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Abstract

The oxidation of the metastable B-Zr phase in Zr—Nb alloys, primarily Zr-2.5Nb, in 673 K steam or in lithiated
water at 583 K, was investigated using electron microscopy and microanalyses. In the SEM, oxidised -Zr regions in the
Zr-2.5Nb alloy were imaged via a field effect contrast mechanism. In the TEM, microanalyses consistently showed the
presence of Nb associated with the oxidised B-regions in suitably prepared samples. The B-Zr was found to form a
Nb,Zr, ,0,,,1 oxide, while the B-Nb exhibited delayed oxidation with respect to a-Zr, forming a metallic sub-oxide
initially and becoming amorphous when oxidised. For the partially decomposed B-Zr, the ®-phase was found to form
monoclinic ZrO,, while the Nb-enriched B-Zr followed the behaviour of either B-Zr or B-Nb depending on the Nb
concentration. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Zirconium and its alloys are widely used in the nu-
clear industry. In CANDU reactors, Zr-2.5%Nb alloy is
used as the material for pressure tubes. The micro-
structure of Zr-2.5Nb pressure tubes is highly aniso-
tropic, due to extrusion near 1100 K followed by cold
drawing. The microstructure consists of primarily elon-
gated grains of hexagonal-close-packed o-Zr (<1%Nb),
typically 0.3-0.5 pm thick. One feature that distin-
guishes this Zr-Nb alloy from other Zr alloys, such as
the Zircaloys, is the presence of a metastable Nb-rich,
body-centred-cubic (bec) B-Zr phase, typically located at
o-Zr grain boundaries and containing about 20%Nb.
Below the monotectoid temperature (=880 K), B-Zr will
eventually transform to the equilibrium B-Nb phase
(also bec) containing about 85% or more of Nb.

Depending on the exposure condition, the transfor-
mation may involve the formation of an intermediate,
Nb-depleted o-phase with an associated Nb-enrichment
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in the surrounding B-Zr [1]. The pressure tubes are given
a stress-relief treatment in steam at 673 K for 24 h as the
last step of the manufacturing process. During this
treatment, a protective oxide film is formed on the
pressure tube surface while the B-Zr is partially trans-
formed to the m-phase and Nb-enriched B-Zr. Although
most pressure tubes are produced this way, some de-
velopmental pressure tubes were given an additional
heat treatment (prior to the treatment at 673 K) at 773 K
for 6 h [2], during which the B-Zr is transformed to B-Nb
with an associated change to a more discrete, particulate
morphology.

Initially, the pressure tubes are installed with the
oxide film formed during the stress-relief treatment.
During service, this oxide film thickens due to a corro-
sion reaction with the coolant (lithiated heavy water) at
typically between 520 and 570 K. The corrosion process
and the concomitant pickup of a small amount of cor-
rosion-released hydrogen or deuterium are of interest to
the performance of the pressure tubes. Investigations of
oxide microstructures are expected to contribute to-
wards an improved understanding of these processes.
There is thus a need to understand the oxidation of both
the primary o-Zr phase and the secondary phases,
namely the B-Zr in various states of decomposition. For
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the o-Zr in Zr-2.5Nb, as in other Zr alloys, it is well
established that the monoclinic form of ZrO,, together
with minor amounts of the tetragonal form of ZrQ,, is
formed under a wide range of exposure conditions [3-6].
In comparison, not all aspects of the oxidation of the 8-
regions are well understood. A number of observations
on the microstructure of oxides grown on Zr-2.5Nb
alloy have been reported in recent years [6-14]. These
works dealt with oxides formed in steam at 673 K [6—
9,14] followed by re-exposure to 723 K vacuum or to
gaseous environments at 573 or 600 K [7,8,10], or oxides
grown in lithiated water at 523 [11] or 573 K [12,13].
Despite these reports, a consistent overall picture for the
oxidation of the B-phases remains lacking, in part due to
the state of B-Zr decomposition not being the primary
focus. In addition, there appear to be uncertainties re-
garding the distribution of Nb in the oxide. Some works
have shown the presence of Nb in oxidised B-Zr regions
in oxides grown in water at 573 [13] or 673 K steam [14].
However, other works have reported an absence of Nb
from the oxidised B-regions in oxides formed in 673 K
steam [7] or in water at 523 K [11] and at 573 K [12],
despite the occasional observation of significant
amounts of Nb. Localisation of Nb was reported to
occur upon re-exposure to reducing atmospheres at 723
K [7] or to CO,-based gaseous environments at 600 K
[10].

