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METAL,LOGRAPHY OF PYROLYTIC CARBON COATED 
AND UNCOATED URANIUM CARBIDE SPHERES 

INTRODUCTION 

Uranium carbide i n  a graphite matrix i s  being considered f o r  use a s  

a f u e l  i n  powering nuclear reactors  with an all-ceramic core. There i s  

spec i f ic  i n t e r e s t  a t  t he  present time i n  using coated f u e l  p a r t i c l e s  where 

t he  purpose of t he  coating may be threefold:  (1) t o  promote ease of 

handling, especia l ly  f o r  t he  phrophoric thorium-uranium carbides; (2) t o  

r e t a i n  f i s s i o n  products and therefore  minimize contamination of the  reac tor  

coolant; and (3) t o  provide a react ion b a r r i e r  between t he  carbide and t h e  

matrix mater ia l  during fabr ica t ion  and operation. 

The metallography of arc-cast  uranium carbide has been studied and 

reported by several  laborator ies ;  ' J  however, very l i t t l e  has been pre- 

sented on t he  var ia t ions  of the  microstructure and stoichiometry of 

uranium carbides produced as 0.01-0.02-in. spheres. 

This repor t  describes metallographic t e c h n i q ~ e s  which have been 

developed fo r  examining coated and uncoated uranium carbide pa r t i c l e s ,  

both i n  the  unsupported condition and as-fabr icated i n  graphite matrices. 

The s t r u c t u r a l  and compositional var ia t ions  which can be found i n  various 

batches and within a given batch a re  presented, and t h e  e f f e c t s  of various 

heat  treatments on t he  p a r t i c l e s  and t he  coatings a r e  described. 

TECHNIQUES 

P a r t i c l e  Morphology 

Considerable information can be obtained from a morphological study 

of pa r t i c l e s .  Size, shape, porosity,  and color  depict  uniformity of 

composition and can f o r e t e l l  i t s  working cha rac t e r i s t i c s  i f  it i s  t o  be 

fabr ica ted  i n  a matrix material .  

'M. W. Mallei;, A. F. Gerds, and D. A. Vaughn, Uranium Sesquicarbide, 
AECD-3060 (Jan.  31, 1950) . 

2 ~ .  J. Gray, W. C. Thurber, and C.  K.  H.  DuBose, Preparation and 
Metallography of Arc-Melted Uranium Carbides, ORNL-2446 (Dec . 27, 1957) . 



Two techniques have been developed which permit p a r t i c l e  s tud ies  on 

both a macro- and microscopic scale .  The macroscopic technique, which i s  

an examination a t  25X-or-under magnification, provides a coverage of more 

pa r t i c l e s  with a good comparison of p a r t i c l e  s izes .  This technique uses 

oblique l i gh t i ng  w-fth a. backgound l i g h t  as shown i n  Fig. 1. The micro- 

scopic technique emplays s research metallograph with dark-f ie ld  i l lumi- 

nation,  which i s  e s sen t i a l l y  a 360-deg oblique i l l an ina t i on  ( a s  shown 

i n  Fig. 2) ,  t o  examine and photograph p a r t i c l e s  a t  magnifications up t o  

500X. Surface charac te r i s t i cs  of t he  p a r t i c l e s  are  more ea s i l y  observed 

a t  t h i s  higher magnification. The r e s u l t s  of both techniques w i l l  be 

presected l a t e r .  

Mou3ting and Grinding 

A technique had t o  be developed t o  permit median cross-sect ional  

examinations of both the  uncoated and coated spheres. These examinations 

were necessary f o r  mensuration purposes and t o  observe var ia t ions  i n  t he  

microstructure of the  uranium carbide spheres and t h e  coating material ,  

as well  as any poss ible  react ion products between the  pyrolytic-carbon 

coating and t he  spheres. 

The p a r t i c l e  s i z e s  of t he  uranium carbide spheres examined t o  date 

have ranged from 50 t o  500 (J. i n  diameter. The pyrolytic-carbon coatings 

have been approximately 100-(J. th ick.  

Due t o  f r i a b i l i t y  of the  spheres, a specimen mounting technique must 

be choser, which does not damage t he  spheres. A room-temperature-setting 

epoxy res in3 meets t h i s  requirement and provides good adherence f o r  t he  

spher ical  pa r t i c l e s ;  however, spher ical  shapes a re  extremely d i f f i c u l t  t o  

r e t a i n  i n  a mount i f  they a r e  ground beyond a median plane. Added d i f f i -  

cu l t i e s  a r e  encountered i n  re ta in ing  a coated sphere, f o r  t h e  uranium 

carbide sphere does not f i t  t i g h t l y  i n  i t s  coating of pyrolyt ic  carbon, 

dile possibly t o  differences i n  thermal expansions and shrinkage of these  

3Two epoxy r e s in  products a r e  sa t i s fac tory ,  "Araldite, " manufactured 
by Ciba Products Corp,, Fa i~ lawn,  N. J., and ffHysol-2105, " manufactured by 
Hysol Corp., 322 HoughLon Ave., Olean, N. Y. 
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Fig. 1. Method for Photographing Spheres at Low Magnification by 
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Fig. 2. Method for Photographing Spheres at High Magnification by 
Dark-Field Illumination. 



two materials  during t he  coating process, Therefore, g rea t  care must be 

exercised when grinding and polishing an object  t h a t  i s  e s sen t i a l l y  a 

sphere within a sphere with only a mechanical bond a t  the  in te r face  For 

mensuration purposes, t he  plane of examination must be su f f i c i en t l y  near 

the  median plane t o  el iminate exaggerated thickness of the  coating o r  

f a l s e  diameters of the  spheres by being nea,r t he  top o r  bottom of the  

sphere. 

