
-730607

FABRICATION OF INTERNALLY
INSTRUMENTED REACTOR FUEL RODS

J. D. Schmutz - Aerojet Nuclear Company, Idaho Falls, Idaho
R. H. Meservey -Aerojet Nuclear Company, Idaho Falls, Idaho

ACKNOWLEDGEMENTS

- NOTICE-
Tim icport was prepared at an account of work
spai.sored by the United Stiles Government. Neither
the United States ~hai the United Sut'J Energy
Research and Development Administration, not any of
their employees, nor any of their contractors,
subcontract on, 01 theii employees, makes any
warranty, express 01 implied, «r assumes any legal
liability or responsibility for the accuracy, completeness
QI usefulneo of any information, apparatus, pioduct 01
process disclosed, ur lepietent* that in use would not
infringe privately owned rights.

Acknowledgement is made to the following individuals for their contri-
butions to various phases of the fabrication of internally instrumented
fuel rods. Without their support the project could not have been success-
fully completed nor could the various fabrication and assembly techniques
have been developed to the extent that they were.

R. L. Gump for his support in the development of the welding and
brazing techniques.

B. R. Merkley, H. J. Hall and H. E. Knauts who <iid the actual assembly
of the instrumented fuel rod? including the welding operations.

N. S. Graham who performed the brazing operations.

G. C. Wilson who did the fabrication and testing of the refractory metal
thermocouples and who offered many valuable suggestions in all phases of the
program.

R. C. Strahm designed and supervised testing of the fuel pin internal
pressure measuring system.

In addition to the above individuals acknowledgement is made to the United
States Atomic Energy Commission and to the PBF Program for their support of
this work.

ABSTRACT

Procedures are outlined for fabricating internally instrumented reactor
fuel rods while maintaining the original quality assurance level of the rods.
Instrumented fuel rods described in this report contain fuel center!ine thermo-
couples, ultrasonic thermometers, and pressure tubes for internal rod gas
pressure measurements. Descriptions of the thermocouples and ultrasonic
thermometers are also contained.
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I. INTRODUCTION

The fabrication and installation of instrumented fuel pins is carefully
controlled by those responsible for the quality and safety of nuclear reactors.
Current quality and safeguards requirements result in an extremely high degree
of reliability of reactor components. This reliability cannot be compromised
when fuel pins are altered during installation of experimental instrumentation.
Thus all fuel pin instrumentation programs must be monitored closely to insure
that the integrity and performance of the fuel is not altered.

The installation of fuel centerline temperature measuring devices is an
example of an operation which must be carefully controlled. Installation is
accomplished by inserting the probe in the drilled fuel pellets, providing a
sealed exit for the probe lead-wires in the fuel rod end cap, welding on the
end caps and then repressurizing and sealing the pin with helium. Each of
these steps must be closely monitored to insure that in-p.ile operation of
the instrumented fuel pin is not compromised.

Two kinds of temperature probes have been installed in fuel pins while
maintaining the quality assurance level of the original fuel pins. Refrac-
tory metal thermocouples and ultrasonic thermometers have been successfully
installed in fuel while maintaining Level I quality criteria for the instru-
mented pins. Both Zircaloy and stainless steel clad fuel pins have been
instrumented under this program. This report covers the various aspects of
assembling instrumented fuel pins while maintaining their original quality
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temperature probes are discussed.

II. FUEL ROD ASSEMBLY
The assembly of fuel rods containing centerline temperature sensors

necessitated the development of several specialized techniques which will be
described in the following sections. They have been divided into two groups:
those specifically developed for stainless steel rods and those designed for
Zircaloy rods.

1. Stainless Steel Clad Rods

The techniques described in this section were developed specifically
for core rods to go in the Power Burst Facility (PBF) reactor. It will be seen,
however, that these methods may be readily applied to other specific rod de-
signs, and even other material, i.e. Zircaloy clad rods.

