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par
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RESUME

II y a quelque 400 tubes de force en Zr-2.5Nb dans un re"acteur CANDUMD. En exploitation, les
tubes de force contiennent de l'eau lourde a environ 300°C, 10.3 MPa avec un pD a la
temperature ambiante de 10.5. Le fonctionnement du tube de force dans l'environnement
entraine la formation d'oxydes et 1'absorption de deuterium. Une absorption de deuterium
excedentaire entraine la precipitation des deute"rures de zirconium dans le metal. Une importante
etape en vue de maitriser les vitesses d'entre"e est de savoir comment le deuterium traverse la
pellicule d'oxyde pour entrer dans le me"tal.

L'imagerie a franges de Fresnel des coupes d'oxydes forme's sur les tubes de force, associee a
1'inclinaison dans le microscope electronique a T6\616 la nature tridimensionnelle de la porosite"
dans les pellicules d'oxyde. Deux types principaux de porosite existent: flocon et ruban. La
voie principale d'entree de deuterium est par rintermediaire de la porosite en ruban illustree par
la spectroscopie par impedance electrochimique. La porosite en ruban se situe le long de la
limite entre les phases a-Zr et (3-Zr oxydees. D est possible d'apporter des modifications pour
reduire la porosite en ruban, ce qui entraine des vitesses d'absorption de deuterium bien
inferieures et un prolongement de la duree de vie du tube de force.

Corrosion et Science des surfaces
Laboratoires de Chalk River

Chalk River (Ontario) KOJ 1 JO

Dexembre 1999

AECL-12042



AECL

MECHANISM OF DEUTERIUM PICKUP IN Zr-2.5Nb ALLOY

by

Robert A. Ploc

ABSTRACT

There are approximately 400 Zr-2.5Nb pressure tubes in a CANDU® reactor. During operation,
the pressure tubes contain heavy water at about 300°C, 10.3 MPa with a room-temperature pD of
10.5. Operation of the pressure tube in the environment leads to oxide formation and absorption
of deuterium. Excess deuterium absorption leads to precipitation of zirconium deuterides in the
metal. A knowledge of how the deuterium passes through the oxide film to enter into the metal
is an important step in gaining control over ingress rates.

Fresnel fringe imaging of cross-sectioned oxides grown on pressure tubes, combined with tilting
in the electron microscope, has revealed the three-dimensional nature of porosity in the oxide
films. Two primary types exist, flake and ribbon. The main route for deuterium ingress is via
ribbon porosity, as shown by electrochemical impedance spectroscopy. The location of the
ribbon porosity is along the boundary between the oxidized oc-Zr and |3-Zr phases. Modifications
to reduce ribbon porosity are possible and this, in turn, leads to significantly lower rates of
deuterium absorption and extension of pressure-tube lifetime.
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1. INTRODUCTION

In a CANDU® power reactor there are either 380 or 480 pressure tubes containing natural
uranium fuel. Heavy-water coolant passes through the tubes at a pressure of approximately
10.3 MPa and a temperature of 573 K (300°C). In this environment, the inside surface of the
Zr-2.5Nb tube not only develops an oxide film but absorbs deuterium from the heavy-water
corrodant. Uniform oxidation is relatively inconsequential; however, deuterium absorption can,
following prolonged periods of operation, result in the formation of zirconium deuterides. To
minimize the potential for deuteriding, a knowledge of how deuterium passes through the oxide
film to enter into the metal is an important step in gaining control over the ingress process.

At the Microscopy of Oxidation III conference held in Cambridge in 1997, we presented a paper
on the nature of the oxide film that grows on the two-phase Zr-2.5Nb pressure-tube alloy [1].
The paper indicated that the oxide contained two forms of porosity, wormhole and coarse. It
listed six reasons why the observed porosity was believed to have developed in situ and was not
an artifact of the oxide cross-sectioning technique. The present paper does not reiterate those
conclusions, but redefines the porosity and illustrates how oxide porosity controls the deuterium
ingress process. As before, our technique relies heavily on the use of Fresnel fringe imaging.

2. EXPERIMENTAL

Two forms of the Zr-2.5Nb alloy were corroded in autoclaves: drop-castings and pressure-tube
material. The drop-casting microstructures consisted of a combination of uniform pro-eutectoid
oc-Zr grains mixed with equal proportions of Widmanstatten transformed p-Zr grains, all grains
being about 1 to 2 urn in width and with an aspect ratio of about two (produced by cross-rolling
during fabrication). Inside the transformed (5-Zr grains were a series of a-Zr needles encased in
P-Zr that were a few |im's in linear dimension.