In the work described here, the oxides grown under
different exposure environments on primarily Zr-2.5Nb
pressure tube coupons have been investigated using
electron microscopy and microanalysis. Emphasis is
placed on the oxidised B-Zr and related regions, and
attention is given to the state of the B-Zr prior to the
corrosion exposure. In order to gain a more complete
picture of the oxidation of the B-Zr and related phases,
the work on Zr-2.5Nb materials is supplemented by
work on a Zr-20Nb alloy, which has been annealed to
simulate the behaviour of B-Zr.

2. Experimental
2.1. Materials

The Zr—2.5Nb material was taken from a standard
production pressure tube. The composition based on
ingot analysis is given in Table 1. The pressure tube used
had not been subjected to a stress-relief treatment at 673
K and thus contained B-Zr in the undecomposed state.

A section of the pressure tube material was subjected to
a heat treatment of 6 h at 773 K to induce the trans-
formation of B-Zr to B-Nb. Coupons approximately
20x10x1 mm in dimension were prepared with their
broad faces corresponding to the radial-normal section
of the pressure tube. Prior to the oxidation, all coupons
were chemically polished using a HNO;/H,SO,/HF/H,0
mixture. The oxides examined were grown either in
steam at 673 K for 24 h or in steam followed by a re-
exposure to lithiated water (pH 10.5) at 583 K for 176
days; the initial steam exposure was at 673 K for either
24 or 350 h.

The Zr-20Nb alloy used was annealed at 1123 K for
1 h and air-cooled to produce a single-phase B-Zr
structure. The composition based on ingot analysis is
given in Table 1. Prior to the oxide forming exposure,
coupons were chemically polished using a HNO;/
H,SO,/HF/H,0 mixture. Coupons were exposed to ei-
ther lithiated water at 573 K for three days or exposed to
air at 673 K for 2 h. The alloy was also aged at 773 K for
1000 h to produce an equilibrium structure of o-Zr + f3-
Nb. The aged alloy was exposed to lithiated water at 573
K for 76 days.

2.2. Electron microscopy

Scanning electron microscope (SEM) examination
was carried out using a JEOL 840 machine operated at
3-10 keV. The oxide samples were examined, without
the application of a conductive surface coating, using a
conventional Everhart-Thornley secondary electron
detector and a segmented backscattered electron detec-
tor. The backscattered electron detector was used to
provide images based on topographical or composi-
tional contrast. The Everhart-Thornley secondary elec-
tron detector was operated in three modes. In the first,
the bias voltage on the cage of the detector was main-
tained to provide conventional secondary electron im-
ages. In the second, the bias voltage was switched-off,
such that only limited secondary electrons formed the
image. This mode is termed the no-bias mode. In the
third, the bias voltage is reversed to image only back-
scattered electrons.

For examination in the transmission electron micro-
scope (TEM), plan-view and cross-sectional oxide foils
were prepared. For plan-view foils, 3 mm discs were
prepared from the corrosion coupons. The discs were
mechanically thinned from the metal side to a thickness
of between 100 and 150 um. The metal at the central

Table 1
Compositions of Zr-2.5Nb pressure tube material and Zr-20Nb alloy used, based on ingot analysis
Nb (wt%) O (ppm) C (ppm) Fe (ppm) N (ppm) Si (ppm) Zr
25 1130 145 430 34 <60 Balance
20.0 1200 60 440 22 <25 Balance
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portion of the disc was then dished either chemically
using a HNO;/H,SO,/HF/H,0 mixture or by electro-
polishing at 233 K with a perchloric acid/methanol
electrolyte. Final thinning to electron transparency was
achieved using an ion-mill operated with Ar' ions at
between 4 and 6 kV. A single ion beam was used. When
the beam was directed at the outer surface of the oxide,
the resultant electron transparent foil was located at the
interfacial region of the oxide. When the beam was di-
rected at the metal side, the electron transparent foil was
located at the surface region of the oxide. Cross-sec-
tional foils were prepared by first gluing together two
pieces of oxide films. The composite was cut and me-
chanically thinned, then dimpled and finally ion-milled
to perforation. Foils of the bulk alloy were prepared by
electropolishing using a perchloric acid/methanol elec-
trolyte at 233 K. The thin foils were examined in a JEOL
2010 TEM operated at 200 keV or in a Philips CM30
TEM operated at 300 keV. Both instruments are
equipped with an Oxford Instrument energy dispersive
X-ray (EDX) spectroscopy system. The EDX detectors
are of the ultra-thin window type and are capable of
detecting light elements. For electron energy loss spec-
troscopy (EELS) analyses, Gatan parallel detection
systems attached to the CM30 TEM and a JEOL 2010F
TEM were used.