It was obvious t h a t  t h i s  problem required a mounting technique which 

would pos i t ion  t he  spheres a t  d i f f e r en t  l eve l s  i n  the  specimen mount. Tf 

the re  could be some control  of these  d i f f e r en t  l eve l s  from the  center  t o  

t he  outer  edge of t he  specimen mount, a median plane of some of t he  spheres 

could be obtained i n  t he  preliminary grinding. By having a s l i g h t  concave, 

ra ther  than t he  customary f l a t ,  bottom mount, t h i s  control  i s  achieved. 

To accomplish t h i s ,  a mold i s  made by fusing :me end of a 1.25-in. -diam 

Lucite r ing  with acetone t o  a t h i n  sheet of aceta te .  Warpage of t he  t h i n  

ace ta te  sheet  occurs a s  the  acetone dr ies .  This warping e f f ec t  produces 

an i r regu la r ,  somewhat concave surface a t  the  bottom of t h e  mold. Enough 

spheres a r e  sprinkled i n t o  the  mold t o  cover t he  bottom with one layer ;  

then the  epoxy r e s i n  i s  added. Due t o  t he  higher spec i f ic  gravi ty  of t he  

spheres, they s tay  a t  the  bottom of t h e  mold a f t e r  the  r e s i n  has been 

added. After  the  r e s in  has cured, the  ace ta te  sheet  a t  t he  bottom oP the  

mold i s  s t r ipped of f ,  leaving t he  Lucite r ing  a s  p a r t  of the  mount (see  

Fig,  3 ) .  The spheres can be considered t o  be posit ioned i n  a concentric- 

band fashion and a t  d i f f e r en t  l eve l s  with respect  t o  the  subsequent 

grinding operation. 

The specimen i s  hand ground u n t i l  the  spheres near t h e  outer edge of 

t he  mount have been ground beyond a median plane of the  sphere or, i n  t he  

case of coated spheres, u n t i l  t he  uranium carbide spheres near t he  edge 

have f a l l e n  out of the  pyrolytic-carbon coating. The specimen i s  then 

polished f o r  examination. I n  a center-to-edge t ransverse  of the  specimen, 

an area  can be found where a number of the  spheres can be examined near 

a median plane, 

With l a rge r  spheres, i n  t he  43G500-p range, the  mid-cross sect ion 

may be found before t h e  spheres along t he  outer  edge of the  sample a r e  

completely grcund sway, altk~ough the  carbide p a r t i c l e  may f a l l  out  as the  
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Fig. 3. Specimen Mounting Technique for Spheres. Top half of 
figure is a cross section of the metallographic mount, showing an 
irregular surface on the bottom; lower half of the figure is a mirror 
image sketch showing the cross section after the specimen has been 
polished. 



midpoint of t h e  sphere i s  passed. The grinding operation i s  done on 320-, 

400-, and 600-grit s i l i c o n  carbide papers using a water-free o i l  as t he  

lubr icant .  Since t h e  polishing operation does not appreciably change t he  

plane obtained from the  grinding papers, care must be exercised t o  be at  

t he  midsection of t h e  spheres by t he  time grinding i s  completed. 

For accurate da ta  on the  dimensions of coatings and core materials ,  

several  measurements should be taken on several  spheres. 

Polishing 

Metallographic vibratory polishing4'7 was employed t o  reduce, as  much 

as possible,  t he  rounding over of the  carbide sphere-carbon coat i n t e r f ace .  

Due t o  t h e  tendency f o r  uranium carbide t o  hydrolyze, a completely water- 

f r e e  o i l  w a s  used f o r  the  extended polishing time inherent with vibra.tory 

polishing. A s i l i cone  o i l  has been found t o  be s a t i s f ac to ry  f o r  t h i s  

purpose. J u s t  enough s i l i cone  o i l  i s  mixed with t he  polishing abrasive 

alumina t o  form a paste- l ike  s l u r ry .  For the  12-in. v ibratory polisher,  

10 g of alumina and 100 m l  of o i l  a re  su f f i c i en t .  Graphite has been 

found t o  a s s i s t  the  polishing i n  obtaining a surface su i t ab l e  f o r  micros- 

copy i n  a s ing le  polishing step.  The graphi te  i s  not added as a powder 

t o  t he  polishing compound, but a sect ion of graphite i s  mounted as a 

sample and l e f t  polishing with t he  other samples f o r  about ar, hour. 

4 ~ .  L. Long, Jr., and R. J. Gray, Preparation of Metallographic 
Specimens Through Vibratory Polishing, ORNL-2494 (June 13, 1958). 

5 ~ .  L. Long, Jr., and R. J. Gray, "Better Metallographic Techniques.. . 
Polishing by Vibration, If Metal Prog. 74, 145--48, 1958. - 

6 ~ .  L. Long, Jr., J. T. Meador, and R. J. Gray, "Experience with 
Vibratory Polishing and Design f o r  Hot Cel l  Application,:' pp 79-89 i n  . - -  
~ym~os ium on t he  preparation-of ~ e t a l l o ~ r a ~ h i c -  Specimens, Spec. Tech. Publ. 
No. 285, American Society f o r  Testing Materials, Philadelphia,, Pa., 1960. 

