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Abstract

Zirconium alloys have been used as cladding material for nuclear
fuel in water-cooled nuclear power reactors, whose performances
must be improved to ensure the safety and reliability of reactors and
increase economical competition of nuclear electricity. Especially, the
improvement of the waterside corrosion resistance of fuel cladding
becomes instant because increasing burn-up and prolonging the fuel
cycle are demanded for reducing the cost of nuclear electricity. 1°B is
taken as burnable poison, so that H;BO, is added to primary coolant
in the pressurized water reactors (PWRs). To maintain pH value of
the coolant, LiOH is added and the presence of LiOH appears to have
a detrimental effect on the corrosion resistance of zirconium alloys.
Nuclear material experts have been engaged in the research work for
improving the corrosion resistance of zirconium alloys in LiOH high
temperature aqueous solution for many years. To obtain this goal,
three part research works have been done in present study.

In the first part, the mechanism that LiOH aqueous solution
causes the accelerated corrosion of zirconium alloys was investigated
by comparing the corrosion resistance of Zircaloy-4 specimens in
different water chemistry, examining the morphology of oxide films
at metal /oxide interface and on the surface by means of SEM and
SPM, studying the microstructure and crystal structure of oxide films
with TEM and determining the penetrations of Li*, K", OH, CI" into
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the oxides by SIMS. The results indicated that when zirconium alloys
were corroded in LiOH aqueous solution at high temperature with a
certain concentration, the growth of oxide film is a process of OH"
diffusing from outside of oxide into interface and reacting with
zirconium to form ZrO, at the interface. During this process, the
reaction between adequate OH™ and oxygen vacancy in the tetragonal
zirconia would promote the transformation from tetragonal zirconia
(t-ZrO,) to monoclinic zirconia (m-ZrQ,). The transformation from t-
Zr0, to m-ZrO, would bring some pores and cracks in the oxide and
relax the compressive stress in the oxide and degrade the protective
ability of oxide films by destroying the integrality of oxide films. So
the presence of LiOH causes a reduction in the duration of the pre-
transition stage and an enhancement of the corrosion rate in the post-
transition stage of zirconium alloys.

OH- diffusing into oxide film would be accompanied by the
corresponding cation, otherwise, it will be hard for OH" diffusing into
oxide due to static electric field caused by those cation piled up on the
surface of oxidation film. It is more difficult for K* diffusing into
oxide film than Li* because of its bigger radius, so the OH" diffusing
into oxide film will be less during zirconium alloys corroded in KOH
aqueous solution. Therefore the degradation effect of KOH aqueous
solution on the corrosion resistance of zirconium alloys is slight, and
it is a reasonable choice to add KOH into the primary coolant of
PWRSs instead of LiOH to control the pH value.

It is water molecules that the corrosion reaction consumes,

although OH- takes part in the reaction during the corrosion process
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of zirconium alloys. The corrosion rate would not accelerate observed
in the past when zirconium alloys was corroded in melt LiOH
because there was no water molecules in it.

The effects of alloy elements on the corrosion resistance of
zirconium alloys in LiOH aqueous solution were studied in the
second part. Firstly, the relationship between microstructure of the
alloy specimens and their corrosion resistance in LiOH aqueous
solution were investigated. Secondly, the microstructure and crystal
structure of oxide films and the morphology of oxide films at metal
/oxide interface and on the surface were examined. Lastly, the effects
of BNb and Zr-Nb-Fe second phase particles on the corrosion
resistance of zirconium alloys in LiOH aqueous solution were
discussed. Some results have been suggested: The contents of Sn in
zirconium alloys should be lower, otherwise, the contents of t-ZrO,
would be reduced, so it was difficult to form the compact barrier in
the oxide; the contents of Nb should exceed 0.4wt% and there also
should be enough Fe in the alloys for forming adequacy of fine Zr-
Nb-Fe second phase particles when the alloys contained Cr. Adding
Cr caused the formation of hexagonal Zr(Fe,Cr), particles with Fe
which might reduce the quantity of Zr-Nb-Fe second phase particles.
Since Nb oxide is soluble in high temperature LiOH aqueous solution,
the integrity of oxide films would be destroyed when BNb second
phase particles containing 80wt% Nb were corroded and dissolved
parts in LiOH aqueous solution. The corrosion resistance of
zirconium alloys in LiOH aqueous solution will be improved by fine
Zr-Nb-Fe second phase particles containing in zirconium alloys
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because which could help to the integrity of oxide films.

In the third part, the effects of heat treatments on the
microstructure and corrosion resistance of Zr-Sn-Nb (Fe) alloys have
been studied. The results show that the corrosion resistance of
specimens treated by 750°C—0.5h /C.R/560°C—10h is the best among
all specimens adopted in this work. It is concluded that a lower
niobium concentration in solid solution in aZr matrix and a uniform
distribution of fine Zr-Nb-Fe particles are important factors for
improving the corrosion resistance significantly, especially, the later
one is more important. The cold deformation before the final
annealing at 560°C plays an important role in obtaining fine Zr-Nb-
Fe particles because which can promote the nucleation during the BZr

decomposition.

Key words zrconium alloys, corrosion resistance, microstructure, second phase,

alloy elements, deformation and heat treatment
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