The PBF Core rod is 47.5 inches long and has stainless steel 304L
end caps and cladding. The cladding is 0.027 inches to .030 inches thick and
is lined through approximately 38.031 inches of its length with 0.048 inches
of CaO stabilized Zr02. This ceramic material serves as a thermal insulator.
The inner end of the bottom end cap is similarly lined. The fuel consisting
of about 60 cylindrical pellets each ^0.559" in diameter, forms a 36.0 inch
stack inside this ceramic liner. They are held in plac= by a piston-like
bearing spool which rests against the top of the stack. The and of the bear-
ing spool is approximately 2.5 inches within the uninsulated region where it
contacts a Cr-Si alloy spring held under ̂  20 1b compression by the top end



cap. A schematic diagram of the fuel rod is shown in Figure 1.

1.1 Lead Braze

One of the first requirements for an Instrumented fuel rod is to
provide for penetration. In this work a 0.062" diameter, stainless steel
sheathed, mineral insulated signal lead was used. A braze procedure using
a gold-nickel alloy braze at about 1725°F was developed. This allows the
thin-walled signal lead sheath to be brazed into the end cap with minimal
erosion of the sheath wall. This braze meets the requirements of RDT
Standard F6-5T. Lap shear and peel tests indicate the braze is consistently
stronger than the parent metal. It has been shown to satisfy corrosion re-
sistance requirements of the PWR environment. Samples of the lead penetra-
tion braze have successfully undergone 200 thermal cycles to 650°F.

1.2 Preparation of Fuel for Sensor Installation

To allow a center!ine temperature sensor to be installed in a fuel
stack, a small hole is drilled along the centerline of the individual pellets.
The ternary fuel pellets are extremely hard and brittle and the only means of
successfully drilling them is an ultrasonic method. This work is done by the
Metallurgy and Hot Cell Branch of ANC. A tiny tube which is vibrated ultra-
sonically and through which a slurry is forced serves as the drill. Fuel
pellets are drilled by drilling from both ends toward the center. This results
in a hole which tapers from ̂  0.072" at each end to -v. 0.067" at the middle of
the pellet. Concentricity and alignment of these holes is extremely critical
since t.hprp i<; a small amnunt nf riesiranro fn r -t-hp (\ ftf.1? inrh nvnho af Koef

This process can now be controlled closely enough such that an acceptable
tolerance can be maintained.

The bearing spool, although hollow for most of its length, must have
a 0.070" hole drilled in the insulated end to allow the temperature probe to
enter the fuel stack. This is done with a tungsten carbide drill.

When a rod is assembled, the fuel pellets are all loaded in the
insulated cladding with the bottom fuel pin end cap installed. The drilled
pellets of course form the upper part of the stack while those below the point
of the desired temperature measurement are left undrilled. The bearing spool
is placed on top of the fuel stack. The rod is mounted in a vertical position
and a 0.062" wire is worked down through the fuel to align the holes in the
pellets. This is necessary to eliminate binding on the sheath of the temper-
ature probe. The ultrasonic thermometer (UT) sheath is a tungsten-rhenium
alloy and is extremely brittle, thus it must be able to slide into the fuel
stack with a minimum of force. Final preparation of the fuel stack to receive
the temperature probe includes installation of the top spring and withdrawal
of the wire.

The temperature probe lead has been previously brazed into the end
cap and this assembly is now inserted into the fuel rod. This rather delicate
operation is very difficult to do in a glove box, or similar arrangement to
control the atmosphere, since it is highly dependent on being able to feel
any impedance to the entry of the probe. Therefore, no attempt is made to
control the atmosphere in the rod at this point.
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put the measuring junction at the point of interest.



The spring must be preloaded to about twenty pounds so a clamp-
Ing fixture is used to hold the end cap in the assembled fuel rod until it
can be welded.

1.3 Stainless Steel End Cap Meld

The end cap weld is performed automatically in a lathe with a
Oiametrics pulse tungsten-inert-gas type welder. This fuel rod welding spe-
cification requires that no fi l ler be used, the penetration must be at least
equal to cladding thickness, and the rod diametrical growth may not exceed
0.006 inch. Radiography, sectioning, and microphotography indicate that
these requirements are consistently met by the welding procedure which was
developed. Welds are consistently free of cracks, porosity, and leaks.

