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USE OF MICRORADIOGWHY COMBIYED WITH METALIx)GWHY 

. 

FOR EXUUATION OF COATED PARTICLE3 

R. W. McClung, E. S. Bomar, and R. J. G r a y  

ABSTRACT 

The proposed use of nuclear f u e l s  coated with pyrolyt ic  
carbon has made it necessary t o  devise techniques f o r  evaluating 
them. 
spherical  p a r t i c l e  configuration, have proved qui te  useful  
f o r  observing the  s t ruc ture  of both the cladding and the core. 
For nmdestruct ive examination, spec ia l  low-voltage radio- 
graphic techniques have been developed. By employing 
extremely f i n e  grained photographic emulsions, op t i ca l  magni- 
f i c a t i o n  can be used t o  make very accurate measurements of 
the  cme diameter and coating thickness,and, i n  addition, the  
core and coating i n t e g r i t y  can be evaluated. The combination 
of the  methods permits the use of t he  bes t  feature of each 
toward the  evaluation of coated pa r t i c l e s .  

Metallographic techniques, modified t o  accommodate the 

INTRODUCTION 

Two standard metal lurgical  t oo l s  - metallography and radiography - 
have been modified t o  solve an unusual evaluation problem re la ted  t o  an 

all-ceramic nuclear f u e l  element. However, these techniques are  not 

l imited t o  nuclear technology. 

The all-ceramic fuel-element conceptL3 f o r  which these techniques 

were developed w a s  t h a t  of small spheroids of uranium and thorium carbide 

dispersed through a graphite matrix. The spheroids, which are about 

0.010 in .  i n  diameter, had t o  be coated with pyrolyt ic  carbon t o  prevent 

the f i s s i o n  products produced during reactor  operation from escaping in to  

the  coolant. In  order t o  determine the  acceptab i l i ty  of a given batch of 

coated f u e l  pa r t i c l e s ,  they had t o  be exsmined f o r  s t r u c t u r d  character- 

i s t i c s ,  cabon-coating thickness, fue l -par t ic le  shape, and the presence 

T 
1 

'"Improved Fuel Elements , If Metal Progr . - 79 (4 )  , 93 (1961) (excerpts 
from address by F. K. Pittman). 

2"Coated-Particle Fuels - Promise and Problems, Nucleonics - 19( 3 ) ,  
96-98 (1961) (data  supplied by R. W. Dayton of B M I ) .  

3J. H. Oxley - e t  -*I a1 "Microminiaturized Fuel Elements," Ind. Eng. 
Chem., Prod. Res .  kve lop .  &(2), 102-07 (1962). 
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of uranium diffusion i n  the  carbon coating. These quali ty-control require- 

ments were ne t  by use of a modified metallographic technique and a novel 

adaptation of t he  radiographic technique through the  use of spec ia l  

photographic film and low-voltage x-ray energy. 

Modified Metallographic Procedure 

The use of metallography f o r  microstructural  evaluation was 

developed during the  study of uranium carbide as a f u e l  material; the  

preparation and examination of samples f o r  determination of composition, 

density,  and homogeneity are  somewhat routine.  9 With the  introduction 

of the carbon coating and because of the  s m a l l  s i ze  of t he  f u e l  p a r t i c l e  

i n  the  present samples, t h i s  technique had t o  be modified. 

the  m o d i f i c a t i ~ n ~ , ~  consis ts  of using an epoxy resin8 which provides good 

adherence for t h e  spherical  p a r t i c l e s  and mounting the  p a r t i c l e s  so t h a t  

they are  a t  d i f f e ren t  l eve l s  i n  the  spec ia l  mountings. 

permits a median plane t o  be examined microscopically t o  show the  columnar 

coating displayed i n  Fig. 1 or the  laminar coating displayed i n  Fig. 2 
and the  minute d e t a i l s  of the cores. 

