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It is well known that under irradiation the corrosion rates of Zircaloy's are significantly
increased [1]. The aim of this paper is to present the two main mechanisms by which
the irradiation is supposed to contribute to such a corrosion rate enhancement.
The first one concerns the effects of irradiation on the base metal and their
consequences on the zirconia nucleation and growth.
The second one implies the contribution of water radiolysis and is proposed as an
explanation for all the reported cases of local or gross corrosion enhancement.

1. Effect of irradiation on the cladding

The size and chemical composition of intermetallic precipitates are known to
influence significantly the corrosion behaviour of Zircaloy's [2]. Under irradiation
these precipitates undergo a crystalline to amorphous transformation that allows a
large iron redistribution from the precipitates to the cc-matrix and finally a dissolution
[3-5]. Due to the low corrosion rate of Zircaloy's, the oxide layer grows on a material
irradiated at increasing fluences. Since the irradiation induces microstructural
changes, the oxide layer develops on a continuously evolving base material. These
evolutions affect significantly the oxidation kinetics [6]. We have analysed their effect
on the oxide germination and growth comparing the oxides formed in autoclave on
non irradiated material, in shielded autoclave on material irradiated in reactor during
3 cycles and directly in reactor during 3 cycles on a cladding. In these three cases
the base metal is recrystallised Zircaloy-4 [7, 8]. The observations have been
realised using Transmission Electron Microscopy.

The figure 1 illustrates the difference observed, close to the metal-oxide interface,
between the oxide grown in autoclave on non irradiated material and the one grown
in reactor. In the first case most of the oxide shows crystallographic relationships
between the oxide crystallites and the cc-zirconium underneath. In the second case
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the oxide formed in reactor is mainly composed of very small nanocrystallites with no
preferred orientations. This last behaviour appears to be specific of the oxidation
under irradiation since it is not observed on the oxide formed in autoclave on the
irradiated material. This initial difference evolves but remains present throughout the
oxide thickness. At similar distances from the metal-oxide interface, the average size
of the oxide crystallites can reach 100 to 500 nm on the oxide layer grown in reactor
while it does not exceed 50 nm for the reference oxide, these crystallites are not in a
stable state and present a clear tendency for a further grain growth under the
electron beam of the TEM.

If the irradiation appears to modify the nucleation and growth of the oxide grains, it
has also a significant effect on the iron redistribution in the oxide around the oxidised
Zr(Fe,Cr)2 precipitates. The figure 2 presents the 3 cases observed.

- In the reference Zircaloy-4, before oxidation the precipitates are monocrystalline
with a nominal Fe/Cr ratio (1.7). They are incorporated unoxidised into the oxide
layer and are later oxidised. Then their iron concentration changes considerably,
first because of the formation of an iron segregation at the precipitate-matrix
interface occasionally leading to a metallic bcc iron precipitation and second
because of the diffusion of iron in the oxide matrix. All these evolutions take place
in the pre-transition oxide layer. The iron depletion in the precipitates results in a
significant enrichment (about 1 at%) of the surrounding matrix as illustrated in
figure 2-a in the post-transition oxide layer. However, this enrichment is not
associated with any crystallographic modification of the zirconia which is observed
to be monoclinic as everywhere else in this outer layer.

- The middle of the oxide layer formed in reactor during 3 cycles also corresponds
to the post-transition layer. It has grown on a Zircaloy which had been already
irradiated during 2 cycles. Due to the low fluence received, its microstructure was
only slightly modified. In particular, even if the crystalline to amorphous
transformation of the precipitates was underway, the iron depletion was only
starting. It means that the precipitates had roughly their initial size and chemical
composition. Upon incorporation in the oxide layer these precipitates become
completely amorphous and an iron depletion is measured simultaneously with an
oxygen enrichment in the amorphous phase. As in the previous case a significant
iron enrichment is often measured in the surrounding ZrO2 matrix (figure 2-b) In
this case however, it is much higher (3-6 at%) and always corresponds to the
stabilisation of the tetragonal zirconia. These observations can be interpreted in
terms of an irradiation enhanced diffusion of iron and a chemical stabilisation
factor.
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- Using a shielded autoclave, a fresh oxide layer has been obtained on a 3 cycles
irradiated cladding, after oxide removal. In that case, the oxide has grown on a
matrix with a microstructure drastically modified. The intermetallic precipitates
were completely amorphous and had been extensively dissolved in the a-matrix
which was uniformly enriched (about 0,2 at%) before oxidation. The remaining
precipitates, small and depleted, are found in the oxide layer (figure 2-c). As
expected, no iron enrichment is detected around them nor anywhere in the oxide
layer. The detection threshold being higher on oxide thin foils than on metallic
ones, the question whether the 0,2 at% of iron, present in the metallic matrix, are
also present in the ZrO2 matrix or whether they remain in the metallic part of the
cladding is then pending.

