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SUMMARY- ^ non<lestructive testing program for the examination of (U,Zr)C—C reactor fuel
elements is described.

RESUME : O n décrit un programme d'essais non destructifs pour examiner les elements combustibles
de réacteur en (U.Zr)C-C.

I. INTRODUCTION

The Los Alamos Scientific Laboratory has been active for the past twenty
years in the development and testing of graphitic-based high temperature reactor fuel
elements. The initial involvement was in the field of nuclear propulsion systems.
Project Rover began as a program to develop a nuclear-powered, hydrogen-propelled
rocket engine. The target exhaust temperature of the propellant was about 2775 K.
The fuel element for such an engine would have to maintain its integrity and strength
at higher temperatures and would have to resist currosion by the hot hydrogen gas,
which is very reactive. These constraints limited the choice of materials to a very
few. Carbon melts above about 3800 K, has excellent high-tenperature strength, and is
not a strong neutron absorber. It is very reactive to high temperature hydrogen. The
basic fuel element foi the Rover Program became uranium-loaded graphite. The enriched
uranium fuel was incorporated into the graphite matrix as uranium oxide, later as py-
rolytic-carbon coated uranium dicarbide inicrospheres, and, aosf recently, as a solid
solution of uranium carbide and zirconium carbide. The fuel element matrix was pro-
tected from the hydrogen propellant/coolant by a chemical vapor deposited coating of
refractory carbides such as niobium carbide, zirconium carbide, and tantalum carbide.
The performance of these fuel elements was established through actual tests up to a
sustained power level of about 3000 MW.

The Ultra High-Temperature Reactor F.xperiment, UHTREX, utilized uranium-load-
ed graphite fuel elements in a demonstration high-temperature process-heat nuclear
reactor. This system operated at temperatures in excess of 1500 K using helium as the
cooling medium. The performance of the graphitic fuel elements again proved excellent.

Presently, the Los Alamos Scientific Laboratory is developing fuel elements
for possible use in the Argonne National Laboratory TREAT reactor. This report de-
scribes the nondestructive examination program for these experimental fuel elements.

II. DESCRIPTION OF THE FUEL ELEMENTS

The fuel element for TREAT Converter in—pile testing is graphite containing
particles of a solid solution of uranium carbide and zirconium carbide, UC-ZrC-C.
The fuel rods contain various concentrations of the carbide between 15 and 30 volume
percent. The rods have a regular hexagonal cross section 1.27 cm across-the-flats,
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with a single, central bore 0.25 cm in diameter. The test rods are 1.22 m long. The
fuel elements are manufactured by the process of extrusion, followed by high tempera-
ture heat treatment and graphitization. The exterior surfaces of the rods are then
machined to size. The central bore of the rod is not machined and can vary slightly
due to nonuniform shrinkage during the heat treatment. Siace the fuel will not be
tested in a corrosive atmosphere, there is no protective coating or cladding required.

III. RADIOGRAPHIC INSPECTION

After the fuel rods have been machined to the specified dimensions and physi-
cally inspected, a rac'iographic inspection is performed for quality assurance purposes.
A Norelco 300 kVp x-ray generator is used for this examination. Three views are taken
of each fuel rod - 30°, 90°, and 150° - in three segments to cover the full length.
The details of the radiographic technique are given in Table 1.

TABLE 1. RADIOGRAPHIC PROCEDURE TCF-4.2.1-M1-R2

Energy - 250 to 300 kVp

Focal Spot — 1.6 mm

Distance - 125 cm

Front Screen - 0.125 mm Pb

Filtration - 0.78 mm Cu (at the
film plane)

Current - 4 mA

Exposure Time - 20 to 100 s

Film - Kodak Type M

Back Screen - 0.125 mm Pb

Penetrameter - 2T and 4T

The energy and exposure times varied with the composition and the uranium
loading of the fuel rod, but were chosen to give adequate penetrameter resolution and
a reasonable exposure time. Adequate penetrameter resolution is defined to be the
imaging of the 4T hole (1 mm in diameter, 0.25 mm thick) with preferable imaging of
the 2T hole. The penetrameter was placed on the flat face, 0°, coincident with one
edge of the fuel rod. Penetrameters were made from UC'ZrC—C for each of the individ-
ual fuel formulations. The specifications for the fuel rods were such that any low or
high density inclusion, agglomerate or void 0.5 mm or larger in its major dimension
would be cause for rejection. During this program, all of the above defects were
noted radiographically, as well as many longitudinal cracks in certain fabrication
batches. The radiographic inspection proved very valuable for the carbide-composite
fabrication program.

