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Abstract

Zr-2.5wt.%Nb alloy specimens, and for comparative purposes pure zirconium, were
exposed to a pressurized lithiated water environment containing 4.8 g of LiOH per litre
of H,O at 300 °C, and the oxides at the oxide—metal interface were characterized by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM
and SEM studies show that the barrier oxide layer formed on a Zr—2.5wt.%Nb alloy in
the aqueous environment has a complex structure. The structure of the barrier oxide
layer on Zr-2.5wt.%Nb consists of two parts, namely one resulting from corrosion of
grain boundary phases and the other resulting from corrosion of the bulk a-Zr grains.
The former consists mainly of tetragonal ZrQ, crystallites. The latter consists of amorphous
or mosaic layers and transformed tetragonal ZrO,. In contrast, the oxide at or near the
oxide—metal interface on pure zirconium specimens exposed to the same environment
consists only of amorphous and mosaic structures which are relatively continuous.

1. Introduction

A Zr-2.5Nb alloy where the composition is given in weight per cent
and other zirconium alloys such as the Zircaloys are used for the manufacture
of nuclear reactor core components such as fuel cladding and pressure tubing
because of their low neutron absorption cross-section, high strength and
high corrosion resistance under reactor operating conditions [1]. The corrosion
and associated hydrogen ingress behaviour of zirconium alloys are often
considered in terms of the effects of a ‘“‘barrier layer’’ at the oxide—metal
interface which can significantly reduce hydrogen ingress and oxidation rates
with time, as long as the barrier layer remains intact and protective. The
questions that needed to be answered with respect to this barrier layer were
as follows: (i) what is it and (ii) is there really such a layer? There are
relatively few reports of studies on the oxide close to the oxide—metal interface
in zirconium and its alloys, especially Zr-2.5Nb, as seen using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
analysis techniques [2—10].

Garzarolli et al. [8] have described the microstructure of the oxide—metal
interface for the three different types of oxide structure, namely (i) uniform
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oxides formed in water, (ii) uniformm oxides formed in oxygen and (iii) a
nodular oxide formed in steam on Zircaloy specimens. The main structure
at the interface for the uniform oxide formed in water and for the nodular
oxide formed in steam is a columnar structure of monoclinic ZrO,. This
monoclinic columnar structure is considered to be formed because, as noted
by Murase and Kato [11], moisture markedly accelerates crystallite growth
for both monoclinic and tetragonal ZrO, and facilitates the tetragonal-to-
monoclinic phase transformation. The normal structure formed by oxidation
in oxygen primarily consists of monoclinic ZrO, as well as some tetragonal
ZrO, and an amorphous structure. In an investigation of Zr—2.5Nb, Warr et
al. [6] also observed that amorphous regions were formed not only at the
oxide—metal interface but also fairly generally at oxide grain boundaries.
Recently, Wadman and Andren [9] used atom probe analysis and TEM to
study thin oxide layers grown in air and boiling water on Zircaloy-4 specimens
and found that the oxide layers 10 nm thick were partially amorphous and
contained small oxide crystallites. The oxygen content of the amorphous
layers was low, less than 50 at.%.

In order to determine whether a barrier oxide layer exists on Zr—2.5Nb,
which would be responsible for preventing, or at least reducing, hydrogen
ingress, it is important to obtain information on the nature of the oxide film,
particularly that which is closest to the oxide—metal interface. In the present
work, we have exposed Zr—-2.5Nb pressure tube specimens, and for comparative
purposes pure zirconium, to a pressurized lithiated water environment at
300 °C for short (pre-transition) and long (post-transition) times and have
studied the formation of a barrier oxide layer using TEM and SEM techniques.

2. Experimental details

2.1. Details of corrosion tests and specimens

The starting material was commercial grade Zr—2.5Nb pressure tubing
supplied by Ontario Hydro in the cold-worked-and-stress-relieved condition.
Specimens were sections cut directly from pressure tubing with dimensions
of approximately 20 mm X 15 mm Xabout 4 mm (thickness) of pressure
tubing. The corrosion-hydriding tests were carried out in high pressure (8.65
MPa), high temperature (300 °C) static autoclaves of 50 cm® capacity. A
LiOH concentration of 4.8 g of LiOH per litre deionized water (H,O) was
used in order to accelerate the corrosion reaction. The chemical analysis of
the tubing and full details of corrosion tests can be found in ref. 10. The
pure zirconium specimens were arc-melted crystal-bar zirconium and were
used as a baseline material for comparative purposes.