7 ~ .  L. Long, Jr., and R .  J. Gray, "Status of Vibra.tory Polishing a t  
Oak Ridge National Laboratory," presented a t  the  15th  AEC Metallography 
Group Meeting, Savannah River Laboratory, May 17-19, 1961. 

*DOW Corning 702 Diffusion Pump Flu.id. 



The graphi te  sample i s  then removed, leaving t h e  o t h e r  samples t o  remain 

pol ishing.  The samples, from which t h e  following photomicrographs were 

taken, were a l l  polished f o r  6 h r  on a nylon cloth.  using a s l u r r y  of 

graphi te-s i l icone o i l  with alpha alumina (Linde "A") .  

Etching 

The etchant  f o r  .the uranium carbide  spheres c o n s i s t s  of equal  p a r t s  

by volume of  a c e t i c  acid, n i t r i c  acid,  and water. The sample i s  immersed 

1C-15 sec f o r  spheres compgsed pr in .c ipal ly  of uranium monocarbide; however, 

t h e  etching time shou.ld be lengthened t o  approximately 30 sec f o r  spheres 

with a majori ty of uranium dicarbide .  The microstructure of t h e  pyro ly t i c -  

carbon coating i s  revealed s a t i s f a c t o r i l y  i n  t h e  as-polished condit ion with 

polar ized l i g h t ;  therefore ,  an etchant, f o r  t h i s  ma te r i a l  has not been found 

necessary. However, cathodic etching of pyro ly t i c  carbon has been repor tedg 

and i s  a l s o  used f o r  e tch  p i t t i n g  f o r  o r i e n t a t i o n  s tud ies .  

Extrac t ion of Reaction Products 

An ex t rac t ion  technique was developed f o r  t h e  coated uranium carbide 

p a r t i c l e s  which was d i r e c t l y  associa ted  with t h e  l o c a t i o n  of t h e  reac t ion  

p r o d ~ c t s  and t h e  microstructure.  A b e t t e r  desc r ip t ion  i s  contained i n  t h e  

sec t ion  on I d e n t i f i c a t i o n  of Reaction Products. lo 

Microradiography 

Although a median cross-sect ional  examination i s  extremely informative, 

i t  leaves much t o  be  des i red  i n  being ab le  t o  e s t a b l i s h  accura te  measure- 

ments a s  wel l  a s  t h e  geometry of t h e  core and coating. 

One approach t o  t h i s  problem i s  t h e  use of microradiography. Due t o  

t h e  extreme di f ferences  i n  t h e  dens i ty  and corresponding x-ray absorption,  

t h e  core and t h e  coating should be resolved on a radiographic f i lm.  

'&am Tarpinian and G. E. Gozza, Etch P i t s  i n  Pyro ly t i c  Graphite, 
WAL TR 130.5/1 (1960). 

lopage 24 of t h i s  repor t .  



Since high magnifications a r e  important f o r  t h e  subsequent examina- 

t ion ,  only f ine -gra in  emulsions a r e  considered t o  be s u i t a b l e .  I n  addi- 

t ion ,  t h e r e  must be s u f f i c i e n t  con t ras t  t o  d e t e c t  any anomaly, such as a 

reac t ion  product, between t h e  pyrolytic-carbon coating and t h e  core. Al- 

though i n t e r n a l  voids o r  similar flaws would not  be detec ted  i n  t h e  f u e l  

core, considerable i n f o r m a t i ~ n  could be gained from t h e  coating and t h e  

i n t e r f a c e  by t h e  use of low-voltage radiographic techniques. l1 

The Kodak Spectroscopic P l a t e  type 649 GH w a s  considered t o  be most 

s u i t a b l e  i n  meeting t h e  requirements of resolving power, sharpness, and 

g ranu la r i ty .  This p l a t e  has a resolving power t o  white l i g h t  of 

approximately 1000 l i n e s  pe r  mil l imeter .  The developer recommended f o r  

t h i s  p l a t e  i s  D-19. 

I n  a darkroom, a r e t a i n i n g  r i n g  of Lucite i s  posi t ioned on t h e  p l a t e  

an:i t h e  spheres a r e  s c a t t e r e d  one l a y e r  deep over t h e  emulsion wi th in  t h e  

r e t a i n i n g  r ing .  The x-ray exposures a r e  made within t h e  darkroom a t  1 0  kv, 

30 ma f o r  2 114 h r  i n  a helium atmosphere. The p l a t e  and p a r t i c l e s  a r e  

loca ted  45 i n .  from t h e  x-ray t a r g e t .  Af ter  t h e  p l a t e  i s  developed, 

considerable care  must be exerc ised i n  cleaning and drying so any a r t i f a c t  

w i l l  not i n t e r f e r e  with high-magnification examinations and 

photomicrography. 

Although t h e  prel iminary use of t h i s  technique has been sa t i s fac to ry ,  

add i t iona l  development i s  under way i n  t h e  choice of emulsions, exposures, 

and developers t o  ob ta in  the  b e s t  combination f o r  reveal ing t h e  most 

information. 