IV. EDDY CURRENT INSPECTION

In addition to radiography, both internal and external inspections were per-
formed with a LASL-developed continuous—wave eddy current system. A block diagram of
this system is shown in Figure 1. The internal and external coils were arranged con-
centrically in the continuous scanning system. This allowed the simultaneous inspec-
tion of the interior and exterior surfaces. The eddy current system was operated at
a frequency of 250 kHz. This frequency was chosen to maximize the penetration of the
eddy currents into the matrix of the fuel rod. Calibration of the system was perform-
ed with a sample fuel rod with machined notches in both interior and exterior sur-
faces, The reference for the interior inspection was a 2.5 mm X 0.5 mm X 0.1 mm lon-
gitudinal notch. The external inspection was referenced to a 2.5 mm X 0.5 mm X 0.1 mm
corner notch. Any signal indication greater in magnitude or width than the references
would be a cause for rejection of the fuel rod. In practice this system was sensitive
to both longitudinal and transverse cracks, voids, and somewhat less sensitive to ma-
trix laminations. The eddy current examination is a valuable tool in determing the
matrix integrity for unclad composite fuel rods. The operational characteristics of
the eddy current procedure are given in Table 2.
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TABLE 2. EDDY CURRENT PROCEDURE TCF-4.2.2-Ml-Pa

Scanning Time Per Element - 40 s

Inspection Frequency — 250 kHz

Position Repeatability - Í 1 r.m

Measurement Repeatability - ~t 5 %

V. INCREMENTAL POTENTIAL DROP EXAMINATION

The preceding inspections have been used to determine the integrity of the
fuel rod matrix. The degree and uniformity of the high temperature heat treatment of
the fuel rods is measured by the method of electrical resistivity, the incremental
potential drop examination. A constant electrical current is passed through the en-
tire length of the fuel rod and the voltage drop is determined for small increnents
along that length. The resistivity as a function of the length is determined and the
results plotted. A block diagram of this system is presented in I'igure 2. The probe
assembly shown here is actually a series of evenly spaced electrical contacts approx-
imately one centimeter apart. The cross bar scanner automatically switches to succes-
sive pairs of contacts and allows the voltage drop to be measured. This system is
automatically calibrated before and after each inspection by measuring a standard re-
sistor. This method has proved quite sensitive to the degree of heai. treatment of the
fuel rod. A higher resistivity indicates a lower degree of heat treatment. A very
uniform resistivity indicates a correspondingly ur.i.form temperature profile during the
heat treatment. The characteristics of this inspection are shown in Table 3.

TABLE 3. INCREMENTAL POTENTIAL DROP PROCEDURE TCF-4.2.3-M1-R1

Scanning Time Per Element - 120 s

Constant Current - 10 A

Voltage Levels - 125 t 25 V/m

Conductivity Range - 0.025 to 0.040 tt/m

Accuracy and Repeatability - Í 5 %

VI. MASS PER UNIT LENGTH EVALUATION

One important characteristic of the fuel rods is the mass distribution with-
in each rod. To determine this distribution for each fuel rod a radiation transmis-
sion gage is used. To minimize the difference in mass absorption coefficients for the
various constituent elements in the fuel rod, a high energy gamma source, Co, was
chosen. We used 500 Ci arranged in a 25 mm X 25 mm plar.ar square array at a source-
to-detector distance of 1.5 m. A high pressure ionization chamber containing argon
gas at a pressure of 14 MPa, with a volume of 6 1, was used for these measurements.
The physical arrangement of the components of this system are shown in Figure 3. The
large source-to-detector distance, with extensive collimation, minimized the effects
of variations due to slight vertical and lateral mispositioning of the fuel rod and
provided uniform cross-section mass sensitivity. The radiation-induced current in
the ionization chamber was measured, digitized, and recorded using the intrurcentation
shown in Figure 4. Using a calibration curve from very carefully measured standards,
these data were reduced to mass per unit length values and automatically graphed using
a digital computer. This very sensitive and accurate inspection proved to be extreme-
ly useful during the development and manufacture of the TREAT fuel rods. The opera-
tional characteristics of the mass per unit length evaluation system are shown in
Table 4.
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TABLE 4. MASS PER UNIT LENGTH EVALUATION PROCEDURE TCF-4.2.4-M1-R1