In pressure tubes, the alpha-zirconium grains are flattened by the extrusion process, yielding
grains that are approximately 10 \im long by 1 \im wide and 0.3 to 0.5 urn thick. The
alpha-grains are encased in a thin, continuous layer of metastable beta-zirconium. The
beta-zirconium thickness is about one-tenth that of the alpha. Figure 1 shows a thin foil of the
Zr-2.5Nb pressure-tube alloy oriented in the transverse normal direction (hoop direction),
showing the alpha-zirconium structure with a meta-stable beta-zirconium stringer cutting across
the micrograph. The fringes along the alpha/beta boundary are extinction fringes from the tilt of
the boundary relative to the direction of the electron beam, and they indicate a rather sharp and
flat interface between the two phases. It is important to realize that when viewing cross-sections
of oxide grown on this material, the tilted interface is present in the oxide, though the sloping
boundary is not always noticeable, due to multiple contrast effects. Oxide structures that are
formed from the alpha-zirconium phase terminate at this boundary, since the oxide resulting from
corrosion of the beta-zirconium phase has a different physical structure. Since the
beta-zirconium phase forms a continuous, three-dimensional web throughout the metal, the
corroded phase forms a continuous network throughout the oxide.



3. RESULTS AND DISCUSSION

Oxide cross-sections were tilted in the electron microscope to deduce the three-dimensional
nature of embedded pores and cracks. Figures 2a and 2b show an example of what was
previously defined as a wormhole. In Figure 2b, the area marked W appears to be a fine line of
porosity (wormhole), but in Figure 2a it is clearly more flake-like (i.e., two-dimensional, thin,
and equiaxed). The complete tilt series, not shown here due to space limitations, revealed very
little evidence of true wormholes.

To understand the origin and location of flake porosity, it is necessary to know that the oxide
microstructure is normally comprised of equiaxed columnar crystallites, from about 20 nm to
50 nm in diameter and many more times in length. The visibility of a columnar crystallite is
variable, because visibility depends on localized diffraction conditions in the electron
microscope, and these conditions radically change over short distances. The columnar nature of
the oxide, however, can almost always be seen as a series of boundaries that run vertically to the
free surface, across the thickness of the film; for instance, see Figure 3a. Compounding the
visibility problem is the fact that the bounding planes of the oxide cross-section cut through the
closely packed, three-dimensional columnar crystallites on a variety of planes. This means that
in many instances, two or more crystallites overlap (giving rise to Moire fringes) or form a
truncated portion of a crystallite, resulting in a misleading indication of the crystallite size. At
higher magnification, Figure 3b, which is an enlargement of the area labelled P in Figure 3a,
shows that many crystallite boundaries are the sites for flake porosity. Such porosity also exists
at the tops and bottoms of crystallites.

Large oxidation stresses (the Pilling Bedworth ratio is 1.56), along with the fact that new oxide
forms at the inner oxide/metal interface, cause slip and shearing of the oxide film along
crystallite boundaries, thereby promoting the development of flake porosity. Not every crystallite
boundary (side, top, or bottom) displays porosity, for at least two reasons. First, the flake
porosity does not cover the total boundary area and is more akin to a series of flattened bubbles
on the interfaces; second, the oxide-foil surfaces randomly section the crystallites, leaving
minimal, if any, evidence of porosity. When the foil is prepared, it is rare for the bounding plane
to be coplanar with a crystallite boundary. Therefore, most of the observed flake porosity
appears to be vertical (perpendicular to the foil surface), or slightly skewed to the image plane.
Seeing a crystallite boundary without porosity does not mean that porosity is absent; it becomes a
question of geometry. It does mean, however, that porosity is flake-like and not present as a
sheet over the whole crystallite/crystallite interface.

Whereas there is some evidence that flake porosity can be interconnected over short distances, it
is the second form of porosity, coarse porosity, that is believed to be the primary path for
deuterium ingress into the metal. As will become obvious, this type of porosity can best be
described as ribbon or channel porosity, due to its sinuous nature as it weaves and twists through
the oxide film, making its way toward the oxide/metal interface. A truncated section of ribbon
porosity is shown in the upper portion of Figure 3a, at C. Figures 4a and 4b were taken from the
same area as shown in Figure 2, but after the oxide-foil had received further tilting in the electron
microscope. In Figure 4a there is very little evidence of a pore stringer. In Figure 4b, the pore



stringer which was previously invisible is now clearly seen, marked by arrows. In fact, other
micrographs, taken with different tilts in the electron microscope (Figure 2b), and hence showing
different details, reveal that the connected porosity stringer extends even deeper into the oxide.
In some micrographs, the stringer is so narrow that it virtually disappears. Depending on the
electron diffraction conditions, the stringer contrast occasionally disappears, revealing an oxide
crystallite lying over the pore, indicating that the ribbon diameter is not even as thick as the oxide
foil. A much more thorough treatment of this subject is given in [2].