1.4 Helium Backfilling

The ternary fuel rods are required to contain a 99.9% helium at-
mosphere for reactor operation. To accomplish the helium backfill a laser
welding technique was developed to allow evacuation and backfilling of rods
which have been sealed with air in them such as the instrumented rods des-
cribed above.

The upper end of the fuel rod is inserted into a vacuum chamber.
An optically flat quartz window is located just above the region of the rod
occupied by the upper end of the bearing spool. This portion of the rod does
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the inside of the cladding and the next solid, i.e. springer bearing spool.
The chamber is evacuated to a pressure le^s than 1.0 x 10" torr. After the
chamber has been adequately evacuated a hole is drilled with a single pulse
from the laser. A cross section of a typical laser drilled hole in the
cladding is shown in Figure 2. The bottom of the hole {inside of cladding)
is about 0.006 inch in diameter. Because of the differential pressure across
the cladding when the hole is drilled, the molten metal is forced up and
out around the sides of the hole.

The air thus released is pumped out and any remaining gas is allowed
to escape while holding a vacuum of less than 1.0 x 10*' torr on the chamber
for a minimum of thirty minutes. The chamber and rod --re then backfilled
with 99.995% pure helium. After allowing a few minute;, for the helium to
equalize pressure throughout the rod at between 0.5 anc 1.0 psig, the hole
is then sealed with the laser. This is done by spreadi:? (defocusing) the
laser beam slightly and melting the surrounding metal : = ck into the hole. Three
pulses, each slightly more defocused than the previous :ne, are used to seal
the hole. Figure 3 shows a section through one of the roles which has been
resealed by this technique. The three melt regions ce- =-e clearly distinguished
in the photomicrograph. This technique provides an e-o. lle.nt method of evac-
uating and backfilling or repressurizing fuel rods. '> tvo different occasions
the atmosphere in rods backfilled in this manner has t•;:•:?• sampled one or more
days following the backfilling. The gas samples were :..•.:':;.zed by Allied
Chemical Corporation's mass spectrometry laboratory r•-. \--\ results indicated



Figure 2. Cross Section of a Typical Laser-Drilled
Hole shown at 50X.
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Figure 3. Cross Section of Hole such as above Following

Sealing with Laser, Shown at 50X



that the atmosphere in the rods was 99.98" helium with less than 0.005% oxygen
remaining in the rod.

This procedure has been used to sample and replace the gas in
Zircaloy rods by changing the laser welding parameters only slightly. If
outgassing by heating is necessary, it could readily be incorporated into
this procedure.

2. Zircaloy Clad (PWR) Fuel Rods

Some aspects of instrumenting Zircaloy clad PWR fuel rods are
different from the stainless steel clad rods discussed thus far. A specific
example will serve -to illustrate this point. One of the tests to be conducted
in the PBF reactor requires the measurement of internal pressure in the fuel
rod as well as its center!ine fuel temperature. Thus the job of instrumenting,
and maintaining a Level I rod, is more complex.

2.1 Zircaloy to Stainless Steel Transition

The major difficulty in instrumenting Zircaloy clad rods lies in the
fact that instrument leads and transducers are primarily stainless steel or
inconel. This necessitates a transition at some point in the seal of the fuel
rod from Zircaloy to stainless steel. The problem is made acute by the fact
.that the coefficient of thermal expansion of stainless steel is approximately
three times that of Zircaloy, and the two metals cannot be welded directly
together without forming an extremely brittle eutectic.

The transition is made by using an intermediate piece of explosion
bonded material originally obtained by LOFT Project for penetrating the reactor
vessel with titanium TC's. The material consists of titanium plate explosively
bonded to Inconel 600 plate with a thin interlayer of tantalum to prevent a
eutectic between the two materials. A weld without filler has been developed
for welding the titanium to the Zircaloy fuel rod with a pulsed TIG welder.
Autoclave tests demonstrated that water at 2250 psi and 650°F caused no
significant corrosion of the weld in 500 hours. The other end of the explosion
bonded piece, the inconel, is welded to a stainless steel adapter which allows
the penetration of signal leads and a pressurization tube as explained in the
following section.