MICROSCOPIC EXAMINATIONS 

Morphology of Uncoated and Coated Uranium Carbide Spheres 

The genera l  appearance of t h e  uranium carbide spheres shown by 

oblique i l luminat ion ( see  Fig. 1) i s  presented i n  Fig.  4. A t  t h i s  magni- 

f i c a t i o n  (20X), t h e  main i n t e r e s t  i s  t h e  s i z e  v a r i a t i o n .  A s tudy of t h e  

IIR. W. McClung, "Techniques f o r  Low-Voltage Radiography, " presented 
at  t h e  Annual Convention of t h e  Society f o r  Non-Destructive Testing, 
Getroi t ,  Mich., October 20-27, 1961. 



Fig. 4. 
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Uncoated Uranium Carbide Spheres, Oblique Illumination. 



outer  surface  morphology of t h e  pyrolyt ic-coated  spheres requ i res  a higher 

magnification and da rk- f i e ld  i l luminat ion ( see  Fig. 2 ) .  Two morphological 

c h a r a c t e r i s t i c s  of coatings a r e  shown i n  Figs.  5 and 6. The smooth-surface 

coatings were deposited a t  140&1500°C (Fig.  5 )  and t h e  pebble-f inish 

coatings were deposited a t  1600-1700°C (Fig ,  6 ) -  Only deposit ion tempera- 

t u r e s  were ava i l ab le  from t h e  vendor; however, deposi t ion  r a t e s  a r e  a l s o  

known t o  influence t h e  microstructure of t h e  g raph i t e ,12  

Microstructure of Uncoated and Coated Uraniu.m Carbide Spheres 

A r epresen ta t ive  example of t h e  microstructure of t h e  f u e l  spheres 

observed i n  a median cross-sect ional  examination i s  presented i n  Fig.  7. 

Based on previous metallographic work4 on uranium carbides, a majori ty 

of t h e  spheres from severa l  batches were est imated t o  have an average 

r a t i o  of approximately 70$ UC2 and 30% UC. I n  every instance,  a  very 

s m a l l  number of t h e  spheres within t h e  same batch d i d  not  f a l l  wi th in  

t h i s  composition range. Some spheres had a composition of 55% UC2 and 

4% UC; however, o the r s  contained 95% UC;! and 5% UC. Deviations from 

stoichiometry were indicated  by t h e  presence of graphi te  f l a k e s  i n  

varying amounts. Examples of these  v a r i a t i o n s  i n  stoichiometry of the  

carbide spheres and micros t ructura l  v a r i a t i o n s  of t h e  carbon coating w i l l  

be shown l a t e r ,  

The microstructures of pyrolytic-carbon coatings examined t o  da te  

have e i t h e r  of two c h a r a c t e r i s t i c s :  (1) mul t ip le  l a y e r s  of "onion- 

r ing"  type s t r u c t u r e  o r  (2) columnar-grain type. These two types of 

s t r u c t u r e s  have been produced by deposi t ion  temperatures of approximately 

1400-1500°C and 1600-1700°C, respect ively .  A s  s t a t e d  previously, only 

temperature condit ions were known; o ther  i n f l u e n t i a l  conditions, f o r  

example - deposi t ion  ra tes ,  were not ava i l ab le .  Photomicrographs 

represent ing t h e  two micros t ructura l  c h a r a c t e r i s t i c s  a r e  shown i n  

Fig. $a and 8b. Examples of duplex pyrolytic-carbon coating9 of onion- 

r i n g  type with an outer  coating of columnar-grain type microstructures 

1 2 ~ .  C w  Secres t  -- e t  a l , ,  "Carbon Coating Studies  - Coated P a r t i c l e  
Fuel Material, '! Progress Related t o  Civ i l i an  Applications During 
March 1961, BMI-1509 (Del , )  p L-4 (Apri l  1, 1961). 



Fig. 5. Pyrolytic-Carbon Coated Uranium Carbide Spheres, Dark- 
F ie ld  Illumination. Representative of coatings a f t e r  deposit ion from 
a carbonaceous vapor a t  1400-1500°c. 



Fig. 6. Pyrolytic-Carbon Coated Uranium Carbide Spheres, Dark- 
Field Illumination. Representative of coatings after deposition from 
a carbonaceous vapor at 1600-1700"~. 



Fig. 7. Microstmcture of Uncoated Uranium Carbide Spheres. 
Etchant: CH3COOH, HN03, H20 1: 1: 1. 
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Fig. 8. Microstructure of Pyrolytic-Carbon Coated Uranium Carbide 
Spheres. (a) Pyrolytic coating representative of deposition at 140s 
1500°C and (b)  pyrolytic coating representative of depositions at 160G 
1700 OC. The gray constituent in the uranium carbides is graphite flakes. 
As polished. Bright field. 



a r e  shown i n  Fig.  9a and 9b. The duplex coating could be due t o  a change 

i n  flow r a t e  and/or a temperature change of t h e  carbonaceous vapor. 

