy  have b e e n .  

examined us ing  s t anda rd  cerimographic techniques.  The e tchant ' '  used t o  

d e l i n e a t e  t h e  g r a i n  s t r u c t u r e  was a  mixture of NaOH and K3Fe(CN)6. 

Sa tu ra t ed  water s o l u t i o n s  of each chemical a r e  mixed i n  equal  volume 

r a t i o s .  The mixture is  then  heated t o  about llO°C and t h e  samples a r e  

e tched  f o r  about  f i v e  minutes .  
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2. FEW PARTICLES 
STUCK TO FRIT. 

. . 

\ ,  ..,::, . . 
. . ..... .......... 
:_ . . . 

3. MANY PARTICLES 
STUCK TO FRIT, BUT NO 
CONSTRICTION OF HOLE. 

1 

. . . . . . . . . . . .  . /  1. VERY FEW PARTICLES 
. . . . .  . '- . 

. ;: ; .; a:,'. 

STUCK TO FRIT. 
... 

4. MANY PARTICLES 
STUCK TO FRIT, CAUSING 
SLl GHT CONSTRICTION 
OF HOLE. 

5. MANY PARTICLES 
STUCK TO FRIT, CAUSING 
LARGE CONSTRICTION 
OF HOLE. 

I 

F2g. 9. ~ r a d i n g  Sca le  f o r  CondTtion of F r i t .  The r e l a t i v e  degree 
of o b s t r u c t i o n  of t h e  b l i n d  h o l e s  of t h e  f r i t  is d iv ided  i n t o  f i v e  
ca t egor i e s .  



ORNL-DWG 76-18562R 
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FLUX = 0.035 

- MTS FLUX = 0.085 

1400 1450 1500 1550 1600 1650 4 7 0 0  1750 

DEPOSITION TEMPERATURE ("C) 
Fig .  iO. C o r r e l a t i o n  of  F r i t  Condition wi th  Deposi t ion Temperature 

and MTS Flux. 

Seve ra l  coa t ing  v a r i a b l e s  had marked e f f e c t s  on t h e  mic ros t ruc tu re  

of t h e  S i c .  The H2:M'l'S r a t i o  had a  d r a s t i c  e f f e c t .  F igure  11 shows 

two m i c r o s t r u c t u r e s  produced wi th  a  low H2:MTS r a t i o ,  25. The h igh ly  

banded f i n e  g r a i n  s t r u c t u r e  i s  t y p i c a l  of low H2:'M'l'S r a t i o s .  Higher 

f l u x e s  caused 'wider  bands and s l i g h t l y  l a r g e r  g r a i n s  [F ig .  l l ( b ) ] .  These 

c o a t i n g s  t y p i c a i i y  have a 16tS defisity of about 3 . 1 8  g/cm7. Several 

t h e ~ r i e s " ~  have been proposed f o r  t h e  o r i g i n  of t hese  bands, b u t  none 

h a s  been g e n e r a l l y  accepted .  Coatings produced wi th  H2:MTS r a t i o s  of 

45 o r  g r e a t e r  do no t  have a s  many of t h e  bands (Fig.  1 2 ) .  

Temperature i s  ano the r  parameter t h a t  had a not icea 'b le  e f f e c t  on 

t h e  mic ros t ruc tu re .  Low temperatures  (1400°C) produced h i g h l y  banded 

s t r u c t u r e s  and t h e  bands were very  convoluted (Fig.  13 ) .  The convoluted 

bands and f i n e  g r a i n  s i z e s  a r e  t y p i c a l  of low temperature d e p o s i t s  

r e g a r d l e s s  of t h e  H2:MTS r a t i o ' .  These coa t ings  have d e n s i t i e s  lower than  

-3.18 g/cm3. Coatings depos i ted  a t  h igher  temperatures  (about  1575°C) 

w i t h  H2:MTS r a t i o s  of 45 show an  in t e rmed ia t e  g r a i n  s i z e  (Fig.  1 2 ) .  These 

c o a t i n g s  show on ly  a  s m a l l  number of bands and have a  h igh  d e n s i t y  of 



Fig. 11. Highly Banded Fine Grain Structure of Coatings Deposited 
Using a Low Value, 25, for the H2:MTS Ratio. (a) Run A-732, Flux = 
0.035 cm3/min-cm2; (b) Run A-734, Flux = 0.085 cm3/minmcm2. The 
deposition temperature was 147S°C for both coatings. 1500~. Reduced 72. 



Fig, 12. Intermediate Grain Size Coatings with Little Banding 
De osited Using a H2:MTS Ratio of 45. (a) Run A-737, Flux = 0.060 5 cm /min=cm2; (b) Run A-743, Flux = 0.102 cm3/min*cm2. The deposition 
temperature was 1475OC for both coatings. 1500~. Reduced 7.5%. 



F i g .  13. Fine Grain Structure with Convoluted Banding Typical of 
Low Temperature Deposits. (a) Run A-740, Flux = 0.060 em3/min*cmz, 

2 
H2:MTS ratio = 45, T = 1405OC; (b) Run A-736, Flux = 0.085 cm3/min*cm , 

C. The actual deposition temperature for A-736 
ause of the high gas flow rate. 1500x. 

-.A. , . - - 2 8 , 8  d . 1- .'-.- - - 
,,;L7. ;--, c?(* a-Lr, c- . , -.. - - '9 - -y, ' t ,  , , - 1 T i  * 'I : - . +  / 



k--* . . .. S i r  3.195 g/cm3. Coatings produced a t  higher temperatures (about 1675OC) 

show much l a rge r  grains. The coatings i n  Fig. 1 4  show la rge  columnar 

grains  and have a high density (3.195 g/cm3). 

