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USE OF MICRORADIOGRAPHY COMBINED WITH METALLOGRAPHY
FOR EVALUATION OF COATED PARTICLES

R. W. McClung, E. S. Bomar, and R. J. Gray

ABSTRACT

The proposed use of nuclear fuels coated with pyrolytic
carbon has made it necessary to devise techniques for evaluating
them, Metallographic techniques, modified to accommodate the
spherical particle configuration, have proved quite useful
for observing the structure of both the cladding and the core.
For nondestructive examination, special low~voltage radio-
graphic techniques have been developed. By employing
extremely fine grained photographic emulsions, optical magni-
fication can be used to make very accurate measurements of
the core diameter and coating thickness, and, in addition, the
core and coating integrity can be evaluated. The combination
of the methods permits the use of the best feature of each
toward the evaluation of coated particles.

INTRODUCTION

Two standard metallurgical tools — metallography and radiography —
have been modified to solve an unusual evaluation problem related to an
all-ceramic nuclear fuel -element. However, these techniques are not
limited to nuclear technology.

The all-ceramic fuel-element concept™? for which these -techniques
were developed was that of small spheroids of uranium and thorium carbide
dispersed through a graphite matrix., The spheroids, which are about
0.010 in. in diameter, had to be coated with pyrolytic carbon to prevent
* the fission products produced during reactor operation.from esgaping into
the coolant. In order to determine the acceptability of a given batch of
coated fuel particles, they had to be examined for structural character-

istics, carbon-cogting thickness, fuel-particle shape, and the presence

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

2"Coated-Particle Fuels — Promise and Problems," NUcleonlcs 19(3),
96-98 (1961) (data supplied by R. W. Dayton of BMI).

37. H. Oxley et al., "Microminiaturized Fuel Elements," Ind. Eng.
Chem., Prod. Res. Develop. 1(2), 102-07 (1962).




of uranium diffusion in the carbon coating. These quality-control require-
ments were met by use of a modified metallographic technique and a novel
adaptation of the radiographic technique through the use of special
photographic film and low-voltage x-ray energy. A

Modified Metallographic Procedure

. The use of metallography for microstructural evaluation was
developed during the study of uranium carbide as a fuel material; the
preparation and examination of samples for determination of composition,
density, and homogeneity are somewhat routine.%s> With the introduction
of the carbon coating and because of the small size of the fuel particle
in the present samples, this technique had to be modified. Basically,

the modification®’7 8

consists of using an epoxy resin” which provides good
adherence for the spherical particles and mounting the particles so that
they are at different levels in the special mountings. This modification
permits a median plane to be examined microscopically to show the columnar
coating displayed in Fig. 1 or the laminar cogting displayed in Fig. 2

and the minute details of the cores.

The metallographic examination, while necessary and informative, is
limited in the accuracy of core measurements in relation to overall
particle size, coating thickness, and detection of core fragments or |
fuel diffusion in the coating. Tt also has the disadvantage of requir-
ing destruction of the particle during preparation of the sample for
examination. Therefore, it was decided to investigate the use of radiog-
raphy, extended to microscopic application, in combination with metallog-

raphy to overcome the deficiencies of the lattér.

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

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

6¢. K. H. DuBose and R. J. Gray, Metallography of Pyrolytic Carbon
Coated and Uncoated Uranium Carbide Spheres, ORNL TM-91 (March 21, 1962).

7C. K. H. DuBose and R, J. Gray, Metallographic Examination of Pyro-
lytic Carbon and Uncoated Uranium Carbide Particles, ORNL TM-521
(June 25, 1963).

8Araldite, Ciba Products Corporation, Fairlawn, New Jersey.