It was pointed out  previously t h a t  t h e r e  w a s  some v a r i a t i o n  i n  t h e  

microstructure of t h e  uranium carbide  spheres. Variat ions were a l s o  

present  i n  t h e  pyrolytic-carbon coatings,  I n  some batches t h e  microstruc- 

t u r e s  of t h e  coatings were uniform; however, i n  some cases v a r i a t i o n s  were 

obvious within a s ing le  batch. Photomicrographs of these  va r ia t ions  a r e  

shown a s  follows: Fig. 1 0  - noncircular  "onion-ringP' deposi t ion  which 

poss ib ly  could be due t o  nonxniform a g i t a t i o n  of t h e  carbide  spheres i n  

t h e  carbonaceous vapor; Fig. 11 - e f f e c t  of nonspherical carbide  cores  

and "twin cores" (note "twin coress'  i n  Fig. 6) and t h e  subsequent e f f e c t  

on t h e  deposit ion pa t t e rns ;  Fig,  12a and 12b - some of t h e  carbide cores 

wi th in  a s ing le  batch contained an unfden t i f i ed  blue-gray p r e c i p i t a t e ,  

and other  cores contained above average amounts of graphi te  f lakes ;  

Fig.  13a and 13b - var ia t ions  i n  t h e  r a t i o  of UC2 and UC wi th in  a s i n g l e  

batch. 

Dispersion and Fabr ica t ion of Spheres i n  Graphite 

A primary ob jec t ive  of t h i s  s tudy w a s  t o  evaluate t h e  i n t e g r i t y  of 

t h e  coated and uncoated f u e l  a f t e r  d i spe rs ion  and f a b r i c a t i o n  i n  a graph- 

i t e  body. Although reac t ion  between t h e  f u e l  and t h e  g raph i t e  was an t i c -  

ipated,  uncoated uranium carbide spheres were dispersed i n  t h e  g raph i t e  

( s e e  Appendix, item 4) t o  obta in  a comparison f o r  t h e  examination of 

subsequent f a b r i c a t i o n  procedures ( see  Fig.  1 4 ) .  Varying amounts of 

r eac t ion  with t h e  g raph i t e  occurred, probably due t o  a r e a c t i o n  with an 

oxidizing gas which evolved from t h e  binder of t h e  graphi te  during t h e  

f i r i n g  of t h e  p e l l e t .  The reac t ion  was more severe along t h e  ou te r  edge 

of t h e  p e l l e t  than a t  -the cen te r  a s  shown i n  Fig.  15a and 15b, respec- 

t i v e l y .  The reac t ion  product was ex t rac ted  and i d e n t i f i e d  by x-ray 

d i f f r a c t i o n  as  U02. 

Both types of pyrolytic-carbon coated uranium carbide spheres were 

fabr ica ted  i n  graphi te  and examined. The onion-ring .type coated uranium 

carbide was fabr ica ted  i n  p e l l e t s  with t h e  shape of a right; cyl inder  

3/4-in. diam x 1/4 i n .  high. The columnar-grain type coated uranium car-  

b ide  was fabr ica ted  i n  graphi te  spheres approximately 2 i n .  i n  diameter. 



Fig. 9. Duplex-Type Coatings Showing an "onion-  in^" Deposition 
with the  Columnar-Type Structure as the  Outer Coating. ( a )  Bright 
f i e l d  (b) polarized l i gh t .  A s  polished. 



Fig .  10. Noncircular ' 'Onion-~ing" Deposit. As polished.  Bright  f i e l d .  



Fig. 11. Nonspherical Uranium Carbide Cores and "Twin Cores." A s  
polished.  Polar ized l i g h t .  



Fig. 12. Variations i n  the  Amount of,Graphite Flakes and Unidenti- 
f i ed  Blue Phase. Graphite f lakes are dark gray. Unidentified phase i s  
l i g h t  gray (arrow). ( a )  Average amount of graphite f lakes  and above 
average amount of blue-gray phase and (b)  above average amount of 
graphite f lakes  and average amount of blue-gray phase. As polished. 
Bright f i e ld .  



Fig. L3. Variations in the Microstructure of Uranium Carbide 
Spheres. (a) 7% UC~-30% UC and (b) 95$ uc2-5% UC. Etchant : CH3COOH, 
HN03, H20 1:l:l. 



Fig. 14 Uranium Carbide Spheres Fabricated i n  a Graphite P e l l e t .  



Fig. 15. Reaction of Uncoated Uranium Carbide Spheres with Graphite 
After Fabrication and Firing.  ( a )  Near outer surface of p e l l e t  and (b)  
near center  of pe l l e t .  Etchant: CH3COOH, FINO3, H20 1:l:l. 



I n  making metallographic examinations of the  graphite spheres and 

cylinders, it must be emphasized t h a t  d i r e c t  comparisons of t he  s t a b i l i t y  

of t h e  two coating techniques a r e  not va l i d  i n  a post fabr icat ion examina- 

t i o n  a t  t h i s  time because each type w a s  f abr ica ted  i n  d i f f e r en t  graphite 

shapes and by d i f fe ren t  fabr ica tors  ( see  Appendix) and only r e s u l t s  of 

t h e  examination can be reported. 

The onion-ring type coated uranium carbide appeared t o  withstand i t s  

pa r t i cu l a r  fabr ica t ion  treatment, as shown i n  Fig. 16. Since t h e  coating 

maintained i t s  in tegr i ty ,  the re  w a s  no detectable  evidence of any react ion 

with t h e  graphi te  matrix. 

