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Abstract

Neutron absorbing material and cladding material are significant to nuclear fuel
safety. Neutron absorbing materials are used in these spent fuel applications,
transportation and storage, to maintain the fuel in subcritical condition and thereby
prevent a criticality incident. The fuel cladding is a vital barrier to prevent the leakage
of nuclear fuel and high radioactive materials. In this thesis, ion irradiation effects and
evaluation of AI/B4C neutron absorbing materials and zirconium alloys were
discussed.

Al/B,C metal matrix composite (MMC) with good mechanical, thermal
conductive and neutron absorbing properties, is currently used in dry storage casks
and in spent nuclear fuel pools. In service, MMC suffers irradiation damage and
helium build-up. The helium behavior in the material was investigated with two
different sets of ion irradiation conditions: a 400 keV helium irradiation with fluence
of 1.5>10% ions/cm? at room temperature and a combined ion irradiation experiment
with pre-implantation of 400keV helium (with fluence of 1.0x10"® ions/cm?) followed
by a 1.5 MeV proton irradiation (with fluence of 2.2x10"° ions/cm?) at room
temperature.

In order to investigate the depth distribution of helium bubbles and radiation-
induced defects, cross-sectional TEM samples were prepared using the Focus lon
Beam (FIB) lift-out techniques. Transmission electron microscopy (TEM)
investigation has shown that helium bubbles/voids formed in the aluminum matrix at
low helium concentrations. The density and size of the helium bubbles increased with
increasing helium concentration. Helium bubbles are larger at the aluminum grain and
phase boundaries, approximately 10 nm in diameter, compared to ~5 nm with those in
the aluminum matrix at the peak concentration depth after an implantation fluence of
1.5x10" ions/cm?. Helium bubbles in the boron carbide were much smaller in size.
The average diameter of the bubbles was only ~1nm after the helium fluence of
1.5x10" ions/cm?. The difficulty in bubble growth in boron carbide can be explained
by its strong covalent/ionic bonding and high shear modulus. After proton irradiation,
helium bubbles grew to 5 nm in diameter and preferably arranged in rows, along
certain pre-existing defects. The helium bubble strings are promoted by ionization and
nuclei displacement damages that cause the helium atoms to move to pre-existing

defects. Bubble formation and coalescence along aluminum grainboundaries, phase
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boundaries and pre-existing defects in boron carbide particles may provide channels
for boron loss during service in the spent nuclear fuel storage facilities.

To understand the long-term corrosion behavior of Al/B,C metal matrix
composite neutron absorbers during deployment in a used nuclear fuel dry cask
storage environment for several hundred years, corrosion effects were accelerated by
flowing humidified argon through an autoclave at temperatures between 300<C and
400<C. He" irradiation and autoclave corrosion test of Al/B,C MMC indicated that the
boron carbide particles on the surface were totally corroded and disappeared after the
corrosion test. Transmission electron microscopy investigation has shown that
corrosion of B4C particles occurred both on the surface and in the internal materials.
The chemical component analysis of newly formed nanostructures along Al/B4C
phase interface indicate that the corrosion process may be forced by the oxygen or
water (or vapor) diffusion through the grain/phase boundaries and enhanced by the
helium bubble coalescence.

The neutron depth profiling experiments of Al/B4C neutron absorbing materials
were performed. The neutron depth profiling was based on the °B (n, «) "Li reaction.
A sequence of boron-10 atomic density of these four neutron absorber materials is
SN33-7 > SN31-7 > Bortec and Boral. After ‘“ion-irradiation + corrosion”, a
significant drop of boron-10 concentration was shown on NDP profile. NDP results
are consistent with the microstructure of corroded sample where the boron carbide
particles were corroded and disappeared.

Zirconium alloys are widely used in nuclear power reactors as fuel cladding and
core structure materials due to their low neutron capture cross section, good corrosion
resistance and mechanical strength. To meet the requirement of high burnup of the
nuclear fuel, five new generation zirconium alloys were developed. The samples were
irradiated to 1.14x10™ zr**/cm? using 3 MeV Zr™* at 320°C, 360°C and 400°C,
respectively. The effect of temperature on the crystalline to amorphous transformation
has been studied. As the irradiation temperature increases, it is harder to undergo a
complete crystalline to amorphous transformation. It is indeed seen that, precipitates
undergo only a particles amorphous transformation or remain crystalline. A sequence
of resistance to radiation damage of these five zirconium alloys is E02 > H01, C02 >
D04 > B02.
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