A pressure transducer with an inconel case is seal welded to the
upper end of the stainless steel adapter. A hole through the adapter allows
the pressure transducer to measure fuel rod internal pressure.

2.2 Seal Penetrations

The stainless steel adapter may have up to four holes, spaced 90°
apart and at 30° with respect to the axis of the rod. Through these holes, the
leads of the internal instruments exit the fuel rod. The leads have cup-shaped
seals of 304 stainless steel brazed onto them. The seals are .214" in diameter
and fit closely in the holes in the adapter on the end ens. A seal weld is
executed around the circumference of the seals with a TIG ..elder.



2.3 Helium Backfilling and Pressurization

As noted earlier, there is a 1/16" pressurization tube in one of
the penetrations of the stainless steel adapter. This tube is connected to
a vacuum system, after a small piece of copper wire is inserted into the tube.
The fuel rod is evacuated through this tube and then pressurized with helium
to 550 psi. At this point, a hydraulic ram operated clamp pinches the tube
closed over the copper wire (which serves as a seal or gasket. The clamp is
held tight while the tube is cut adjacent to the vacuum and pressure connec-
tion. This open erd is then seal welded and the pressure on the clamp is
released. This completes the assembly of the fuel rod and it is subjected
to final inspection.

3.0 QUALITY ASSURANCE

The most rigid standards of quality are demanded for fuel elements. To
assure this quality a number of checks by quality assurance technicians are
required during the assembly and fabrication of an instrumented fuel rod.
To indicate what checks are madfe a copy of the certification record which
accompanies each stainless steel rod during its fabrication is included in
Appendix A. It should be noted that the voiding procedures and the personnel
doing the welding are qualified and sample welds are radiographed, sectioned,
and microphotographed before the rods are fabricated. In addition, where
the laser weld is involved, a sample is made before and one is made after each
production run. The acceptability of rods in that run is predicated upon

This is in addition to visual examination of the weld surfaces. Radiographs
of the end cap welds are taken in four different planes to locate possible
voids or fractures in the welds. Following backfilling with helium, the rods
are checked for helium leaks and must show a leak rate of less than 10"8

standard cc/sec.

III. CENTERLINE TEMPERATURE SENSORS

1. High Temperature Thermocouples

Refractory metal thermocouples which are supplied for fuel pin
installations differ from those normally available from commercial sources
in several ways. The most notable difference however is the use of stranded
rather than solid thermoelement wires. It has been demonstrated that re-
fractory metal thermocouples are capable of measurina temperatures in the
range of 2400°C while maintaining reasonable accuracy. However, the failure
rate of these thermocouples during cyclic operation is normally quite high.
For this reason, and because of the critical nature of v.a fuel Din install-
ations, an attempt has been made to improve the expecteo lifetime of these
devices. This was done through selection of materials and through improved
fabrication techniques.

Thermocouple fabrication is started by selecting stranded thermo-
element materials of the tungsten-5% rhenium/tungsten-I: -rhenium (V. 5«Re/
W-26% Re) type. The stranded wires are made from inc\ -\t^\ 0.002 inch



diameter solid wires such that the final diameter of the stranded material is
abptft. Q....00.8, inch. Beryllium oxide (BeO) hard fired, double bo;*e insulators
are thin placed over the wires. The insulator/wire assembly is next placed
In a tube (sheath) of the appropriate material and size. For most applications
tantalum is used as the sheath material, however, a tuhgsten-20" rhenium alloy
can be used if required by the application. The latter alloy may be more stable
in the presence of some types of fuel material than 1s tantalum. This parti-
cularly is true at temperatures above 2200°F.