Radiographic Proc=dure

The application of radiography to the evaluation of very small coated
particles required extensive modification fo conventional techniques. As
is well'known, the radiographic method consists of transmitting a beam of
X or gamma radiation through a test specimen and recording the.transmitted
radiation intensity on a medium such as film. Variations in the trans-
mission properties of the specimen will cause associated variations on
the recording medium. For radiography to be useful, the radiation absorp-
tion of the specimen must vary enough for an interpretable contrast of
density to be achieved on the film or other detector. The transmission
properties are a function of the absorption coefficient (which is energy
dependent) and the specimen thickness. The very small dimensions of the
coated particles and the low-absorption coefficient of the pyrolytic
carbon coating made it necessary to use low-energy (low-kilovoltage)

irradiation.

Equipment

The equipment used in the program consisted of commercial radio=-
graphic instrumentation modified to.provide better controlvover x-ray
energy and exposure time. The low-kilovoltage techniques previously
developed for the evaluation of beryllium tubing9 and other thin sections®®
of beryllium, aluminum, and steel had to be modified in order for the
ultimate in sensitivity to be achieved. The necessary steps included
removing all extraneous material that could cause absorption, scattering,
or uneven filtration of the soft x-ray beam between the x=-ray target and
the detector film. The removal of the radiation-absorbing material Wae
effected By use of an x-ray tube head containing a beryllium window only
0.008 in. thick and a helium-atmosphere chamber between the xéray head

and the spscimen, since even air is an effective attenuator for the x rays

at the energy level required. The helium was retained in the chamber by

°R. W. McClung, "Development of Nondestructive Testing Techniques
for Thin-Wall Beryllium Tubing," pp 480-96 in International Conference
on the Metallurgy of Beryllium, London, 1961, Proceedings, Chapman & Hall,
London, 1963 (Institute of Metals Monograph and Report Series No. 28).

10 R. W. McClung, "Techniques for Low-Voltage Radiography," Non-
destructive Testing 20(4), 248-53 (1962).




thin (0.0005 in.) polyethylene diaphragms, which had no measurable effect
on the x-ray transmission. Figure 3 shows the helium chamber and arrange-
ment for coated-particle microradiography. An additional means of
reducing unnecessary absorption was the substitution of bare film or
plates for the cassette or film holder, which would have attenuated and
changed the character of the radiation. This change necessitated the

use of darkroom exposure techniques.

X-Ray Emulsions and Developing

Several different detectors were used in the program. The resulting
radiographs when viewed at high magnifications revealed the core and
coatings of the carbide particles. Type M radiographic film was success-
fully viewed at about 60x, at which magnification the grain size of the
emulsion became very evideht. Nuclear track plates were used with about
the same success as type M film, Very fine grained emulsions on
Eastman high-resolution glass plates having a reported resolution capa-
bility of 1500 lines/mm were viewed at up to 500X with little difficulty
caused by emulsion grain size; the particle and coating lmages were very
sharp, It is felt that the limit on detail or resolution in the plates

atl at about

was due to electron diffusion in the emulsion,which is rate
1 p at the energy level being used. »
Of the several high-contrast, fine-grain developing solutions tested
for iihe high-resolution plates, the standard x-ray film developer was.
found to be as good as or better than any other solution tested and had
the added advantage of being near the x-ray exposure room. Considerable
care was exercised in handling and drying the high-resolution plates to

prevent undesirable artifacts caused by contamination.

Exposure Requirements

The energy levels used for particle evaluation varied up to about
10 kvp, at which energy the exposure is only a few minutes for the x-ray
film., Because of the very thin emulsion and fine grain size of the high-

resolution plates, they responded very slowly to the x rays and required

11D, E. Iea, Actions of Radiations on Living Cells, p 24, Cambridge
University Press, New York, 1947.
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approximately 1 1/4 hr exposure time. However, it is felt that the

greater detail which resulted justified the increased time. Also, with
the relatively large x~ray exposure field available, a number of particles
from different batches could be radiographed simultaneously. To minimize
the problem of geometrical unsharpness, the particles had to be in intimate
contact with the emulsion. In addition, the sample had to be isolated
from all external vibration that would cause movement during the exposure.
A typical exposure included the following values: 10 kvp, 30 ma, 42-in.