2.2. Preparation of specimens for transmission electron microscopy
and scanning electron microscopy examination

Specimens were first cut from the corroded Zr-2.5Nb pressure tubing
using a low speed diamond saw as shown in ref. 10. In order to determine
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the nature of any changes in the barrier oxide layer with exposure time,
two groups of specimens were chosen, namely those exposed for 40 h (pre-
transition) and those exposed for 480 h (post-transition). Typical weight
gain (oxidation) vs. exposure time results for this batch of Zr—2.5Nb specimens
under these environmental conditions can be found in ref. 10.

The specimens for TEM and SEM examination included all three sections
of pressure tubing, namely the axial-radial, radial-tangential and ax-
ial-tangential surfaces. Thin foil TEM specimens containing the oxide—metal
interface were then prepared using an ion-milling technique that was modified
from one originally developed by Moseley and Hudson {12]. The ion beam
thinning was initially conducted from the metal side until the foil specimen
was perforated at the edge [7]. The thin foil specimens were examined at
100 kV in a JEM-100CX microscope with a scanning attachment.

Full details of the SEM preparation techniques can be found in ref. 10.
The SEM tapered cross-section technique is particularly designed to observe
the oxide—metal interface structure. The SEM examination was performed
on a Nanolab 7 scanning electron microscope.

3. Results

3.1. Scanning electron microscopy examination of the oxide close to
the oxide-metal interface

Figures 1(a) and 1(b) are the SEM micrographs of tapered sections of
pre- and post-transition specimens of Zr—2.5Nb with the oxide layers on the
axial-radial surface. Figures 2(a) and 2(b) are SEM micrographs for the
same specimens but with the oxide layers on the radial-tangential surface.
Figures 3(a) and 3(b) are SEM micrographs for the same specimens but
with the oxide layers on the axial-tangential surface. From Figs. 1-3, it can

() (b

Fig. 1. Topography of oxides formed at the oxide—metal interface for (a) pre-transition (40
h) and (b) post-transition (480 h) Zr—-2.5Nb specimens exposed to pressurized lithiated water
containing 4.8 g of LiOH per litre of H,O at 300 °C (the oxide layer is on the axial-radial
surface).
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Fig. 2. Topography of oxides formed at the oxide—metal interface for (a) pre-transition (40
h) and (b) post-transition (480 h) Zr—-2.5Nb specimens exposed to pressurized lithiated water
containing 4.8 g of LiOH per litre of H,O at 300 °C (the oxide layer is on the radial-tangential
surface).

@ (b)

Fig. 3. Topography of oxides formed at the oxide~-metal interface for (a) pre-transition (40
h) and (b) post-transition (480 h) Zr—2.5Nb specimens exposed to pressurized lithiated water
containing 4.8 g of LiOH per litre of H,0 at 300 °C (the oxide layer is on the axial-tangential
surface).

be seen that the oxides formed in cold-worked Zr--2.5Nb pressure tubing in
pressurized lithiated water at 300 °C are mainly extended along grain
boundaries and are composed of many fine ZrO, grains. Oxidation in the
specimens with different sections proceeds along grain boundaries in the
same manner. Because of the different o-Zr grain sizes, shapes and orientations
in the different sections, there are different grain boundary distributions on
the different section faces, and corrosion can proceed at different rates. The
underlying relationship between the structure of the metal and the oxidation
pattern remains.

The preferred orientation of a-Zr grains in the arc-melted crystal-bar
specimens is not pronounced as in Zr-2.5Nb pressure tubing specimens.
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Fig. 4. Topography of oxides formed at the oxide-metal interface for pure zirconium specimens
exposed to pressurized lithiated water containing 4.8 g of LiOH per litre of H,O at 300 °C
for (a) a short corrosion time (40 h) and (b) a long corrosion time (480 h).