Thermocouple junctions are formed in one of two ways. The first is
the rather conventional means of seal welding the end closed using a plasma
arc or tungsten-inert-gas (TIG) welder. This forms the grounded measuring
junction and seals the sheath in a single operation. A second method is used
where maximum durability is required as a result of handling, thermal cycling,
etc. This method utilizes a refractory metal plug which forms a mechanical
junction between the thermoelements. The plug is welded into the sheath with
a pulsed, automated TIG weld which reduces the heat input and thus reduces
the grain growth in tha junction area. This fabrication technique is described
1n Reference 1.

Since the fuel pin thermocouples must not only exit the fuel pin,
but often a capsule or reactor head, the problem of lead wires must be
addressed. It is not practical to extend either tantalum or the tungsten-
rhenium sheath materials the entire distance from the fuel pin to a convenient
reactor penetration since this often requires lengths in excess of 20 feet.
iiiubi it wetb necessary to asveiop a transition Trom tne rerractory metai
sheathed thermocouples to the more ductile and readily available stainless
steel sheathed cable. The transition is required to operate in regions of
high temperature and/or pressure and to be of a small overall size.

Such a transition has been successfully deveiooed for both tantalum
and W/20% Re sheathed thermocouples. Completion of the transition involves
making brazed connections between lead wires through an opening in a hard
fired insulator. The opening in the insulator is later filled in with a
castable ceramic. A stainless tube is then slipped over the transition region
and Its ends welded to the refractory metal thermocouple sheath and to the
stainless sheathed extension cable.

The small size of the transition allows it to be placed in the
plenum above the fuel stack in the fuel pin. In this v,ay the rather fragile
refractory metal sheath is entirely contained within tha fuel pin and is not
exposed to possible damage from handling or to oxidation during reactor
operation.

Thus, if the application demands, precaution:, can be taken to in-
crease the resistance of these fragile type thermocour. ;•:•? to damage from
handling or thermal cycling. Very successful and re1u.«:s operation has
been obtained from these thermocouples at temperatures •„;> to about 2400°C.



2. Ultrasonic Thermometer

Transducer and sensor des ign^ for the LOFT and PBF Reactors at
the National Reactor Testing Station (NRTS) was conducted in 1969 and 1970.
In 1972 an ultrasonic thermometer was provided by Aerojet Nuclear for a
Westinghouse-Hanford irradiation experiments*^. In 1973 and 1974, develop-
ment of the ultrasonic thermometer has continued in support of fuel rod center-
line temperatures measurements for PBF inpile experiments.

The Ultrasonic Thermometer (UT) utilized the temperature dependent
ultrasonic propagation velocity in a thin wire sensor. Since the propagation
velocity is temperature dependent, the device can be calibrated and used as
a thermometer. Reflections of ultrasonic pulses that travel a known distance
are used to determine the average propagation velocity in the wire. In actual
practice, reflection of the ultrasonic waves occurs from the discontinuity
where the sensor wire is attached to the lead-in wire and from the end of the
sensor wire. Sensor length is normally about two inches, and thus the average
temperature over this length is measured.

Calibration of the UT is done in a high-temperature vacuum furnace
with a helium atmosphere. A model #95 Pyrometer Instrument Co. pyrometer is
used as a reference. . The sensor
must be annealed to a temperature above the maximum expected temperature and
the annealing process completed before an accurate calibration can be
established, the ultrasonic propagation velocity is a function of the
metallurgical structure of the wire requiring annealing to stabilize the grain
structure of the sensor wire. Since the transmission line end sensor wire
of a UT must be protected from mechanical ultrasonic "shorts" during operation
thev are normallv enrlnspri in a small diampfpr fflfifi? inrh^ rpfrsrfnrv/ mots!
tube. Thus externally the UT has the same dimensions and appearance as does
the refractory metal thermocouple.

3. Incore Use

Four centerline thermocouples and two ultrasonic thermometers have
been installed in PBF cora rods. Three of the TC's and both UT's had each
logged 163 MW-hours of satisfactory operation, as of 1-23-75 and continue to
provide data.
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