Basically,  

This modification 

The metallographic examination, while necessary and informative, i s  

l imited i n  the accuracy of core measurements i n  r e l a t ion  t o  overa l l  

p a r t i c l e  s ize ,  coating thickness, and detect ion of core fragments or 
f u e l  diffusion i n  the coating. It a l so  has the  disadvantage of requir-  

ing destruct ion of the  p a r t i c l e  during preparation of the  sample f o r  
examination. Therefore, it was decided t o  invest igate  the  use of radiog- 

raphy, extended t o  microscopic application, i n  combination with metallog- 

raphy t o  overcDme the  def ic iencies  of t he  l a t te r .  

‘M. W. Mallet, A. F. Gerds, and D. A. Vaughn, Uranium Sesquicarbide, 
AECD-3060 (Jan. 30, 1950). 

5R. J. Gray, W. C. Thurber, and C .  K. H. DuBose, 
Metallography of Arc-Melted U r a n i u m  Carbides, 

k. K. H. DuBose and R. J. Gray, Metallography of Pyrolyt ic  ,Carbon 
Coated and Uncoated Uranium Carbide Spheres, ORNL TM-91 (March 21, 1962). 

7C. K. H. DuBose and R. J. Grw, Metallographic Examination of Pyro- 
l y t i c  Carbon and Uncoated Uranium Carbide Pa r t i c l e s ,  ORNL TM-521 
(June 25, 1963) 

8Araldite, Ciba Products Corporation, Fairlawn, New Jersey. 
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Fig. 1. Metallographically Prepared Median Plane View of Columnar 
Coating on Uranium Carbide. Polarized-light.  U r a n i u m  carbide etchant:  
equal par t s  HNO3, CH3C03H, H23. 
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Fig. 2. Metallographically Prepared Median Plane V i e w  of Laminar 
Coating on Uranium Carbide. Bright-field.  U r a n i u m  carbide etchant:  
equal pa r t s  HNO3, CH3COOH, H20. 
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Radiographic Procsdure 

a 

The appl icat ion of radiography t o  the  evaluation of very s m a l l  coated 

pa r t i c l e s  required extensive modification t o  conventional techniques. A s  

i s  wel l  known, the  radiographic method consis ts  of transmitt ing a beam of 

x or gamma rad ia t ion  through a tes t  specimen and recording the  transmitted 

radiat ion in t ens i ty  on a mzdium such as film. 

mission propert ies  of the  specimen w i l l  cause associated var ia t ions on 

the recording medium. 

t i o n  of the  specimen must vary enough f o r  an in te rpre tab le  contrast  of 

density t o  be achieved on the f i l m  or other  detector .  

properties are a function of the  absorption coef f ic ien t  (which i s  energy 

dependent) and the specimen thickness. The very small dimensions of the 

coated pa r t i c l e s  and the  low-absorption coef f ic ien t  of the pyrolyt ic  

carbon coating made it necessary t o  use low-energy (low-kilovoltage) 

i r rad ia t ion .  

Variations i n  the  trans- 

For radiography t o  be useful,  the  rad ia t ion  absorp- 

The transmission 

E guipme n t  

The equipment used i n  the  program consisted of commercial radio- 

graphic instrumentation modified t o  provide b e t t e r  control  over x-ray 

energy and exposure time. 

developed for the  evaluation of beryllium tubingg and other t h i n  sections'' 

The low-kilovoltage techniques previously 

of beryllium, aluminum, 

ult imate i n  s e n s i t i v i t y  

removing a l l  extraneous 

or uneven f i l t r a t i o n  of 
the  detector  f i l m .  The 

and s t e e l  had t o  be modified i n  order f o r  the 

t o  be achieved. The necessary s teps  included 

material  t h a t  could cause absorption, scat ter ing,  

t he  s o f t  x-ray beam between the x-ray t a rge t  and 

removal of the  radi a t  ion-abs orbi  ng material w a s  

effected by use of an x-ray tube head containing a beryllium window only 

0.008 in .  th ick  and a helium-atmosphere chamber between the  x-ray head 

and the  specimen, s ince even a i r  i s  an e f fec t ive  at tenuator  f o r  the x rays 

a t  the energy level required. The helium w a s  re ta ined i n  the  chamber by 