Figures 4(a) and (b) are typical SEM micrographs of oxides formed on a
pure zirconium specimen after exposure for 40 h and 480 h respectively.
The mismatch between the oxide lattice and the pure zirconium gives rise
to stresses which may be relieved by the generation of the spherical clusters
of “‘cauliflower-like” granules. As shown in Fig. 4(a), the oxide formed after
a short corrosion time (40 h) has a ‘‘streaky’” appearance and appears to
be different from that formed after a long corrosion time (480 h). The
structure of the oxide with the ‘‘streaky’’ appearance formed after a short
corrosion time (40 h) can be seen better in a higher magnification micrograph
(Fig. 5). The oxide close to the oxide—metal interface also has a “‘cauliflower-
like” structure.

However, even for high magnification SEM, it was difficult to resolve
the structure fully very close to the oxide—metal interface. This was accom-
plished using TEM techniques.

3.2. Transmission electron microscopy examination of the oxide close
to the oxide-metal interface

3.2.1. Localized amorphous regions and mosaic structure

Figure 6 shows a localized amorphous region with fine equiaxed tetragonal
crystallites (most are less than 10 nm in size) at the oxide—metal interface
in a pre-transition Zr—2.5Nb specimen exposed for 40 h; the oxide layer is
perpendicular to the axial direction of pressure tubing, i.e. it lies on the
radial-tangential surface. The diffraction pattern (inset in Fig. 6) shows that
the oxide structure at the oxide—metal interface is amorphous. Figure 7(a)
is a micrograph of the oxide formed at the oxide—metal interface in a post-
transition Zr—-2.5Nb specimen exposed for 480 h; the oxide layer lies on
the radial-tangential surface. Because of preferential ion beam thinning, there
was no, or very little, oxide present in some areas of the specimen. On
comparison of Figs. 2 and 7, it can be seen that morphology of the oxide
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Fig. 5. Topography of oxides formed at the oxide—metal interface of a pure zirconium specimen
exposed to pressurized lithiated water containing 4.8 g of LiOH per litre of H,O at 300 °C
for a short corrosion time (40 h).

Fig. 6. Amorphous region with small tetragonal ZrO, crystallites at the oxide-metal interface
for a pre-transition Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8
g of LiOH per litre of H,0 at 300 °C for 40 h.

front as observed using SEM is consistent with that of the oxide front
observed using SEM. Note that the oxide front shown in Fig. 2 is formed
along grain boundaries. The thinner oxide shown in Fig. 7 is also formed
along grain boundaries. The detail of oxide structure can be better seen at
higher magnification micrographs (Figs. 7(b) and 7(c)). The oxide close to
the oxide—metal interface has a mosaic structure consisting of very small
crystallites (5—30 nm). Mismatch between the oxide lattice and the metal
gives rise to stresses which may be relieved by the generation of mosaic
structures whose lattices are slightly twisted or tilted with respect to one
another.

Figures 8(a) and 8(b) are typical TEM micrographs of a pure zirconium
specimen exposed for a long corrosion time (480 h). Selected-area diffraction
(SAD) patterns, e.g. the inset in Fig. 8(a), show that the oxide shown in
Fig. 8(a) has an amorphous structure. Figure 8(b) shows that the oxide
close to the oxide—metal interface consists of smaller spherical clusters of
“cauliflower-like”’ granules than those observed using SEM; compare with
Fig. 4(b). Each of the smallest clusters has a mosaic structure whose lattice
are slightly twisted or tilted with respect to one another (Fig. 8(b)). Pure
zirconium specimens exposed to a 300 °C pressurized lithiated water en-
vironment show a different behaviour from that of the Zr—-2.5Nb specimens.
Since the pure zirconium specimens do not have the complex grain boundary
structures as in the Zr—2.5Nb alloys, preferential oxidation at the grain
boundaries is not observed.

3.2.2. Crystalline oxide formed near the oxide-metal interface

Figures 9(a) and 9(b) are the typical micrographs of pre- and post-
transition Zr-2.5Nb specimens respectively with oxide layers parallel to the
axial direction of pressure tubing, i.e. the oxide is in the axial-radial surface.
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Fig. 7. TEM micrographs of the oxide formed at the oxide—metal interface in a post-transition
Zr—-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per litre
of H,0O at 300 °C for 480 h.