Thus, the irradiation appears to affect not only the nucleation and growth of the oxide
but also the redistribution of alloying elements such as iron. This last point could be
determining since iron is known to stabilise the tetragonal ZrO2 [9-11].

2. Effect of irradiation on the coolant

The effect of water radiolysis is known to be able to enhance the corrosion rate of Zr
alloys.
An analysis has been undertaken of all the reported cases of local enhancement of
the corrosion rate of zirconium alloy:: under irradiation [12]. It was observed that in all
cases, a strong emission of energetic (3 ~ is present leading to a local energy
deposition rate higher than the core average. This suggested that the radiolytic
oxidising species produced in the coolant by the p ~ particles should contribute to the
corrosion enhancement. Their concentrations have been estimated in various places
of the reactor in front of p " sources such as stainless steel structural parts, Pt insert,
Cu-rich deposits or 1%Cu-Zr alloys . They appear to be significantly increased in all
cases. The enhanced corrosion around neutron absorbing material (Gd bearing fuel
rods) reported for BWR's receives a similar interpretation since energetic electrons
are created by pair production from conversion of high energy capture y photons in
the cladding.

In nominal PWR's conditions, the intensity of energy deposition rate is higher near
the surface of zirconia compared to the bulk of the coolant because of the higher
Compton and photo electron creation in the oxide than in the water [13]. These
electrons contribute to the creation of radiolytic species which are trapped in the
pores of the zirconia. Due to the high surface to volume ratio within pores, the
oxidising species would preferentially interact with the oxide, the bulk recombination
process being less efficient. This would lead to a net flux of oxygen in the zirconia.

ANS 1994, Light Water Reactor Fuel Performance



Thus, the effect proposed to explain the cases of localised irradiation enhanced
corrosion, can also be extended to the reactor core, where the general enhancement
of Zr alloys corrosion rate under irradiation could be attributed to a general radiolysis
effect.

Such an hypothesis is being studied using electrochemical characterisation of
Zircaloy-4 under controlled radiolysis conditions. In the electrochemical cell, in front
of the working electrode, an iridium p" source is introduced at a distance definite to
manage the energy deposition rate. The first results obtained are illustrated in the
potentiodynamic curves of figure 3. They indicate that under radiolysis conditions the
oxidation behaviour of the material is modified [13] :

- The rest potential becomes slightly more noble, as the critical potential at which
the passivity is broken.
- The current density in the passive region is significantly increased.

Further investigations are being performed to analyse these results and correlate
them more precisely to the reactor conditions.

Conclusions

In reactor environment, irradiation has a specific effect on both the cladding and the
coolant.

• The microstructural evolutions induced by irradiation in Zircaloy contribute to
change continuously the metallurgical state of the oxidising matrix and then, the
conditions of formation of the oxide. Moreover, the irradiation appears clearly to
affect the crystallographic nature of the oxide and its growth within the oxide layer.
It also enhances the diffusion of iron in the oxide, contributing locally to the
stabilisation of tetragonal zirconia.

• Various high energy p~ sources can be found in the core which all contribute to
increase the energy deposition rate in the water and the formation of radiolytic
species. This is particularly the case near the surface of the cladding and within
the pores of the oxide layer where the creation of oxidising radiolytic species could
also account for the general enhancement of the corrosion rate under irradiation.
The first electrochemical results obtained under controlled radiolysis conditions
are in good agreement with such an hypothesis.

It is expected that depending on the material conditions, these two mechanisms
should contribute to corrosion enhancement with varying relative intensities.
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Figure 1 Structure of the ZrO^ nanocrystallites close to the metal-oxide interface,

a Oxide grown in the autoclave on non irradiated Zircaloy-4

h Ovide qrown in reartnr nn Zirralnv-'I claddinn
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Figure 2 : Incorporation of intermetallic Zr(Fe,Cr)2 precipitates in the oxide layer. Influence of the fluence received before oxidation on the
iron redistribution in ZrO2-
a. Oxide grown in autoclave on non irradiated Zircaloy-4. Before oxidation interr'ietallic precipitates are monocrystalline with a Fe/Cr ratio of 1.7. After oxidation a significant iron redistribution is measured
In and around precipitates.

b. Oxide grown in reactor after 2 cycles of irradiation. Before oxidation precipitates are partially amorphous and a limited iron depletion in detected in the amorphous phase while in the crystalline core of
(he precipitate, the Fe/Cr ratio Is 1.7. After oxidation a large iron redistribution is measured in and around precipitates.

C. Oxide grown in shielded autoclave on a 3 cycles irradiated Zircaloy after removal of lhe oxide layer. Before oxidation precipitates are amorphous and extensively dissolved in the matrix. Most of the

iron has diffused in the matrix. After oxidation no iron is detected in ZrO2-
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Figure 3 : Potentiodynamic curves obtained on Zircaloy-4 sheet samples in
1M, pH 6.6, v = 10 mV.mn-1

-» a, b : without P" source,
-> c, d : with Ir source at 1 mm from the working electrode.

8


