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THE MONBUSHO/U.S. SHIELDED HFIR IRRADIATION EXPERIMENT: HFIR-MFE-
RB-11J AND 12J (P3-2 AND P3-3) — M. L. Grossbeck, K. E. Lenox, and M. A. Janney
(Oak Ridge National Laboratory), T. Muroga (National Institute for Fusion Science),

D. W. Heatherly and K. R. Thoms (Oak Ridge National Laboratory)

SUMMARY

This experiment is a joint project between the Japanese Monbusho, the Japan Atomic Energy
Research Institute, and the U.S. Fusion Energy Sciences Program. lt is the first of a series of
experiments using europium oxide as a thermal neutron shield to minimize transmutations in
vanadium alloys and ferritic/martensitic steels. The europium oxide shields were developed
using ceramic processing techniques culminating in cold pressing and sintering. This
experiment, which is a prototype for future fast neutron experiments in the HFIR, contains
approximately 3200 specimens of 18 different types. The experiment began operating at 300
and 500°C in February 1997 and is projected to attain its goal fluence of ~5 dpa in February 1998.

PROGRESS AND STATUS

Introduction

This experiment is a low exposure irradiation containing a large variety of specimens primarily for
microstructural analysis and mechanical properties of a wide variety of materials. It consists of two
irradiation vehicles, one at 300°C (HFIR-MFE-RB-11J) and the other at 500°C (HFIR-MFE-RB-
12J). Vanadium transmutes to chromium by thermal neutron absorption with an absorption cross
section of 80 barns. As a result, initially pure vanadium will contain 10% Cr after an exposure of

5 dpa in a HFIR reflector position. For the low activation ferritic-martensitic steels, transmutation
of tantalum and tungsten, which have thermal absorption cross-sections of 25 and 19 barns,
respectively, could significantly perturb alloy composition. To minimize these transmutation
effects, a europium oxide shield was developed for this experiment that reduces the thermal flux
by a factor of about 100.

To maintain controlied specimen temperatures and minimize radiative heat transfer, the
specimens are held in carefully designed racks of aluminum alloy. The specimens had to be
machined to close tolerances in order to fit into the racks and to achieve good thermal contact.
Twenty-one thermocouples are positioned along the length of each capsule, some near the
centerline, and the remainder toward the periphery of the holders. Temperature is maintained by
surrounding the specimen chamber with an annulus of inert gas which can be varied in
composition from pure helium to neon or argon, or a mixture of helium and one of the other
gases. An automatic computer-controlled system uses an average thermocouple temperature for
control and adjusts the gas mixture to maintain the design temperature.

Experiment Goals

The irradiation vehicles contain many varied experiments for fusion materials research. Only a few
examples will be stated. Pressurized tubes of low Cr-Ti-vanadium alloys are being irradiated for
the first time to evaluate irradiation creep in this alloy class. Pressurized tubes of ferritic/
martensitic alloys are also included to evaluate the newer low-activation ferritic/martensitic steels.
A large portion of the space is devoted to ceramic materials, including ceramic/metallic braze
joints. Advanced SiC/SiC fiber composites using low-oxygen SiC are being irradiated to study
irradiation-induced densification. Alumina and silicon nitride bend bars of different thicknesses
are included to study size effects on fracture of irradiated ceramics. There is also a series of TEM
disks with varying minor element chemistry to study the effects of transmutation on
microstructure. Mechanical test samples of tensile, compact tension, and Charpy bars as well as
bend bars are included to evaluate mechanical properties of several classes of alloys and
ceramics. Table 1 presents the specimen loading by material and type of specimen.
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Specimen_Loading Configuration

The specimens are loaded into round holes and square or rectangular slots along the longitudinal
axes of the capsules. Figure 1 shows the center sections of the capsules identifying the holes
and slots. The upper and lower sections of each capsule are shown in Fig. 2. In HFIR-MFE-RB-
114, which will be referred to as 11J, the upper and lower sections contain disc compact tension
specimens (DCT). In HFIR-MFE-RB-12J, which will be referred to as 12J, the upper and lower
sections contain Charpy v-notch specimens (CVN), bend bar specimens (BB), and DCT
specimens. The overall geometry of the specimens is shown in Table 2.

Table 2. Specimen Types and Overall Sizes
(The experimenter is the person who may be contacted to obtain drawings.)