(@) (b)

Fig. 8. Typical (a) amorphous and (b) mosaic structures at the oxide—metal interface for a
pure zirconium specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per
litre of H,O at 300 °C for 480 h.
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Fig. 9. TEM micrograph of the oxide—metal interface on (a) pre-transition and (b) post-
transition Zr—2.5Nb specimens exposed to pressurized lithiated water containing 4.8 g of LiOH
per litre of HyO at 300 °C (the oxide layer is on the axial-radial surface).

Fig. 10. TEM micrograph of oxide formed at the oxide—a-Zr interface on a pre-transition
Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per litre
of HyO at 300 °C (the oxide layer is on the axial-radial surface).

The underlying metal structure of cold-worked Zr—-2.5Nb alloy consists of
long elongated grains of a-Zr with filaments of B8-Zr at the grain boundaries
[13]. Fine, relatively equiaxed grains of ZrO, are formed ‘‘on” the a-Zr
grains. The ZrO, grains are of relatively uniform size ranging from about
30 to 50 nm in size (Fig. 10). There was no ZrQO, present at the regions
between the a-Zr grains but this is probably a result of preferential ion beam
thinning at these locations. The SAD pattern (inset in Fig. 10), showed that
the oxide at the oxide—a-Zr interface was tetragonal ZrQO,. The microstructure
of the oxide—metal interface where the oxide layer is perpendicular to the
axial direction of pressure tubing, i.e. the oxide is on the radial-tangential
surface, is shown in Figs. 11(a) and 11(b). The oxide formed at the a-Zr
grain boundaries has a variable grain size with grains as small as 10 nm
(Fig. 11(a)). Some areas of the oxide formed at the grain boundaries, usually
far from the oxide—metal interface, contained cracks and pores (Figs. 11(a)
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Fig. 11. TEM micrographs showing that the oxide formed at the oxide-metal interface on a
Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per litre
of H,O at 300 °C for 40 h has a variable grain size with some areas with grains as small as
20 nm (the oxide layer is on the radial-tangential surface).

Fig. 12. TEM micrograph of oxide (tetragonal and monoclinic ZrO,) formed at the a-Zr grain
boundaries on a post-transition specimen (the oxide layer is on the radial-axial surface).

Fig. 13. TEM micrograph of oxide (tetragonal ZrQ,) formed at the oxide—a-Zr interface on a
post-transition specimen (the oxide layer is on the radial-axial surface).

and 11(b)). For the post-transition specimens, although the bulk of the ZrO,
grains near the a-Zr grain boundaries are fine (30-50 nm), some of the
grains are much larger than 50 nm (Fig. 12). The SAD pattern of the oxide
area shown in Fig. 12 indicates that the oxide is a mixture of tetragonal
and monoclinic ZrO,. Figure 13 is another typical TEM micrograph of the
oxide at the oxide-metal interface for a post-transition specimen. The SAD
pattern (inset in Fig. 13) shows that the oxide is tetragonal ZrO,. As shown
in Figs. 12 and 13, there are two typical structures for the oxide close to
the interface in post-transition specimens.
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4. Discussion

4.1. Formation of barrier oxide layer on Zr-2.5Nb alloy

Several theories [14, 15] have been proposed to describe the kinetics
and mechanisms of the corrosion behaviour in zirconium and its alloys. Some
of the viewpoints are contradictory, often because of poor understanding of
the microstructure of the barrier oxide layer at the oxide—metal interface.

As shown in Fig. 6 for a pre-transition specimen, we observed amorphous
regions at the oxide—metal interface where very fine (smaller than 10 nm)
tetragonal ZrO, crystallites formed. An SEM examination of a post-transition
specimen showed that the microstructure of metal close to the oxide-metal
interface was different from that far away from the interface; the a-Zr grains
close to the interface appeared ‘larger”’ than the o-Zr grains far from the
interface [16]. The solubility limit of oxygen in «-Zr, which is much larger
than that of oxygen in B-Zr, is 29 at.%. During oxidation, oxygen dissolution
takes place simultaneously with the growth of oxide, so that a metal zone
rich in oxygen forms beneath the oxide layer. Therefore there is an intermediate
oxygen-rich layer in the metal (a-Zr) close to the oxide—metal interface. The
formation of amorphous regions may be related to kinetics of this intermediate
layer formation.

