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Uniform corrosion of Zircaloy-4 in PWR conditions depends both on the microstructure of the

material and on its precise chemical composition.

So, for a good understanding of the influence of the different parameters which are involved in

the oxidation mechanisms, a detailed characterization of the oxide scale and the underlying metal

is needed.

We report here the results on the alloying elements distribution in the oxide and the metal

obtained by electron probe Microanalysis and Secondary Ion Mass Spectrometry as well as the

TEM observations on the oxide crystal structure and the metal oxide interface.

1. Oxide chemical composition

1.1. Electron microprobe analysis

The material used for this study is stress-relieved standard Zircaloy-4 cladding which has been

oxidized at 360°C either in a PWR representative environment or with LiOH addition. The

resulting oxide scale is about 50 (im thick, which allows the determination of the tin, iron and

chromium profiles within the oxide thickness. The microprobe is an automatical one, so that a

statistical approach can be achieved.

The main results which have been obtained can be summarized as follows.

* Tin is uniformly distributed in solution in zirconia. Its weight fraction turns around 0.8-0.9%,

which corresponds to the same Sn/Zr ratio as in zircaloy and is approximately constant within

the oxide thickness (see Figure 1).
* Chromium and iron, which have low solubility limits in zirconium, form Zr (Fe, Cr)2-type

precipitates in the metal but are differently distributed in zirconia.

Iron seems quite insoluble in the oxide and segregates at the external surface of the specimen

or in some cracks. Figure 1 shows the iron enrichment in the ten first microns of the external

oxide surface.

Chromium behaviour seems more complex. Depending on oxidation conditions, and thus

oxidation rate, and probably also on the size of the precipitates formed previously in zircaloy,

two different situations can be met. Either chromium is homogeneously distributed in

solution in zirconia, with a constant Cr/Zr ratio within the scale thickness, or it precipitates.

As in the case of zircaloy those precipitates (100 to SOOnm) are too small to be quantitatively

analysed with the microprobe. We have thus used the Fe/Cr ratio to get some informations.

Figure 2 shows iron concentration plotted as a function of chromium concentration for

several hundreds of measurements carried out in the metal as well as in the oxide. It points



presence of the Zr (Fe, Cr)2-type precipitate in zircaloy, with a weight ratio [Fe]/[Crl around

1.5, while a chromium rich precipitate (probably chromium oxide) appears in the zirconia

scale.

1.2. Secondary Ion Mass Spectrometry Analysis

This technique may be considered as complementary to the Electron Microprobe Analysis just

discussed. But it presents the very important advantage of its good depth resolution, some

nanometers typically. This allows the determination of concentration profiles in the very

begining of the corrosion process, when the oxide thickness is still very small (lOOnm for

instance), as well as an accurate analysis of the interface region, between metal and oxide. Light

elements can be easily detected and the general sensibility of this tool is very high (of the order

of the p.p.m. for most elements and even of the p.p.b. for lithium).

The results obtained for stress relieved zircaloy-4 sheets oxided in PWR environment up to an

oxide thickness of about 700 nm, seem qualitatively in good agreement with the thick oxide

scale Electron Microprobe Analysis. For instance iron concentration is first lowered, from the

metal to the oxide, but increases considerably within the external half of the scale, up to a factor

of ten at the surface. Moreover it could be pointed out that the alloying elements are in the

oxidized state in the external half of the scale only.

Lithium and boron concentration profiles have been also drawn. They present sometimes non

uniform distributions in the oxide, contrary to the alloying elements case. An important

penetration of these light elements in zirconia is noted, with an over concentration at the external

surface ; concentration maxima seem to appear inside the scale, at different depths for lithium

and boron.

2. Oxide and metal-oxide interface microstructure

2.1. ^-treated Zy-4

Beta treated Zy-4 sheets, whose structure consists of fine lamellae limited by aligned
precipitates, have been corroded in vapour steam at 400°C and the oxide scale (< l(im thick)

observed by Analytical Transmission Electron Microscopy. Two techniques have been used,

which are : first, a conventional plane observation of the mechanically extracted oxide and,

secondly, a transverse observation of the oxide layer at the interface, parallel to the surface of

the metal, called "cross-sectioning". This last method, despite experimental difficulties

requiring dimpling and ion beam thining, gives fundamental informations on oxide, interface

and metallic substrate on the same sample.



Observations perpendicular to the surface show bright lines which correspond to smaller

thickness of the oxide scale. Conventional scanning microscopy of the surface of rough bulk

specimens reveals the presence of microcracks whose spacing is anaJoguous to the aspect of the

distribution of interlamellae precipitates. Selected area diffraction ring patterns correspond to

tetragonal zirconia and reveal a strong texture depending on the metallic substrate.

Sections normal to the interface reveal the microstructure of the metal close to the interface and

the presence of two layers of zirconia (fig. 3). The one (0.8 p.m thick) close to the metal is

crystallized and consists of column like grains whose axis is perpendicular to the surface.
Microcracks perpendicular to the surface are present. The second, outer, one (0.2 (im thick) is

amorphous. Dark field imaging of the metal shows clearly the alignement of precipitates

characteristic of P treated Zy-4. But in the two oxide layers no precipitate can be detected. Local

microanalysis in the TEM shows that the iron concentration increases with a factor of 4 from

the metal to the outer layer. No variation from Sn and Cr can be detected.

Conclusively, corrosion of (Î treated Zy-4 first proceeds with an amorphous scale (0.2 (im

thick) which presents microcracks located on precipitates initially present in the metal.

Tetragonal columnary zirconia forms later. The initial Zr (Fe, Cr)2 precipitates dissolve as the

oxide grows and iron diffuses toward the outer surface exposed to steam.

2.2. SR and RX Zy-4

In the case of stress relieved and recrystallized materials the specimens were prepared from

tubes previously corroded in the CIRENE loop (at 350°C, 154 bar, with tube internal heating

device and no neutron flux). A dissolution of the metal is performed, while the thickness of the

oxide layer is reduced by ion beam milling when it is necessary.

The main conclusion that may be drawn from these observations comes from the recrystallized

cladding tube examination, where no ion beam milling revealed necessary. For this material the

Zr02 SAD patterns showed rings patterns with a very high texture. By using a "spot" of the

main ring it was possible to obtain a dark field image which shows that one third of the film
crystallites are seen (Figure 4). By comparison beetween Zrt>2 and Zr diffraction patterns it is

possible to obtain the following relationships in crystallographic orientation :



To conclude, this work gives examples of the type of information which can be brought up by

different oxide or metal-oxide interface examination techniques. In particular the dissolution in

the oxide of the Zr (Fe, Cr)2-type precipitates which are present in the metal is clearly

evidenced, as well as the segregation of iron on surfaces (external surface or cracks). On the

other hand TEM examinations and especially "cross-sectioning" technique give direct

information about the interface and oxide (note, for instance, the presence of an amorphous

external zone) precise microstructure and the orientation relationships between metal and oxide.
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FIGURE 3 : TEM cross section of the surface of corroded ^ treated Zv-4
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