Overall Dimensions
Specimen Type Designation (mm) Experimenter
Trans. Elect. Micros.
TEM 3 x 0.15-0.25

Tensile SS8J 16x4x0.25 Kohno

Tensile 8S-3 25 x 4.95 x 0.76 Grossbeck
Pressurized Tube 22.4 x 4.57 dia Kohno
Compact Tension DCT 9.6 dia x 3.93 Kimura

Compact Tension DCT 12.5 dia x 4.62 Grossbeck
Charpy 1.5 CVN 20x1.5x%x1.5 Kohno

Charpy CVN 25 x 3.33 Grossbeck
Bend Bar BB1 15x2x2 Satou
Bend Bar BB2 15x2x1 Satou
Bend Bar , BB3 15x2x0.5 Satou
Bend Bar BB4 15%x2x0.25 Satou
Bend Bar BBS 9.0x1.4%0.6 Satou
Bend Bar BB6 25x4x2 Satou
Bend Bar BB7 10x1x0.7 Satou
Bend Bar BB8 25x3x2.5 Snead
Fiber Tube SiC Tube 48 x 2 dia Satou
Thermal Cond. T™ 10diax2 Satou

The specimen loading for the upper and lower sections of 11J is shown in Table 3. Tables 4 and
5 contain the specimen loading for 12J. Since specimens are loaded side by side in a given slot,
two columns are allotted for each row (slot). As can be seen in Fig. 1, there is an inner and an
outer specimen holder in the center section of each capsule. The two holders are separate and
fit concentrically together very tightly so as not to impede radial heat transfer. The specimen
loading for the 11J inner holder is given in Table 6. The specimens are listed top to bottom as
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(B) HFIR-MFE-RB-12J

Fig. 1. Cross section through the central portion of the irradiation capsules indicating the
designations for the holes and slots.
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(B) HFIR-MFE-RB-12J

Fig. 2. Cross section through the end sections of the irradiation capsules.
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they are loaded in the capsules. As with the previous tables, specimens loaded side by side
appear in adjacent columns under the same row number. Table 7 shows the loading for the outer
holder of 11J. In cases where more than one type of specimen is loaded into one slot, all types
are listed at the column head. The loadings for the inner and outer central holders for 12J appear
in Tables 8 and 9, respectively.

As can be seen in Tables 7 and 9, the TEM specimens are in the outer holders of each capsule,
all in one hole in each capsule. The TEM specimens are loaded in tubes with welded end caps
and placed into the holes provided. The tubes are of various lengths up to 25 mm in length.
Most of the tubes are aluminum with slots for ease of disassembly, but some are zirconium and
are completely sealed for protection of vanadium alloys. The loading of the tubes is shown in
Tables 10 and 11 for 11J and 12J, respectively. The Zr tubes are indicated below the tube
designation. Tubes 1-1 and 2-1 contain radioactive specimens from a previous irradiation in the
FFTF. The specimens are listed in the order loaded so that the bottom specimen is listed first.
Multiple coiumns are used simply to accommodate the large number of specimens; all are loaded
one on top of the other.

Thermal Neutron Shield

Development of the thermal neutron shield presented the most difficult challenge of the
irradiation experiment. The first task was to select the absorber material for the shield. Most
available thermal absorbers can be excluded. Hafnium has been used as a thermal neutron shield
in flux tailoring experiments in the HFIR,1 but in the space available, only a factor of ten
attenuation can be achieved. Gadolinium and cadmium have such high cross sections that they
burn too fast to achieve the required exposure. Boron can be made to last for the duration of the
experiment, in this case about one year, especially since it may be enriched in the 19B isotope.
However, since the absorption reactions are (n, o), helium will collect in the shield container and
produce a gas pressure of about 70 MPa, 10,000 psi, in the duration of the irradiation. This would
necessitate using precious space for thick container walls. Europium can be used because the
two isotopes initially present transmute into five additional isotopes of Eu and five isotopes of Gd,
many of which have cross sections greater than 1000 bams. Thus each initial atom of Eu can
ultimately absorb several neutrons.

Having chosen Eu for the absorber, many restrictions involving practicality and reactor safety must
be considered. Europium is a very reactive metal necessitating glove box handling. Because of
the reactivity and the fact that the atomic density of monoclinic Eu,O3 is 30% higher than Eu
metal, europium oxide was selected as the absorber material. Europium oxide reacts with water to
form a hydroxide which causes disintegration of the physical structure and swelling of about a
factor of two. In the case of a leak in the can containing the shield, Eu,O3 could escape, and the
can could swell and prevent removal from the reactor.