It has been known for some time that the initial film which forms on
tantalum, and on other metals such as aluminium, is amorphous rather than
crystalline at low temperatures and/or low current densities [17—20]. There
are at least two processes by which an amorphous anodic tantalum oxide
film may be crystallized: (i) by heating at 800 °C; (ii) by holding at temperatures
from O to 100 °C in the presence of a strong electric field. The crystallization
of amorphous anodic Ta,O5 films has been found to be influenced by the
temperature, the applied voltage, the condition of the metal surface and the
impurity content of the metal. The oxidation of cold-worked Zr—2.5Nb pressure
tubing in pressurized lithiated water at 300 °C proceeds first along grain
boundaries at which there are B-Zr and its decomposition products and then
continues on a-Zr grains [10]. Most of impurities in cold-worked Zr—2.5Nb,
such as iron, magnesium, aluminium, chromium, hafnium and titanium, are
concentrated at the grain boundaries. These impurities can act as nucleation
sites. Because the oxide formed during the aqueous corrosion of Zr—-2.5Nb
for long times is white and porous, lithiated water is probably able to penetrate
much closer to the oxide—metal interface [21, 22]. The crystallization process
is significantly facilitated by aqueous solution at grain boundaries. Therefore
the oxide formed at the grain boundaries in cold-worked Zr—2.5Nb, which
contains B-Zr and its decomposition products together with impurities, consists
mainly of crystallites rather than the amorphous phase.

As the oxidation of cold-worked Zr-2.5Nb pressure tubing in pressurized
lithiated water then proceeds on a-Zr grains, a different corrosion mechanism
is operative. The amorphous regions that we see in Fig. 6 are most probably
a result of corrosion of a-Zr grains. This amorphous layer most probably
has a structure with oxygen anion vacancies [9]. Since fresh oxide is formed
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at the oxide—metal interface by the inward migration of oxygen anions for
zirconium and its alloys, the outer layers of the oxide are those first formed.
As the oxidation process proceeds, oxide at the oxide—-metal interface is
continuously replaced by fresh oxide. As well as oxidation, several other
kinetic processes are occurring, in particular phase transformations in ZrQO,
which affect the structure of the barrier oxide layer formed at the oxide—metal
interface. The nucleation of ZrO, crystallites within the amorphous phase,
which is assisted by impurities in the metal, the particular condition of the
metal surface and compressive stresses in the oxide, and the subsequent
growth of these crystallites result in the formation of a mosaic structure.
The mosaic structure consists of tetragonal ZrQO, crystallites. The tetragonal,
rather than the monoclinic, structure is attributed to the fine grain size of
the ZrO, and the compressive stresses developed at the oxide—metal interface.
Low valence niobium oxide and oxygen vacancies can also stabilize tetragonal
ZrO, at the oxide—metal interface down to temperatures as low as room
temperature. After further oxidation of the metal, the fine ZrO, crystallites
in the mosaic structure gradually increase in size and become equiaxed
tetragonal ZrQO, grains. As long as the grain size of ZrO, remains smaller
than some critical size, and/or the compressive stresses are larger than some
critical pressure value, ZrQ, continues to have the tetragonal structure. As
any individual ZrO, layer moves away from the interface, the compressive
stresses decrease rapidly. As the compressive stresses decrease and the grain
size increases through the thickness of the oxide as one moves away from
the oxide—metal interface, the tetragonal ZrO, is transformed to monoclinic
ZrQO,. Because the surface energy of monoclinic ZrO, is larger than that of
tetragonal ZrO,, monoclinic ZrO, grains grow easily in one direction, e.g.
along the C axis direction of tetragonal ZrO, with the largest plane interval
(i.e. with large surface energy), and develop a columnar structure. Ganzarolli
et al. [8] and other early work [23-25] has provided evidence for the
columnar crystallite morphology in oxides formed on zirconium and its alloys.
Therefore the sequence of structural changes undergone by the oxide is first
from an amorphous phase to a mosaic structure, then to equiaxed tetragonal
ZrQ, and finally to monoclinic ZrO,. The amorphous and mosaic structures
formed during the corrosion of a-Zr grains in Zr—2.5Nb are similar to those
formed during the corrosion of pure zirconium.