film-to-focus distance, and 1 1/4 hr exposure time.

p— ¥

Optical Microscopy

Examination of the contact radiograph with a microscope equipped for
transmitted light is the best means for observing maximum detail. Although
examination can be made at 500X, a magnification of 200 diameters is
usually better suited for the practical limitation of the high-resolution
plates. TFor recording purposes, a photomicrograph can be made of a
representative area of the contact radiograph. To obtain the photomicro-
graph, a second negative or a direct copy is made of the 1X contact
radiograph with transmitted light at a magnification suitable for study,
as shown in Fig. 4. For general comparisons of different batches, a »
magnification of 75 diameters produces a representative field; a magni-
fication of 200 diameters, however, can be used to show more detail.

The film selected for the photomicrograph was Eastman Royal Ortho 3
film exposed with a green (Wratten No. 54) filter, developed in DK-50
according to recommended procedures. This film satisfied the require- -
ment that continuous tones be produced in order to capture the minute
» density variations of the radiographic plate. Contact prints could be
made from the second nsgative, permitting the more fragile radiographic
plate to be stored. With this technique, the light and dark areas on
the final prints representing high- and low-density locations,
respectively, were identical to the areas that could have been observed

on the original radiograph.
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Results and Conclusions

The metallographic examination of coated uranium carbide is
extremely worthwhile in evaluating the composition of the fuel, the
presence of impurities, and the general microstructure of the core,
coating, and interface, including relatively gross microstructural
diffusion which may have occurred. Some mensuration can be done;
however, there is always the question of whether the examination is
being made on a median plane for maximum accuracy. Conditioning the
particles for metallographic examination limits their further use.

The microradiographic technique is a relatively rapid, nondestructive
approach ideal for measuring core and coating thicknesses and, due to
the great difference in densities of fuel and coating, enables diffusion
to be detected. An additional advantage of the modified radiographic
technique became apparent when, as)shown in Fig. 5, particles were
observed containing no core and porous (or low-density) cores, as well
as the high-density (fuel) material in the coating. Since in this
method the particle is looked at as a whole, information not detectable
from a plane by microstructural examination becomes available; on the
other hand, minute of microstructure cannot be obtained.

A primafy problem in making the microstructural examination concerns
detection of possible high-temperature diffusion of the fuel core into
the coating. Although metallic fuel precipitates of 0.0002 in. or
greater in the coating can be detected by metallography, smaller fuel
precipitates in the coating blend in so well with the mottled and
speckled appearance of the pyrolytic coating that they are extremely
difficult to distinguish., Figure 6a shows localized particles of
uranium dicarbide (UC,) within the pyrolytic carbon and some graphite
dispersed within the fuel core. A microradiograph (Fig. 6éb) of similar
material from the same batch shows density variations extending to the
surface of the pyrolytic carbon coating; there is no evidence, however,
of carbon which is located in the core matrix. Due to the large
difference in densities of the uranium carbide and the pyrolytic carbon,
a smali amount of uranium carbide in the coating can be detected by the
microradiographic technique, but small amounts of graphite in the

uranium carbide cannot be detected.
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Figures 7a and b are a photomicrograph and microradiograph,
respectively, of particles from the same batch of coated uranium-thorium
carbide. Although the overall particle size and shape are better defined
in the microradiograph, grain details are evident in the photomicrograph
of the core. Fractured particles, such as can be seen in Fig. 8, are
more easily ldentified by microradiography, but; although the general
character of the.eoating is evident, much more coating detail is
available in the photomicrograph. ;

From the few illustrations selected to show particle.defects, it
is obvious that each method has distinet advantages for the eveluation
of coated particles and that each has certain limitations. Since the
weak points of one correspond to the strong points of the other, in
combination as a complementary team they provide a more useful and com-
Plete evaluation. Appfopriate use of the two techniques during develop-
mental stages and as a quallty control tool for coated particles should
do much toward the attalnment of hlgher temperature, lower cost, nuclear

reactors for power generatlon.
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