2.3. Assessment of oxygen content

One objective of EDX analysis was to assess the
oxygen content in the Nb-containing regions in the ox-
ide. However, the comparison of oxygen concentrations
based on relative peak heights in EDX spectra is com-
plicated by the low energy O-K X-rays being highly
susceptible to absorption due to sample thickness. In
principle, absorption can be addressed if the composi-
tion, or more strictly, the density, of the analysed region
is known. For ZrO,, which has a limited range of stoi-
chiometry, a link was previously established between the
observed O-K-to-Zr-K, ratio and the local foil thick-
ness [14]. The local foil thickness was estimated from the
count rate of the Zr-K, X-rays normalised by the probe
current. This method of foil thickness determination was
verified against measurements made using convergent
beam electron diffraction (CBED) [14]. For the EDX
detector attached to the JEOL 2010 TEM, the ZrO, foil
thickness (in nanometer) can be derived from the nor-
malised Zr-K, count rate (in counts per second per
nanoampere) by a multiplication factor of 0.185. For the
analyses of Nb-enriched regions in the oxide, the
thickness of the analysed region is an unknown pa-
rameter. However, it may be assumed that the thickness
would be within the range of the thickness of the sur-
rounding ZrO,. Additional measurements were there-
fore made on several ZrO, locations adjacent to each
Nb-enriched region analysed. The observed ratio of the

O-K-to-(Zr-K, + Nb-K,) X-ray counts was then plotted
against the normalised count rate of the metal-K, X-
rays. Assuming comparable local thickness, the plot was
then interpreted with the understanding that the level of
absorption of the low energy O-K X-rays from the Nb-
enriched region was comparable with that from the ad-
jacent ZrO,.

3. Results
3.1. B-Zr prior to oxidation

Two types of materials that contained B-Zr in the
undecomposed state prior to corrosion exposures were
investigated. The first is the cold-drawn Zr-2.5Nb
pressure tube material that had not been exposed to a
stress-relief treatment at 673 K. The second type is a Zr—
20Nb alloy containing single-phase B-Zr produced by
air-cooling after annealing at 1123 K for 1 h.

3.1.1. Oxidised -Zr in Zr-2.5Nb

Some unusual SEM image contrasts were observed
on the surfaces of the oxides grown on polished Zr—
2.5Nb pressure tube coupons. Some decomposition of
the B-Zr was expected during the oxide-forming expo-
sure in 673 K steam (for various times up to 24 h).
However, as the oxide growth was inwards, the exam-
ined surface corresponded to regions containing unde-
composed B-Zr. The secondary electron image contrast
was found to vary with the settings of the Everhart-
Thornley detector. The optimum feature contrast was
obtained when the bias voltage on the detector was
switched off, i.e. in the no-bias mode, Fig. 1(a)-(d).
Imaging using backscattered electrons did not reveal
significant contrast [15], indicating that the image con-
trast in Fig. 1 was not due to compositional or topo-
graphical variations.