The cor re la t ion  of crushing strength and grain s i z e  is important. 

-4s would be expected, small grain s i z e  gives high s t rengths  while very 

l a rge  grains  y ie ld  low strengths.  

FRACTION DEFECTIVE 

A s i l i c o n  carbide p a r t i c l e  coating is  sa id  t o  be defective i f  t h e  

s i l i c o n  carbide layer  i s  cracked or  p a r t i a l l y  or  completely missing. 

The f r ac t ion  of the p a r t i c l e s  tha t  have defective s i l i c o n  carbide layers  

can be measured by two techniques. The f i r s t  and most commonly used 

technique is a burn and acid leach. This method uses a burn o r  oxidation 

t o  remove the outer  carbon coating and a l so  t o  remove the inner carbon 

layers  from those p a r t i c l e s  tha t  have defective s i l i con  carbide layers.  

An acid leach is then used t o  dissolve the kernel. The t o t a l  number of 

cracked pa r t i c l e s  is  subsequently determined by analysis  of the leach 

so lu t ion  f o r  uranium. Use of t h i s  technique indicated tha t  most of the 

coatings had defect ive f rac t ions  of about 5 x lom5 (Table 2). Only one 

batch w a s  found to  have a l a rge  number of defective pa r t i c l e s  by the burn 

and aqueous leach technique. Coatings for  t h i s  batch were deposited a t  

a high temperature (1675OC). There was no correla t ion between the 

defect ive f r ac t ion  a s  determined by the  burn-leach method and any of the  

coating parameters. 

The second method determines the f rac t ion  defect ive by a mercury 

in t rus ion  technique. l g  Par t i c l e s  t ha t  have had the outer carbon layer  

removed a r e  pressurized i n  mercury a t  103 MPa (15,000 ps i )  fo r  1 hr .  

Mercury passes through cracks i n  any defective s i l f cah  carbide coatings 

and sa tu ra t e s  the  outer portion of the inner carbon coatings. The 

p a r t i c l e s  a r e  then x-radiographed, and defective pa r t i c l e s  can be ident i -  

f i e d  by the presence of mercury ins ide  the s i l i con  carbide she l l .  This 

technique showed t h a t  the  average defective f rac t ion  was about 4 x lo4 
(Table 2). Again none of the  coating parameters were correlated with 

f r ac t ion  defective. There was an indication by both techniques t ha t  



Fig. 14. Large Columnar Grains of Coatings Deposited at 1675'~. 
(a) Run A-730, Flux = 0.035 cm3/min*cm2 ; (b) Run A-739, Flux = 
0.085 cm3/min*cm2. The H2 :MTS ratio was 65 for both coatings. 1500x. 
Reduced 4.5%. 



higher temperatures caused higher defective f ract ions .  This e f f ec t  was 

not  s t a t i s t i c a l l y  s ign i f i can t  because the e r r o r  i n  the  measurement 

techniques w a s  qu i t e  large.  

The burn-leach method l i k e l y  y ie lds  values which a r e  s l i gh t ly  too 

low because of t he  poss ib i l i t y  of incomplete oxidation of underlying 

carbon l aye r s  o r  because of incomplete dissolut ion of the  uranium bearing 

mater ia l  from the kernel of defective par t ic les .  To the contrary, the 

mercury in t rus ion  technique is l i ke ly  biased towards high values since 

occasionally in t rus ion  of mercury in to  a soot b a l l  is mistaken for  a 

defect ive f u e l  pa r t i c l e .  Thus, the correct  value fo r  the f rac t ion  of 

defect ive s i l i c o n  carbide layers  is probably within t he  range established 

by values obtained with the two methods. 

Previous workers did  not  report  on the f rac t ion  of the  s i l i con  carbide 

layers  which were defective.  Adequate i r rad ia t ion  performance d i c t a t e s  

t h a t  the  f r ac t ion  defect ive be  l e s s  than about one i n  l o 3  par t ic les .  

Nearly a l l  of the  coating conditions used i n  t h i s  study yielded l e s s  

defect ive p a r t i c l e s  than the  specified value. 

CONCLUSIONS 

The s i l i c o n  carbide coating operation has been studied i n  response 

t o  the  following var iables:  temperature, lvTTS f lux,  and H2:MTS ra t io .  

These coating; var iables  were found t o  have an influence on density, 

crushing strength,  uranium dispersion, coating efficiency, and the condi- 

t i o n  of t he  gas d i s t r ibu tor .  From t h i s  information, it  has been possible 

t o  increase the deposition r a t e  of high qual i ty  SIC from 0.2 ~.lm/min t o  

0.5 p /min .  The bes t  coating conditions w e r e  determined to  be a 

temperature of about 1575OC, an MTS f l ux  of 0.100 cm3/min-cm2 and a 

H2:MTS ratio 01 45 or greater. 
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