For the first line of defense, a shield can was designed such that two independent welds would
have to fail in order to produce a leak. The design of the welds is illustrated in Fig. 3. In the event
of a leak, a packed powder of Eu,03 (which could easily be packed to 50% of theoretical density)
would allow percolation of water and swelling in a matter of a few days at 70°C. To provide a
second line of defense, the Eu,03 was sintered to 92% of theoretical density to reduce
percolation of water. In addition, the Eu,O3 was coated with aluminum to provide a water resistant
coating.

A shield 413 mm in length was required to cover the specimen region of the capsule, but in order
to reduce the shield to manageable sections, rings 25 to 50 mm in length were fabricated. The
thickness of the rings was 1.85 mm and the outside diameter was 48.3 mm. A step 0.76 mm in
length and of half the wall thickness was machined on each end in order to avoid neutron
streaming through the cracks between the rings when stacked together. Several completed
rings are shown in Fig. 4.
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The rings were fabricated by cold pressing and sintering. Cubic Eu,O5 powder was isopressed
and calcined at 1800°C to transform it to the more dense monoclinic phase. Following crushing,
grinding, and milling operations, a binder was introduced to facilitate die pressing. The powder
was then pressed in a steel die at 310 MPa, resulting in a compact of 65% of theoretical density.
The binder was then burned out at 1300°C in an air atmosphere. The rings were then sintered at
1730°C for one hour in an argon-4%H atmosphere. The final shape was machined to a tolerance
of 0.03 mm.* Coating with aluminum was done by plasma sputtering to produce a coating 2-4 um
in thickness. Since the coating produced by this technique was porous, it was sintered in a
vacuum at 576°C, 0.9 of the melting point of aluminum, for 4 hours.

The rings were then fitted together on the inner wall of the shield can to form the cylindrical shield
pictured in Fig. 5. The ends of the capsules were shielded with sections of a HFIR control plate
containing Eu,O3 in an Al matrix. Space was not a constraint so that two such 25 mm plates were
used and were placed in the specimen chamber which had a monitored containment. In the case
of a leak, a high moisture level in the purge gas could be detected within a few minutes.

Thermal Performance

The temperature distribution in the capsules was examined carefully during the first cycle of
operation. The temperature distributions are shown in Figs. 6 and 7 for 11J and 12J,
respectively. The temperatures plotted are thermocouple temperatures. Specimen
temperatures are higher according to heat conduction from the particular specimen and to local
nuclear heating, which depends upon axial position and shielding. Calculated corrections to
thermocouple temperatures are given in Figs. 6 and 7. It is apparent that the end regions are
cooler than expected in both capsules. In 11J, the ends were about 50°C lower than the design
temperature, and in 12J the end regions were about 150°C below the design temperature.

Itis believed that the low temperatures are the result of two causes: end losses and centering pad
losses. A few specimens in the outer middle region are also affected by centering pad losses.
Centering pads are used to maintain the position of the specimen holder in the capsule and to
maintain the gap needed for the flow of the control gas. However, the centering pads also
provide a pathway for heat loss. The localized temperature depression is approximately 20°C
(8%) in 11J and 50°C (6%) in 12J. The centering pads affect only those specimens that are near
centering pad locations, along with all the upper and lower regions.

The majority of the specimens in both capsules is operating within the desired temperature
bands: 20 C for both the 300 and 500°C capsules. The average of the central thermocouples
was chosen for the control temperature in both capsules. The end regions are considered to be
at 250 and 350°C for 11J and 12J, respectively. As with any irradiation experiment that does not
contain liquid metal, variations between specimens are expected.

Conclusions

Two unique first of a kind irradiation experiments have begun irradiation in the HFIR. The newly
developed europium oxide thermal shields permit fast reactor irradiations in the HFIR including, if
desired, irradiation at temperatures as low as 60°C. The experiments contain a very large number
of specimens of alloys and ceramics of many specimen configurations.

The temperatures at the ends of the capsules were slightly lower than the design temperatures,
but this is not unexpected in an experiment of such a new design. The low temperatures are
attributed to undesirable heat conduction through centering pads. The design will be modified in
future irradiation experiments to alleviate this condition. The experiment will serve as a prototype
for other collaborative HFIR experiments between Japan and the U.S.

*Machining was performed by Chand Associated, Inc., Wo~rcester, MA.
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