'R. W. McClung, "Development of Nondestructive Testing Techniques 
f o r  Thin-Wall Bery l l ium Tubing, pp 480-96 i n  Internat ional  Conference 
on the Metallurgy of Beryllium, bndon, 1961, goceedings,  Chapman & H a l l ,  
London, 1963 ( I n s t i t u t e  of Metals Monograph and Report Ser ies  No. 28). 

lo R. W. McClung, "Techniques f o r  Low-Voltage Radiography, Non- 
destruct ive .Testing - 20(4),  248-53 (1962). 
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t h i n  (0.0005 i n . )  polyethylene diaphragms, which had no measurable e f f e c t  

on the  x-rw transmission. 

ment f o r  coated-particle microradiography. A n  addi t ional  means of 

reducing unnecessary absorption w a s  the  subs t i tu t ion  of bare f i lm or 

p la t e s  f o r  the  casse t te  or film holder,which would have attenuated and 

changed the character  of the radiat ion.  This change necessi ta ted the  

use of darkroom exposure techniques. 

Figure 3 shows the  helium chamber and arrange- 

X-Ray Emulsions and Developing 

Several d i f f e ren t  detectors were used i n  the  program. The resu l t ing  

radiographs when viewed a t  high magnifications revealed the  core and 

coatings of t he  carbide pa r t i c l e s .  Type M radiographic film w a s  success- 

f u l l y  viewed at  about  OX, at  which magnification the  grain s i ze  of t he  

emulsion became very evident. 

the same success as type M f i l m .  Very f i n e  grained emulsions on 

Eastman high-resolution glass  p l a t e s  having a reported resolut ion capa- 

b i l i t y  of 1500 lines/mm were viewed a t  up t o  500x with l i t t l e  d i f f i c u l t y  

caused by emulsion grain s ize;  t he  p a r t i c l e  and coating i m a g e s  were very 

sharp. It i s  f e l t  t h a t  the l i m i t  on d e t a i l  or resolut ion i n  the  p l a t e s  

w a s  due t o  e lectron diffusion i n  the emulsion,which i s  rated’’ a t  about 

1 p a t  the  energy l e v e l  being used. 

Nuclear t r ack  p la tes  were used with about 

O f  t he  several  high-contrast, f ine-grain developing solut ions t e s t ed  

f o r  the  high-resolution p l a t e s ,  the  standard x-ray f i l m  developer w a s  

found t o  be as good as or b e t t e r  than any other  so lu t ion  tested and had 

the  added advantage of being n e w  the  x-ray exposure room. 

care w a s  exercised i n  handling and drying the high-resolution p l a t e s  t o  

prsvent undesirable a r t i f a c t s  caused by contamination. 

Considerable 

Exposure Requirements 

The energy l eve l s  used f o r  p a r t i c l e  evaluation varied up t o  about 

10 kvp, a t  which energy the  exposure i s  only a few minutes f o r  the  x-ray 

fi lm. Because of t he  very t h i n  emulsion and f i n e  grain s i ze  of the  high- 

resolut ion p la tes ,  they responded very slowly t o  the  x rays and required 

D 

llD. E. k a ,  Actions of Radiatfons on Living Cells, p 24, Cambridge 
University Press, New York, 1947. 
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approximately 1 1/4 h r  exposure time. 

grea te r  d e t a i l  which resu l ted  j u s t i f i e d  the  increased t i m e .  

the  r e l a t ive ly  large x-ray exposure f i e l d  avai lable ,  a number of pa r t i c l e s  

from d i f f e ren t  batches could be radiographed simultaneously. To minimize 

the problem of geometrical unsharpness, the  p a r t i c l e s  had t o  be i n  intimate 

contact with the  emulsion. I n  addition, the  sample had t o  be i so l a t ed  

from 611 external  vibrat ion t h a t  would cause movement during the exposure. 