The columnar-grain type coated uranium carbide, which w a s  dispersed 

i n  a 2-in. sphere by =other fabr ica tor  (see Appendix), d id  not withstand 

t he  fabr ica t ion  and/or t h e  f i r i n g  treatment. I f  t h e  pyro ly t ic  carbon 

cracked, complete react ion of the  uranium carbide core occurred, as shown 

i n  Fig. 17, probably with t h e  gas evolved from t h e  graphite and/or binder 

during t h e  f i r i n g .  The react ion product has been i den t i f i ed  by x-ray 

techniques as  UO. 88021 12. It i s  d i f f i c u l t  t o  ascer ta in  what caused t h e  

pyrolyt ic  s h e l l  t o  rupture. It i s  qu i te  poss ible  t h a t  t h e  s h e l l  may have 

been weakened by some f rac tur ing  during t he  blending with t h e  graphite.  

Apparently the  basa l  plane of t he  pyrolyt ic  carbon f rac tures  readily,  as 

evident by t h e  i n t e rna l  f rac tures  which p a r a l l e l  t h e  outer  surface, as 

shown i n  Fig. 18. 

Iden t i f i ca t ion  of Reaction Products 

Detailed iden t i f i ca t ions  of t he  react ion products a r e  of prime impor- 

tance s ince  t he  spheres w i l l  be t e s t e d  i n  a reactor  and t h e  o r ig in  of 

these  products must be es tabl ished p r i o r  t o  pos t i r rad ia t ion  examination. 

The form of the  react ion products has var ied frbm a minute 0.0005-in. 

l ayer  a t  t he  in te r face  of t h e  uranium carbide sphere and i t s  coating of 

pyrolyt ic  carbon t o  a complete react ion of an e n t i r e  carbide sphere i n  t h e  

graphite matrix. An u l t rason ic  ch i s e l  technique13 was  attempted bu t  was 

1 3 ~ .  L,  Kehl, H. Steinmetz, and W. J. McGonnagle, Metallurgia - 55(329), - 
151, 1957. 



Fig. 16. "onion-~ing" Type Pyrolytic-Carbon Coating on Uranium 
Carbide After Fabrication in Graphite. Etchant: CH3COOH, HNO,, H20 
1:l:l. 



Fig. 17. Columnar-Type Pyrolytic-Carbon Coating on Uranium Carbide 
After Fabrication in Graphite. Arrows indicate sound sphere and sphere 
which shows rupturing of the pyrolytic-carbon shell and subsequent com- 
plete reaction of the fuel core. As polished. 



Fig .  18. Cracked-Open Pyrolytic-Carbon S h e l l  i n  a Graphite  Matrix. 
Note cracks along t h e  b a s a l  p lane  of t h e  p y r o l y t i c  carbon. As pol i shed .  
Po la r i zed  l i g h t .  



not sa t i s fac tory .  This technique u t i l i z e s  a miniature u l t rason ic  jack- 

hammer with a small ch i s e l  point  t h a t  i s  posit ioned on t h e  a r ea  i n  

question by means of a microscope t o  produce microscopic fragments f o r  

x-ray iden t i f i ca t ion .  me heat  generated by the  f r i c t i o n  between t h e  

ch i s e l  point  and the  specimen a l t e r ed  t he  composi3im of t he  fragments and 

another extract ion technique was necessary, 

If there  w a s  an abundance of react ion product, as w a s  t h e  usual  case 

f o r  uncoated uranium carbide a f t e r  t he  fabr ica t ion  i n  graphite,  t h e  product 

i n  question could be removed with a needle-point knife.  The blade w a s  

manually maneuvered t o  dislodge minute volumes of t he  reac t ion  product 

while t he  specimen was viewed a t  a magnification of lOOX with a micro- 

scopic objective,  having a working dis tance of 14 mm. The loosened 

react ion product was picked up on a g lass  f i b e r  previously dipped i n  

vistanex14 and the  sample w a s  ready f o r  x-ray d i f f r ac t i on  study. 

To expose t h e  layers  found between t he  uranium carbide sphere and t he  

pyrolytic-carbon coating f o r  x-ray study, t h i s  hand technique was a l t e r e d  

by pushing on one edge of the  polished cross-section surface of t h e  car-  

bide sphere with t he  needle point  u n t i l  the  sphere turned i n  i t s  socket 

of pyrolyt ic  carbon, a s  shown i n  Fig. 19. The layer  w a s  then picked of f  

the  s ide  of t he  sphere with the  glass  f i b e r  p rev io l~s ly  dipped i n  Vistanex. 

Examination. of the  f i . r s t  coated p a r t i c l e s  representa t ive  of t he  

onion-ring and columnar-grain type coatings revealed a very minute uniden- 

t i f i e d  l ayer  at  t he  in te r face  of t he  carbide sphere and t h e  pyro ly t ic  

coating. As  o ther  samples were received and examiced, it became increas- 

ingly  evident t h a t  t h i s  l ayer  w a s  not l imi ted  t o  t he  f i r s t  samples. 