Inspection Time Per Point - 2 s

Inspection Length - 25 mm

Position Repeatability - Í 0.1 mm

Measurement Repeatability - ± 0.06 %

Overall Accuracy - Í 0.1 %

Mass Per Unit Length, Typical - 500 to 1000 g/m

VII. URANIUM LOADING MEASUREMENT

One of the most important inspections of reactor fuel elements is the deter-
mination of the total amount and the distribution of the actual fuel, ^ ^ U , i n these
fuel rods. To accomplish this we used segmental gamma-ray spectroscopy. Using a
large volume, through-hole scintillation crystal, 3aI(Tl), with two photomultiplier
tubes in opposition, the 186 keV gamma ray from the uranium fuel was isolated for this
measurement. This arrangement is illustrated in Figure 5. An automated scanning
mechanism was used to pass the fuel rods through the detector system. The output of
a single channel pulse height analyze^/amplifier unit was counted and recorded for
automated data processing. A block diagram of this inspection system is shown in
Figure 6. The fuel element gamma scanner was calibrated with segments of actual fuel
fuel elements. Accurate chemical analyses were available on adjacent segments of the
same fuel element. The gamma-ray emission rate was determined as a function of the
total uranium content. Full calibrations are performed as required for new types of
fuel rods, with the calibration checked daily. Check standards are recorded before
and after each individual fuel rod inspection, automatically. The uranium distribu-
tion as determined with this inspection, coupled with the mass per unit length distri-
bution, provided valuable information on the physical and structural characteristics
of the fuel rods. The operational details of the uranium distribution measurement are
given in Table 5.

TABLE 5. URANIUM LOADING MEASUREMENT PROCEDURE TCF-4.2.5-M1-R2

Inspection Time Per Segment - 4 s

Inspection Length — 12 cm

Measurement Repeatability - t 0.5 %

Overall Accuracy - i 1.0 Z

Uranium Loading, Typical - 10 to 36 g/m

VIII. DETERMINATION' OF THERMAL CONDUCTIVITY

One of the important physical properties of reactor fuel elements is the
thermal conductivity of the final product. The technique we used to measure this pro-
perty was the flash diffusivity method developed by Parker, et. al. £lj, and adapted
by Murphy [zj. Eassically, this method jmprises the exposure of one area of a sample
to a pulse of thermal energy and the recording of the transient temperature response of
another area of the sample as a function of time. From this transient response and
other physical data, the thermal conductivity of the EiaEerial can be calculated. For
the measurements reported here, the source of the energy pulse was a helical flash tube
surrounding the fuel elemant. The detector was a chromel-alumel thermocouple, located
concentric to the flash tube, inside the central bore of the fuel rod. The output of
the thermocouple was amplified, digitized, and automatically analyzed by an on-line
computer system. The arrangement of the equipment for this measurement is shown in
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Figure 7. The thermal conductivity data proved to be a good indicator of fuel rod
performance under reactor conditions. Pertinent data on this technique are given in
Table 6.

TABLE 6. THERMAL CONDUCTIVITY PROCEDURE TCF-4.2.6-M1-RO

Inspection Time Per Point - 30 s

Inspection Length - Center Point of 10 cm Segment

Measurement RepeatabiJ ity - i 3 %

Overall Accuracy - ± 3 %

Thermal Conductivity Range - 20 to 100 W/m»K

IX. SUMMARY

A coordinated series of nondestructive examinations proved to be essential in
a long range program of reactor fuel element development and testing. Correlations
among the output data from many inspection techniques provided information more de-
tailed than possible for the individual measurements. Radiography and eddy current
data were used to eliminate defective fuel rods from the program. Mass per unit
length data, uranium distribution data, and the thermal conductivity information could
be used to calculate anticipated fuel element performance. These data also were used
in conjunction with similar information and physical inspections after actual reactor
operation to evaluate individual fuel element performance. Each generation of the
development program yielded materials properties information that was used to design
fuel rods with improved performance. As a result of these activities, UC-ZrC-C carbon
composite fuel elements have been developed than can operate at temperatures in excess
of 2750 K and at power densities of 4500 to 5000 MW/m3.
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Mass Per Unit Length Evaluation System.
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Uranium Loading Measurement Assembly.
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Figure 6

Uranium Loading Measurement System.

newocouru 1 MAIFIER

J TtUrwl»

1
WU06-70-DISIUL

•o. ao»

1
fUUfflWt

f. e. • s.

«o. FI-9JC

T
ran sum.f

s-
IRIGG» C1KUII

t. 6. 1 S.

Figure 7

Thermal Conductivity Measurement System.