A t yp ica l  exposure included the  following values: 10 kvp, 30 m a ,  42-in. 

film-to-focus distance,  and 1 1/4 hr  exposure t i m e .  

However, it i s  f e l t  t h a t  the  

Also, with 

Optical Microscopy 

Examination of the  contact radiograph with a microscope equipped f o r  c 

transmitted l i g h t  i s  the  best  means f o r  observing m a x i m u m  detail .  

examination can be made a t  ~ O O X ,  a magnification of 200 diameters i s  

usual ly  b e t t e r  su i t ed  f o r  the  p rac t i ca l  l imi t a t ion  of t he  high-resolution 

p l a t e s .  For recording purposes, a photomicrograph can be made of a 

representat ive area of t he  contact radiograph. To obtain the  photomicro- 

graph, a second negative or a d i r e c t  copy i s  made of the  IX contact 

radiograph with transmitted l i g h t  a t  a magnification su i tab le  f o r  study, 

as shown i n  Fig. 4. 
magnification of 75 diameters produces a representat ive f i e l d ;  a magni- 

f i ca t ion  of 200 diameters, however, can be used t o  show more d e t a i l .  

Although 

For general  comparisons of d i f f e ren t  batches, a 

The f i l m  selected for the  photomicrograph was Eastman Royal Ortho 

film exposed with a green (Wratten No. 54) f i l t e r ,  developed i n  DK-50 

according t o  recommended procedures. 

ment t h a t  continuous tones be produced i n  order t o  capture the minute 

density var ia t ions  of the  radiographic p l a t e .  Contact p r i n t s  could be 

made from the  second negative, permitt ing the  more f r a g i l e  radiographic 

p la te  t o  be s tored.  With t h i s  technique, the  l i g h t  and dark areas on 

the  f i n a l  p r i n t s  representing high- and low-density locat ions,  

respectively,  were iden t i ca l  t o  the  areas t h a t  could have been observed 

on the  o r ig ina l  radiograph. 

This f i l m  s a t i s f i e d  the  require- 

1. 
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Results and Conclusions 

. 

The metallographic examination of coated uranium carbide is  

extremely worthwhile 

presence of impurit ies,  and the  general microstructure of the core, 

coating, and interface,  including r s l a t i v e l y  gross m i c r o s t r x t u r a l  

d i f fus ion  which may have occurred. 

however, there  i s  always the  question of whether the examination i s  

being made on a median plane f o r  m a i m u m  accuracy. 

pa r t i c l e s  f o r  metallographic examination l i m i t s  t h e i r  fu r the r  use. 

i n  evaluating the composition of the fue l ,  the  

Some mensuration can be done; 

Conditioning the  

The microradiographic technique i s  a r s l a t i v e l y  rapid, nondestructive 

approach idea l  f o r  measuring core and coating thicknesses 

the  grea t  difference i n  dens i t ies  of f u e l  and coating, enables diffusion 

t o  be detected. 

technique became apparent when, as shown i n  Fig. 5, pa r t i c l e s  were 

observed containing no core and porous (or low-density) cores, as well  

as the high-density ( fue l )  mater ia l  i n  the  coating. 

method the  p a r t i c l e  i s  looked a t  as a whole, information not detectable 

from a plane by microstructural  exminat ion becomes available;  on the 

other hand, minute of microstructure cannot be obtained. 