Extraction and i den t i f i c a t i on  of thds mater ia l  were attempted repeatedly 

with confusing x-ray r e su l t s .  A reqiiest was made t o  .the vendor f o r  a 

sample of uncoated uranium carbide spheres. Met,z,llographic examination 

of these  uncoated spheres showed t h a t  the re  was a m i n ~ t e  coating on a l l  

spheres before they were coated with pyro ly t ic  carbon. X-ray s tudies  of 

t h i s  mater ia l  i den t i f i ed  it as graphite.  Returning t o  t he  x-ray pa t te rns  

produced from the  mater ia l  previou.sly extracted from between t h e  carbide 

14vistanex Adhesive, manufactured by Enjay Company, Inc., 15 W. 51st 
S t ree t ,  New York, New York, 



Fig. 19. Extract ion Procedure. Method of obtaining a sample of 
the  layor found a t  t he  in te r face  of t he  UC-UC2 sphere and the  pyrolyt ic-  
carbon coating. ( a )  The UC-UC2 sphere, a f t e r  pol ishing down t o  i t s  mid- 
cross section,  i s  pushed on with a needle-point blade u n t i l  it tu rns  i n  
i t s  socket of pyrolyt ic  carbon. The react ion layers  a r e  then picked up 
on a g lass  f i b e r  o f f  the  s ide  of the  sphere f o r  x-ray d i f f rac t ion .  
Sketch (b )  shows hemisphere turned i n  i t s  socket of pyrolyt ic  carbon. 



sphere and i t s  pyrolytic-carbon coating, a b e t t e r  i n t e rp re t a t i on  was 

resolved. This mater ia l  was composed primarily of graphite and a t r a c e  

of U02. The graphite, being vulnerable t o  gaseous pickup, could have 

provided a source of oxygen which reacted with t he  uranium carbide during 

t h e  heat treatment required f o r  applying t h e  pyrolytic-carbon coating, 

thus producing a s l i g h t  amount of U02 (see  Fig. 20). 

Microradiography of Coated Spheres 

Additional information on the  r e l a t i v e  morphology of t h e  core and 

pyrolyt ic  coatings of d i f f e r en t  spheres can be obtained from a micro- 

radiograph. The o r ig ina l  exposure ( 1 ~ )  i s  shown i n  t he  i n s e t  of Fig. 21. 

I n  order t o  obta in  the  desired magnification,transmitted l i g h t  photomicro- 

graphs can be made of the  o r ig ina l  exposure, a s  shown i n  Fig. 21 a t  75X 

and i n  Fig. 22 a t  300X. For these pa r t i cu l a r  microradiographs, mixed 

s izes  of spheres were chosen t o  evaluate the  f e a s i b i l i t y  of microradiog- 

raphy. Due t o  the  great  differences i n  diameter, many of t he  small 

spheres l i e  under the  l a rge r  spheres; however, the re  i s  su f f i c i en t  con- 

t r a s t  t o  resolve the  individual  spheres and coatings. The i n t e r f ace  of 

the  core and coating i s  r e l a t i ve ly  smooth i n  some of t he  spheres; however, 

o ther  spheres exh ib i t  a very i r r egu l a r  in te r face .  This i r r e g u l a r i t y  

could be due t o  varying amounts of graphite and/or reaction between t h e  

core and coating, as  shown i n  Fig. 20. 

Low-voltage microradiography appears t o  be very promising f o r  the  

measurement of core diameters, coating thicknesses, and f o r  evaluating 

t h e  cores and the  i n t eg r i t y  of t he  coatings. 

Heat Treatment of Coated Spheres 

On prolonged heat treatment of t he  as-fabricated spheres, considerable 

react ion a t  t he  carbide sphere-carbon coat in te r face  takes place. Figure 23 

shows spheres t h a t  were thermal cycled th ree  times from 200 t o  2170°C f o r  

a t o t a l  of 3 hr. This in terface-react ion product was extracted by t he  hand 

technique i n  t he  same manner described e a r l i e r  and was i den t i f i ed  by x-ray 

s tudies  a s  U02. It appears t h a t  t h i s  product may be a continuation of t he  

U02-graphite in te r face  reaction described i n  t h e  previous sect ion.  Another 

avenue of thought i s  +,hat t he  U02 could be t he  r e s u l t  of a react ion of UC2 
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Fig. 20. Layer on UC-UC2 Sphere Before and After  It Was Coated 
with Pyrolytic Carbon. This l ayer  on t he  uncoated UC-UC2 sphere has 
been shown by x r ay  t o  be graphite.  This same layer ,  a f t e r  the  
pyrolytic-carbon coating has been added, has been i den t i f i ed  as  
graphite and a t r a ce  of U02. 



Fig. 21. Microradiographs of Pyrolytic-Carbon Coated Uranium 
Carbide Spheres. Mixed sizes are shown. The inset shows the original 
exposure (1~). Arrows indicate overlap of a larger sphere with a 
smaller sphere. X-ray exposure was 10 kv, 30 ma for 2 114 hr. 75X. 



Fig. 22. Microradiographs of Pyrolytic-Carbon Coated Uranium 
Carbide Spheres. Same as Fig. 21 at higher magnification. Note the 
irregular interface indicating varying amounts of graphite and/or 
reaction between the core and coating, as shown in Fig. 20. 



Fig. 23. "Onion-~ing" Coated Uranium Carbide Spheres After  Heat 
Treatment. Reaction product at t he  i n t e r f ace  of the  UC-UC2 sphere and 
pyrolytic-carbon coating i s  U02. As polished. Bright f i e l d .  



with the  atmosphere as  follows: Fine UC2 powder pa r t i c l e s  a t  the  i n t e r -  

face could have reacted with the  atmosphere a f t e r  the  polished cross 

sect ion had been prepared and exposed t o  room a i r  t o  forn, U02. However, 

the authors have not, t o  date,  observed the oxidation of u r an im carbide, 

even i n  powder form, with the atmosphere t o  form U02 at room tempera- 

tu re  . l5 Oxidation of uranium carbides, however, has been o'bserved a t  

higher temperatures. 