Ribbon porosity in pressure-tube material develops along the corroded alpha/beta-zirconium
interfaces. This means that the ribbon develops on a continuous, well-defined, three-dimensional
web that stretches from the free surface to the metal. The aqueous environment, therefore, has a
direct path to the inner oxide/metal interface. Figure 5 shows an example of how the ribbon
porosity develops along the corroded alpha/beta-zirconium boundary. The narrow band between
the lines of porosity corresponds to corroded beta-zirconium (high in Nb), while the remaining
oxide is oxidized alpha-zirconium.

Figures 6a and 6b were taken from an oxide grown on a piece of pressure-tube material that was
cut, prior to corrosion, so that the beta-zirconium stringers of the metal were at an angle
approximately 45° to the free surface. When corroded, the beta-zirconium ligament would be
expected to cut across the oxide cross-section at 45°. This has been confirmed by X-ray images
such as shown by the insert in Figure 6a, which also shows that the beta-zirconium contains a
relatively high proportion of Nb, (alpha-zirconium contains about approximately lwt% Nb and
beta-zirconium, about 20 wt% Nb). The oxide/metal interface is located a little below the large
stress cracks (labeled SC), which are parallel to the free surface. Stress cracks are not necessarily
connected to the free surface, except where they intersect ribbon porosity. The Nb signal in the
oxide film is weaker than that from the metal, for two reasons. First, the Nb concentration has
been diluted by oxidation, and second, the oxide is relatively thin, meaning that there are fewer
Nb atoms to give a strong X-ray signal. As indicated, the corroded alpha/beta-zirconium
boundary is instrumental in providing a path for the corrodant to the inner interface. Figure 6b,
which is an enlargement of the lower area of Figure 6a, shows that the oxide column h$s shifted
due to shear; i.e., the linear porosity has a kink at the corroded alpha/beta boundary. Ribbon
porosity is visible at the areas marked RP in Figure 6a.

With such direct paths to the oxide/metal interface, it has been asked why the deuterium pickup
rate is not higher than the typical 3% to 10% of the deuterium generated by the corrosion process.
The reason is believed to be due to the presence of Nb in the +5 oxidation state lining the walls
of the ribbon porosity. Ribbon porosity forms along the corroded beta-zirconium boundary,
where the Nb concentration is highest. This is the subject of another publication [3].

The inference this model makes for deuterium ingress is that if the nature of the beta-zirconium
distribution in the alloy is changed, then the deuterium pickup rate will also change, because the
porosity distribution and shape will be different. This is precisely what has been seen for two
separate alloy treatments: first, when a piece of pressure-tube material is held at 773 K (500°C)
for six hours, and second, when the pressure tube is shot-peened, completely disrupting the first

of the metal surface [4]. In the former case, the meta-stable beta-zirconium in the metal



begins to thermally transform, so that the beta-stringers are no longer smooth but become
discontinuous, containing small particles of Nb-enriched beta plus small particles of
omega-zirconium that are 20 nm or less in diameter, see Figure 7. This means that when an
oxide crystallite, which is about 50 nm wide, meets the corroded alpha/beta boundary, it no
longer terminates at a flat interface. Flake porosity, which eventually becomes ribbon porosity,
can no longer develop in a straight line and cannot be easily opened, like a zipper. The presence
of Nb-enriched beta, however, still provides the necessary presence of Nb, and the deuterium
pickup rate plummets. In fact, the deuterium pickup rate drops so severely that the material
becomes insensitive to all other factors, such as residual chemical impurities [2].

Figure 8 is an oxide cross-section taken from a pressure tube that has been shot-peened. Clearly,
the porosity is no longer ribbon-like but flake-like in appearance. There are no long
beta-zirconium stringers, since the first 150 um of the surface has been thoroughly homogenized
by the peening process. The flake nature of the porosity is more obvious since the oxide is
comprised of more equiaxed crystallites. Flakes are no longer seen edge-on, but in random
orientations. There is limited connection between the flakes, but connection to the inner
interface is less obvious. A few long, vertical cracks from the free surface to the inner
oxide/metal interface may be artifacts or random paths for deuterium ingress. This has not been
clarified. Further, the stress cracks near the oxide/metal interface, as shown in Figure 6, are also
present in shot-peened material but, again, they are not necessarily connected to the free surface.
As with heated-treated material (773 K for six hours), the deuterium ingress rate is dramatically
reduced. For instance, using the same pressure-tube material, but in the as-received condition
and in the shot-peened condition, when subjected to corrosion for 340 days in an autoclave, or in
a test reactor, the deuterium pickup rate for the as-received material is about 0.47 mg/dm2, and
for the shot-peened material it is 0.29 mg/dm2, a reduction of close to 50%.