A striking characteristic of this type of image con-
trast was the variation of feature size with accelerating
voltage. Fig. 1(a)-(d) show images of the same area
examined at 3, 5, 7 and 9 keV, respectively for a 0.8 um
thick oxide. At the lowest accelerating voltage, 3 keV,
Fig. 1(a), the observed features were narrow and elon-
gated. As the accelerating voltage was increased, the size
and the area fraction of the features increased. The
correlation between the features at different accelerating
voltages was self evident at low voltages, Fig. 1(a) and
(b), but became less evident at higher voltages as the
features merged into each other. The dependency of
the feature size on the accelerating voltage implied
that the contrast was related to the penetration depth of
the incident electrons. As secondary electrons generally
provide information on surface topography, a voltage
dependency of the secondary electron image was rather
unusual.
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Fig. 1. SEM micrographs of Zr-2.5Nb pressure tube oxide formed in 673 K steam and imaged in the no-bias mode at: (a) 3 keV, (b) 5
keV, (c) 7 keV, (d) 9 keV accelerating voltages and (e) schematic diagram showing the interaction of electron beam with oxidised Zr—
2.5Nb. The efficiency of secondary electron collection is increased when a bias voltage is applied to the detector (dotted trajectories). V;
and V), are interaction volumes at accelerating voltages E) and E, (E; < E,). Transfer of charge to sample surface is established by beam
induced conductivity. The apparent feature sizes, S| and S,, are dependent on the accelerating voltage and the morphology of oxidised
B-Zr.
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The origin of the contrast can be attributed on sev-
eral counts to the oxidised B-Zr phase in the oxide. First,
un-etched coupons of Zr-2.5Nb alloy did not reveal
such a contrast, indicating that the contrast was a
property of the oxide film. Second, oxides of Zircaloy-2
similarly formed under 673 K steam did not reveal such
a contrast, indicating that the contrast was not simply
associated with the ZrO, oxidised from o-Zr but was
specific to the oxides containing B-Zr. Third, the features
observed at low voltages resembled the f-Zr morphol-
ogy, Fig. 1(a) and (b).

This ability to reveal the microstructure beneath the
sample surface was applied to the examination of the
outer surface of an as-manufactured Zr-2.5Nb pressure
tube, which contained an oxide formed during the stress-
relief treatment at 673 K in steam. Fig. 2 shows that
features corresponding to oxidised B-Zr can be readily
observed. Compared with the oxide formed on polished
coupons shown in Fig. 1(a)—(d), the oxidised B-Zr on the
as-manufactured tube, Fig. 2, was more discontinuous
and had suffered certain degree of smearing. Such an
effect is consistent with the machined finish on the outer
surface of the pressure tube.

The main implication arising from the above obser-
vations is that the oxidised B-Zr has a different response
to the incident electrons in the SEM compared with the
surrounding oxide formed from o-Zr. It follows that
there are structural and compositional differences be-
tween the oxidised B-Zr and ZrO, oxidised from o-Zr.

3.1.2. Oxidised p-Zr in Zr-20Nb

The structure of the oxide grown on B-Zr was in-
vestigated using a Zr—20Nb alloy that was initially in the
single-phase form (B-Zr) produced by air-cooling from
the annealing temperature at 1123 K. For such material
oxidised in 573 K water or in air at 673 K, previous
Raman spectroscopy results suggested a nearly cubic

5 keV < » 10 pm

Fig. 2. SEM image at 5 keV taken from the outside surface of a
Zr-2.5Nb pressure tube.

structure based on comparisons with the cubic and te-
tragonal polymorphs of ZrO, [16]. Subsequent investi-
gation showed that such a description was inadequate
[17]. TEM showed that this oxide was characterised by
the presence of microdomains, Fig. 3(a), and complex
selected area diffraction (SAD) patterns, Fig. 3(b).
Analysis of SAD and additional CBED patterns, Fig.
3(c), showed that the oxide structure is consistent with
an incommensurate superstructure oxide Nb,Zr,_,0,,
reported by Thompson, Withers and co-workers for
x=7.1-12.0 [18-20]. According to these workers,
Nb,Zr, ,0,,.,; oxide can be thought of as a super-
structure derived from orthorhombic subcells of metal
and oxygen atoms that have slightly mismatched di-
mensions [18-20]. The superstructure is x times larger in
one direction than the metal subcell, such that x metal
subcells accommodated 2x+1 oxygen subcells. In es-
sence, more oxygen atoms are being accommodated due
to the higher valence of Nb.

For the present Zr-20Nb oxide, the metal subcell
dimensions, determined from the strong reflections in
diffraction patterns were a=0.52, b=0.50 and ¢=0.53
nm, in reasonable agreement with those reported for
NbyZr, ,0,,.1 with x=10 [18]. A value of 9.5+0.3 for
x was estimated from high resolution images and from
the spacing of satellite reflections in SAD patterns [17].
The estimated value of x is slightly lower than a value of
10.15 expected for a 20 wt% Nb composition, attributed
to an increase in Nb concentration from the decompo-
sition of B-Zr.