Coated Spheres Pr ior  t o  I r r ad i a t i on  

I r rad ia t ion  t e s t s  of pyrolytic-carbon coated UC-UC2 spheres a re  

now under way i n  the Low-Intensity Test Reactor a t  the  Oak Ridge National 

Laboratory. Pr io r  t o  inser t ion  i n  the  reactdr ,  these spheres were sub- 

jected t o  three  thermal cycles between 200 and 1370°C t o  t e s t  the  integ-  

r i t y  of the  pyrolytic-carbon coating, since the  l a t t e r  temperature would 

be the  maximum temperature t h a t  would be a t ta ined  i n  the i r r ad i a t i on  

capsule. For control  purposes, random spheres were examined and no 

adverse e f f ec t s  from t h i s  cycl ic  heat  treatment could be seen metallo- 

graphically, a s  shown i n  Fig. 24. There was a noticeable difference i n  

the appearance of the  pyroiytic-carbon coating on these spheres which 

was i n  no way re la ted  t o  the  cycl ic  heat  treatment, but indicated some 

procedure a l t e r a t i ons  during the  origin61 deposif'lon. Informattion from 

the vendor indicated t ha t ,  a f t e r  the f i r s t  deposit ion period, the  coating 

thickness was checked and found noz t o  be th ick  enough, A rerun was 

s ta r ted ,  stepping up the temperature and flow r a t e  of the hydrocarbon 

gas. This change i n  deposition temperature and flow r a t e  resul ted i n  

two d i f f e r en t  types of s t ruc ture  i n  the pyrolytic-carbon coating. This 

e f f ec t  was a l so  evident i n  Fig. 10. 



Fig. 24. Condition of Coated Fuel P a r t i c l e s  After  Thermal Cycl: 
These p a r t i c l e s  were subjected t o  a short-time thermal cycle between 
and 1370°C. No adverse e f f e c t s  from t h i s  heat  t reatment could be set 
metal lographical ly.  Note t h e  two d i f f e r e n t  types of s t r u c t u r e  i n  thc 
pyrolytic-carbon coating, due t o  d i f f e r e n t  temperatures and/or flow : 
of deposit ion.  Polarized l i g h t .  Etchant: CH3COOH, HN03, H20 1:l:l 

ing . 
200 

r a t e  



After i r r ad i a t i on  t o  a burnup of 10 a t .  $ of the  u ~ ~ ~ ,  t he  spheres 

w i l l  be removed from the  reactor  and ho t -ce l l  metallography w i l l  be per- 

formed. Comparisons w i l l  be made with the  control  spheres t o  determine 

i r r ad i a t i on  e f fec t s .  

The authors wish t o  thank: 0. B. Cavin of t he  ORNL Metallurgy 

Division X-Ray Laboratory f o r  the  many hours spent i n  studying these non- 

metals; J. M. Kerr, formerly of the  Metallurgy Division Ceramics Group 

f o r  h i s  splendid cooperation i n  supplying as-received spheres and heat  

treatments thereof;  E. S. Bomar, Metallurgy Division Ceramics Gro~p;  

R. W. McClung and W. J. Mason, Metallurgy Division Nondestructive Testing 

Group f o r  t h e i r  suggestions and ass is tance i n  microradiography; and 

personnel i n  the  Metallurgy Division Reports Office f o r  t h e i r  assistance.  



APPENDIX 

Manufacturer and/or Fabr ica to r  and 
Mater ia l  F igure ( s )  Available Fabr ica t ion Information 

1. Uranium Carbide 4 and 7 
Spheres 

Vendor A 

2.. Natural Graphite 14, 15, and 16 Vendor B 

3 .  Binder 14, 15, and 16 Vendor C 

4. Fabr ica t ion of 1 4  ad 15  Fabr ica ted  by Ceramics Group of 
Uranium Carbide Metallurgy and Ceramics Division, 
Spheres i n  a ORNL. The graphite,  binder,  and 
Graphite P e l l e t  f u e l  were dry mixed i n  a V-blendor, 
314-in. diam cold pressed i n  a 314-in. d i e  a t  
x 114-in. high 45 t s i ,  f i r e d  a t  a r a t e  of  20°c/hr 

t o  1000°C i n  argon, and cooled a t  
a r a t e  of 33 1 / 3 " ~ / h r  t o  room 
temperature 

5 ,  Pyrolytic-Carbon 5, 8a, 10, Vendor A 
Coating "Onion- 16, and 23 Deposited a t  1400-1500°C 
Ring" type 

6.  Fabr ica t ion of 16 
"Onion-Ring" 
Coated Spheres i n  
Graphite P e l l e t  

Same procedure a s  item 4 

7. Pyrolytic-Carbon 6, 8b, 11, 12, Vendor D 
Coating "Columnar- 13, 18, and 24 Deposited a t  1600-1700°C 
~ r a i . n "  Type 

8. Fabr ica t ion of  1 7  and 18 Vendor E 
"Columnar- rain" Fabr ica ted  as  a f u e l  cored g raph i te  
Type Coated Spheres sphere, f i r e d  a t  approximately 
i n  a 2-in.-diam 1000" C 
Graphite Sphere 

9. Duplex-Type Pyrolytic-  9 
Carbon Coating and 
Sphere 

Vendor F 
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