and, due t o  

An addi t ional  advantsge of the modified radiographic 
J 

Since i n  t h i s  

A primary prablem i n  making the  microstructural  examination concerns 

detection of possible high-temperature diffusion of the f u e l  core in to  

the coating. Although meta l l ic  fue l  prec ip i ta tes  of 0.0002 in .  or 
grea ter  i n  the coating can be detected by metallography, smaller f u e l  

prec ip i ta tes  i n  the coating blend i n  so  w e l l  with the  mottled and 

speckled appearance of the  pyrolyt ic  coating t h a t  they are extremely 

d i f f i c u l t  t o  dis t inguish.  Figure 6a shows local ized pa r t i c l e s  of 

uranium dicarbide (UC2) within the  pyro ly t ic  carbon and some graphite 

dispersed within the  f u e l  core. A microradiograph (Fig. 6b) of similar 

mater ia l  from the same batch shows density var ia t ions  extending t o  the 

surface of the pyrolyt ic  carbon coating; there  i s  no evidence, however, 

of carbon which i s  located i n  the core matrix. Due t o  the  large 

difference i n  dens i t ies  of the  uranium carbide and the  pyrolyt ic  carbon, 

a small amount of uranium carbide i n  the  coating can be detected by the 

microradiographic technique, but  small amounts of graphite i n  the 

uranium carbide cannot be detected. 

. 
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Fig. 6. Metallographic vs Microradiographic Procedure of Similar 
Coated Par t ic les .  (a) Metallographic procedure. Note d i f fus ion  of 
pyrolyt ic  carbon i n t o  f u e l  core. 
seen i n  the  carbon matrix. Uranium carbide etchant:  equal pa r t s  HNO3, 
CH$OOH, H20. (b) Microradiographic procedure. The d i f fus ion  of f u e l  
mater ia l  i n t o  the  pyrolyt ic  carbon coating appears t o  be deeper i n  the  
microradiographic than i s  evident by the  metallographic procedure. 
Reduced 29%. 

Some i so la ted  f u e l  p a r t i c l e s  can be 
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Figures 7a and b are a photomicrograph and microradiograph, 

respectively,  of pa r t i c l e s  from the same batch of coated uranium-thorium 

carbide. Although the  overa l l  p a r t i c l e  s i ze  and shape axe b e t t e r  defined 

i n  the  microradiograph, grain d e t a i l s  are evident i n  the  photomicrograph 

of the  core. Fractured pa r t i c l e s ,  such as can be seen i n  Fig. 8, are 

more e a s i l y  iden t i f i ed  by microradiography, but,  although the general 

character of the coating i s  evident, much mare coating d e t a i l  i s  

available i n  the photomicrograph. 

From the  f e w  i l l u s t r a t i o n s  selected t o  show pa r t i c l e  defects,  it 

i s  obvious t h a t  each method has d i s t i n c t  advantages f o r  the evaluation 

of coated pa r t i c l e s  and t h a t  each has cer ta in  l imitat ions.  Since the  

weak points  of one correspond t o  the s t rang points of the other,  i n  

combination as a cDmplementary team they provide a more useful  and com- 

p l e t e  evaluation. Appropriate use of t he  two techniques during develop- 

mental stages and as a quali ty-control t o o l  f o r  coated pa r t i c l e s  should 

do much toward the  attainment of higher temperature, lower cost ,  nuclear 

reactors  f o r  power generation. 
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Fig. 7. MetallograFhic vs Microradiographic Procedure of Same Batch 
of Coated Uranium-Thorium Carbide. (a) Metallographic procedure. Air- 
etched t o  show grain s i ze  of core. 
may be a t t r i bu ted  t o  the shape and plane of examination. 
graphic procedure. 
geometry i s  shown by t h i s  technique. 

The apparent duplex core p a r t i c l e s  
(b) Microradio- 

A more representat ive presentat ion of t he  overa l l  
Reduced 26$. 
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Fig. 8. Metallographic vs Microradiographic Procedure for the  Same 
Batch of Coated Uranium Carbide. (a) Metallographic procedure. Note the  
fragmentation of the  f u e l  corej  some fragments undoubtedly were l o s t  i n  
preparation. Unetched. (b) Microradiographic procedure. Note the  f rag- 
mentation of the f u e l  core and the a b i l i t y  of t h i s  technique t o  show the  
d e t a i l  of the  coating. Reduced 27%. 
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