3.2. Oxidised B-Nb

Two types of materials containing B-Nb prior to
corrosion exposures were examined. The first type was
the Zr-2.5Nb pressure tube material that had been heat-
treated for 6 h at 773 K. The second was a Zr-20Nb
alloy that had been annealed at 1123 K and aged for
1000 h at 773 K.

In the Zr-2.5Nb material, two types of Nb-enriched
regions in the oxide have been identified, depending on
the location relative to the interface with the metal.
Crystalline Nb-enriched regions were observed close to
the interface, while amorphous Nb-enriched regions
were observed away from the interface. The variation
with location is illustrated in Fig. 4(a), taken from the
mid-portion of a cross-sectional foil of a ~0.8 um thick
oxide formed in 673 K steam. In Fig. 4(a), a crystalline
region is indicated by the arrow marked as S and an
amorphous region is indicated by the arrow marked
as A.

Similar crystalline and amorphous Nb-enriched re-
gions were observed in oxides grown in 583 K lithia-
ted (pH 10.5) water for a total of 176 days following
an initial exposure to 673 K steam for 24 h. Fig. 4(b)
shows a region in a plan-view foil prepared such that
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Fig. 3. (a) Dark field TEM image showing a domain structure of multiple orientations in a 673 K air-formed oxide of single phase Zr—
20Nb alloy (plan-view foil). (b) Selected area diffraction pattern showing a complex array of strong and weak reflections. (c) Con-
vergent beam electron diffraction pattern from one variant of the Zr-20Nb oxide; the pattern is consistent with Nb,Zr, 205,44,

(x=9.5).

the examined oxide was located immediately adjacent
to the interface with the metal. The positions of Nb-
enriched regions were not immediately apparent in the
image but were apparent in the Nb EDX map, Fig.
4(c). Close examination of the area showed that many
of the Nb-rich regions overlapped with ZrO, grains.

However, the central portion of Fig. 4(b) and (c) was
free of the overlapping problem. When the same oxide
was prepared such that the examined oxide
corresponded to the outer oxide surface, amorphous
Nb-enriched regions were observed as shown in Fig.
4(d).
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Fig. 4. (a) Crystalline sub-oxide (arrow marked S) and amorphous Nb oxide (arrow marked A) in a cross-sectional TEM foil of a Zr—
2.5Nb oxide formed in 673 K steam. (b) Region in a plan-view TEM foil prepared such that the oxide examined was located im-
mediately adjacent to the metal interface. The Zr-2.5Nb sample was heat-treated at 773 K prior to oxide-forming exposures. The oxide
was formed by exposures to steam at 673 K for 24 h followed by lithiated water at 583 K for 176 days. (c) Nb-K, X-ray map for the
area shown in (b). P marks the same location in (b) and (c). (d) Amorphous, Nb-enriched oxide located near the outer surface of the
same oxide as in (b); insert shows diffuse rings in the diffraction pattern from the amorphous region.
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The Nb concentrations in the crystalline regions were X-rays from the crystalline region was outside the range
high, Fig. 5(a), similar to those in the B-Nb in the metal. of the surrounding ZrO,. Since the physical thickness of
The lower oxygen concentration relative to the sur- the crystalline region was expected to be within the
rounding ZrO,, Fig. 5(a), was confirmed by plotting the range of the surrounding ZrO,, this high normalised
ratio of the O-K to metal-K, X-ray counts against count rate implied a substantially higher density of
the count rate of the metal-K, X-rays normalised by the metal atoms. The comparison in Fig. 5(b) shows that the
probe current. As stated in Section 2, such a compara- low oxygen-to-metal stoichiometry in the crystalline re-
tive plot provides an improved confidence to the as- gion is significant and is not likely the result of foil
sessment of the local oxygen content. In Fig. 5(b), the thickness variation, but is associated with a high density
normalised count rate of the metal (Zr-K,+ Nb-K,) of metal atoms. The EDX results thus indicate that the
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Fig. 5. (a) EDX spectra showing high Nb and low O contents in the sub-oxide compared with adjacent ZrO,. (b) Plot of O-K/(Zr-
K, +Nb-K,) ratio versus normalised (Zr-K, + Nb-K,) count rates for the sub-oxide and adjacent ZrO,. The equivalent thickness in
nanometer for ZrO, is given. (c) Comparison of the low loss region of EELS spectra acquired from the sub-oxide, the f-Nb in the metal
and a Nb sample.
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oxidation of the Nb-enriched crystalline region was in-
complete.