As will be presented at the 14th International Corrosion Congress in Cape Town, South Africa, in
1999 October [3], the role of coarse porosity in determining deuterium ingress rates has been
tentatively confirmed using the independent technique of electrochemical impedance
spectroscopy (EIS). EIS is able to characterize both flake and ribbon porosity. Together,
electron microscopy and EIS strongly indicate that ribbon porosity plays a major role in
deuterium pickup.

4. CONCLUSIONS

Transmission electron microscopy of oxide cross-sections has found three major forms of
porosity in Zr-2.5Nb oxide films: flake, ribbon, and stress cracks. Flake porosity can exist in
isolation, but with time and dissolution (by the high pD, high-temperature corrodant) it can
become connected to ribbon porosity, which provides a path through the bulk oxide film to the
oxide/metal interface. Ribbon porosity controls the deuterium uptake rate. The exact nature of
the ribbon porosity in the oxide is determined by the shape and distribution of the meta-stable
beta-zirconium in the metal. Changing the beta-zirconium microstructure in the alloy prior to
corrosion through processes such as heating for six hours at 773 K, or by shot-peening the
pressure-tube surface, significantly reduces deuterium uptake rates.
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Figure 1. Zr-2.5Nb pressure-tube foil showing two alpha-zirconium grains separated by a
metastable beta-zirconium ligament. Thickness fringes on the alpha/beta boundary
indicate a sharp, sloping interface between the two phases. The hep alpha-zirconium
phase contains about 1 wt% Nb, while the bcc beta-phase contains approximately
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Figure 2(a) Cross-section taken from an oxide grown on a drop-cast Zr-2.5Nb specimen. The
cross-sections in both (a) and (b) have been tilted in the electron microscope to
show the true nature of the oxide porosity. The porosity at "W" is flake-like nut in
(b) is more like a linear feature.



Figure 2(b) Same as Figure 2(a) but the porosity at "W" now looks more "wormhole" in
appearance,



Figure 3(a) An oxide cross-section taken from drop-cast Zr-2.5Nb showing the columnar
nature of the oxide crystallites. A truncated portion of "ribbon" porosity is visible
at "C". The "flake" porosity at "P" is enlarged in 3(b).



10

\ v

ft

30 y.

Figure 3(b) Higher magnification of the area around "P" in Figure 3(a) and shows that most of
the oxide w}'i>iiiiliici> me sanoanckJ by *'flake" poivshy, cipt-fialJy ibc caiib.
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Figure 4(a) "Ribbon" porosity that extends toward the oxide/metal interface (oxide grown on
drop-cast Zr-2.5Nb). The "ribbon" porosity is difficult, if not impossible to see in
(a) but is clearly seen in 4(b).
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Figure 4(b) Same area as in Figure 4(a) but after receiving an additional tilt in the electron
microscope. The presence of "ribbon" porosity is now clearly seen (marked by
arrow heads). Pore xibibihiy is strongly dependent on local ditkuction conditions.
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Figure 5. An example of how porosity forms along the corroded alpha/beta boundary and is
opened like a zipper, thereby, allowing the corrosion media to enter deeply into the
oxide.
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Figure 6(a) A low magnification image of an oxide where the beta-zirconium ligaments enter at about 45° to the free
surface. Close examination shows very fine porosity (RP) along the corroded alpha/beta-Zr
boundaries, as well as a series of stress cracks (labeled "SC") parallel to the free surface. The insert is
a Nb X-ray image superimposed on a bright-field STEM image showing the presence of segregated
Nb contiguous with the beta-Zr phase.
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Figure 6(b) A higher magnification of the bottom centre of Figure 6(a) showing how the oxide
appears shifted, as evidenced by the displacement of the stress cracks where they
meet the corroded alpha/beta boundaries.
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Figure 7. Zr-2.5Nb heated for 6 h at 773 K. The smooth alpha/beta-zirconium boundaries
shown in Figure 1 have been changed by the formation of p-enriched zirconium
particles.
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Figure 8. Oxide taken from shot-peened pressure-tube material. Porosity is mainly of the flake
type, with large vertical cracks running from the free surface to the inner oxide/metal
in IU face.
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