4.2. Structure of the barrier oxide layer formed at the oxide—metal
interface

It has been known for many years that the oxide films on zirconium
and its alloys during thermal oxidation were largely crystalline and were
mainly monoclinic ZrO,. Although it is generally agreed that the barrier oxide
acts as a protective layer, the structure of the barrier oxide layer formed
very close to the oxide—metal interface has not been understood very well.

In the commercial Zr—2.5Nb pressure tubing, a satisfactory corrosion
resistance is obtained in tubing which is made by extrusion at 850 °C (in
the a-Zr + B-Zr region), cold working and stress relieving (autoclaving). The
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(b)

Fig. 14. (a) Schematic illustration of the structure of the barrier oxide layer formed during
the aqueous corrosion of Zr-2.5Nb showing that it consists of two parts: (i) one from corrosion
of grain boundary phases (region B) and (ii) the other from corrosion of a-Zr grains (region
A). (b) Magnified view of region A.

structure of such pressure tubing consists of elongated a-Zr grains and a
grain boundary network of metastable B-Zr that contains 20 wt.% Nb [26].
During corrosion of cold-worked Zr—2.5Nb pressure tubing, there are two
possible mechanisms: (i) grain boundary phase corrosion and (ii) bulk a-Zr
grain corrosion; see schematic illustration in Fig. 14. In regions such as B
in Fig. 14(a), the oxide formed from the oxidation of impurities or grain
boundary phases, e.g. mixed oxides such as 6ZrO,-Nb,O;, have a variable
grain size with some grains as small as 10 nm and others larger than 50
nm (Figs. 11 and 12). Some areas of the oxide formed from grain boundary
phases, usually far from the oxide—metal interface, contained cracks and
pores. These areas can become short-circuit paths for the diffusion of oxygen
anions to the oxide-metal interface. At high LiOH concentrations, for example
in a solution of 4.8 g of LiOH per litre of H,O solution such as in these
studies, short-circuit diffusion at grain boundaries produces a significant
increase in corrosion rates. The oxide, which is very close to the oxide—metal
interface and is formed from a-Zr grains, has an amorphous or mosaic
structure, as shown in Figs. 6 and 7. The amorphous layer is at the oxide—metal
(a-Zr) interface, immediately adjacent to which is a-Zr(O) (a-Zr(O) indicates
o-Zr with a high interstitial oxygen content) below (Fig. 14(b)). Because in
pure zirconium, h.c.p. a-Zr is stable at temperatures up to 862 °C and there
are no complex grain boundary structures as in the Zr—-2.5Nb, there is no
preferential oxidation at the grain boundaries but rather the amorphous and
mosaic structures form as a relatively continuous film. The localized amorphous
and mosaic structures formed from o-Zr grains in Zr—2.5Nb (e.g. in regions
such as A in Fig. 14) are similar to those formed on pure zirconium, but
they are not continuous because of the different oxide formed at the grain
boundaries which contain the B8 phase and impurities.

5. Conclusions

TEM and SEM studies show the structure of a barrier oxide layer at
the oxide—metal interface in the Zr—2.5Nb specimens exposed to a pressurized
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lithiated water environment containing 4.8 g of LiOH per litre of H,O consists
of amorphous, mosaic and tetragonal ZrQO, layers. Amorphous and mosaic
structures, which are similar to those formed in pure zirconium specimens,
arise mainly from the corrosion of bulk a-Zr grains in Zr—-2.5Nb specimens.
Tetragonal ZrQO, arises from the corrosion of grain boundary phases and
transformation of amorphous and mosaic structures formed from the corrosion
of bulk a-Zr grains.
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