A low loss EELS spectrum acquired from the crys-
talline Nb-enriched region in the oxide is shown in Fig.
5(c) together with similar spectra from the B-Nb in the
metal and from a Nb foil. The spectra are similar — each
spectrum consists of a single plasmon peak at near 21 eV
and a broad Nb N,; edge at around 43 eV. The slight
variation in the peak location amongst the spectra may
be due to the presence of some O and/or Zr. For the
present purpose, it is pertinent to note the presence of a
single plasmon peak. For the metallic Nb and B-Nb, as
for metals in general, the plasmon peak is associated
primarily with the excitation of free electrons [21]. The
presence of a single plasmon peak in the spectra from
the crystalline Nb-enriched region in the oxide indicates
that the region was metallic in nature. This observation
is particularly significant when compared with the EELS
results obtained from amorphous Nb-rich regions pre-
sented below.

The microdiffraction patterns obtained from these
crystalline Nb-rich regions in the oxide were consistent
with a body-centred-tetragonal structure with a=0.33
and ¢=0.35 nm [14]. These parameters are similar to
that of 0.336 nm for the bcc B-Nb (=85%Nb). The
structure of the crystalline Nb-rich regions can be thus
regarded as a distortion of B-Nb due to the incorpora-
tion of dissolved oxygen. Such a structure based on the
distortion of a parent bcc lattice shares similarities with
the phase NbgO, observed for niobium oxidised between
573 and 773 K [22,23]. The difference in the actual values
of lattice parameters may be accounted for by the
presence of ~15% Zr in B-Nb.

The EDX, EELS and diffraction information thus
collectively identify the crystalline Nb-enriched regions
in the oxide as a sub-oxide of B-Nb. The term sub-oxide
is used here to mean that the phase is distinct from the
parent B-Nb phase and that, despite the incorporation of
some oxygen, the phase is primarily metallic in nature.

A second type of oxidised Nb-enriched regions in the
Zr-2.5Nb material was the amorphous region located
away from the growth interface, Figs. 4(a) and (d). The
amorphous nature was evident from the typical speckled
contrast, which did not change with the sample tilt, and
from microdiffraction patterns that were dominated by
diffuse rings. EDX analyses showed that the Nb con-
centration was comparable with that of the B-Nb in the
metal. Fig. 6(a) shows that the oxygen concentration in
the amorphous region was comparable with that of the
surrounding ZrO,. Since these amorphous regions were
observed in the older (outer) parts of the oxide, the
present results indicate that amorphisation was the re-
sult of the oxidation of the B-Nb or its sub-oxide.

Similar Nb-enriched amorphous regions were ob-
served in oxides grown on the aged Zr-20Nb alloy that
contained B-Nb prior to oxidation. The microstructure

of this aged Zr-20Nb alloy consisted of equiaxed grains
of B-Nb distributed in a matrix of o-Zr grains. An oxide
region taken from a cross-sectional TEM foil prepared
from a ~20 um thick oxide formed in oxygenated water
at 573 K is shown in Fig. 7(a). The micrograph shows
the presence of localised amorphous regions, the size of
which resembled that of B-Nb in the metal. The corre-
sponding EDX spectrum confirming high Nb and oxy-
gen concentrations is shown in Fig. 7(b).

The nature of the amorphous Nb-enriched regions
compared with powders of Nb,Os was investigated
using EELS. Fig. 6(b) shows that the low loss region of
the spectrum from the amorphous region closely re-
sembled that from Nb,Os. Above about 35 eV, both
spectra in Fig. 6(b) exhibit a strong peak at near 45 eV
with a minor peak or plateau at near 40 eV. These fea-
tures can be compared with a single broad peak centred
near 43 eV for the sub-oxide or B-Nb shown in Fig. 5(c).
Of significance is the region between 10-30 eV loss. The
spectra in Fig. 6(b) show two overlapping peaks located
at about 15 and 26 eV. Similar double peaks at 14 and
26 eV were observed for ZrO,, Fig. 6(b). In a previous
EELS investigation of ZrO,, these peaks were attributed
to the splitting of energy levels within the valance and
conduction bands of the oxide [24], i.e. these peaks are
the consequence of the non-metallic nature of metal-
oxygen bonds. The double peaks in Fig. 6(b) for the
Nb,Os and the amorphous regions are interpreted in a
similar manner and are taken to be characteristic of a
non-metallic compound, in this case an oxide. The
double peaks for the amorphous regions can be con-
trasted with the single plasmon peak (near 21 eV in Fig.
5(c)) that is typical of excitation of free electrons in
metals and alloys. The present EELS data thus show
that, while the B-Nb sub-oxide remained metallic in
nature, the amorphous Nb-enriched material was an
oxide of B-Nb.

3.3. Oxidation of partially decomposed [-Zr

Materials containing the ®-phase and the Nb-en-
riched B-Zr prior to oxidation include those that have
been heat-treated prior to the corrosion exposure and
those that have undergone partial decomposition during
the corrosion exposure. This type of material is impor-
tant with respect to reactor operation conditions, where
the ®+ Nb-enriched B-Zr microstructure may persist
longer than in the absence of irradiation [25]. TEM foils
of oxides of Zr-2.5Nb, in either cross-section or plan-
view orientations, have been examined. In the case of
materials that have not received a heat treatment prior
to the corrosion exposure, attention was placed on plan-
view foils prepared from the interfacial region of a given
oxide or on locations away from the surface in cross-
section foils.
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Fig. 6. (a) Plot of O-K/(Zr-K,, + Nb-K,) ratio versus normalised (Zr-K, + Nb-K,) count rates for the amorphous, Nb-enriched region
and the adjacent ZrO,. The equivalent thickness in nanometer for ZrO, is given. (b) Low loss region of EELS spectra acquired from an
amorphous, Nb-enriched region and a sample of Nb,Os; for comparison, a spectrum from ZrO, is included.
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Fig. 7. (a) TEM micrograph of an oxide formed from an aged Zr-20Nb alloy, showing amorphous oxidised B-Nb regions; insert shows
diffuse rings in the diffraction pattern from the amorphous region. (b) EDX spectrum from the amorphous region, showing high Nb
and O contents (the Si and Cu signals are from the assembly used to produce the cross-section TEM foil).
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A region containing oxidised f-Zr in a 673 K steam- within the oxidised B-Zr region (without distinguishing
formed oxide in Zr-2.5Nb oxide is shown in Fig. §(a). between the o-phase and the Nb-enriched B-Zr) detected
Similar regions were identified in oxides grown in 583 K using EDX was comparable with that in the B-Zr in the
lithiated water. The interface between the oxidised B-Zr metal. Using a small focused probe (7 nm or less), the
region and the surrounding ZrO, was found to be often observed Nb concentration was often variable, depend-
decorated by pores, Fig. 8(a). The Nb concentration ing on the size and placement of the focused probe. Nb
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Fig. 8. (a) Image of an oxidised B-Zr band in a cross-sectional TEM foil of a Zr-2.5Nb oxide. Arrows indicate some interfacial pores.
(b) and (c) EDX spectra showing presence of Nb (b) and Fe (c) at the interface between oxidised o-Zr and B-Zr; adjacent ZrO, exhibits
low Nb and Fe, while adjacent oxidised B-Zr shows high Nb but lower Fe.
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Fig. 9. Zr-K and Nb-K region of EDS spectra from the interfacial regions of an oxide formed during exposures to 350 h at 673 K
followed by 176 days at 583 K: (a) Comparison showing similarity between the ZrO, and the o-Zr in the AR condition. (b) Comparison
showing slightly higher Nb in the oxidised ® than in the surrounding ZrO,. Two spectra from each location are shown. All spectra are

scaled to the same Zr-K, intensity.

concentrations higher than ~20% for the undecomposed
(and unoxidised) B-Zr were sometimes observed. Such
observations are consistent with the partial decomposi-
tion of B-Zr. A location that consistently yielded a sig-
nificant amount of Nb was the interface between the
oxidised a-Zr and B-Zr. The example in Fig. 8(b) shows
that the Nb concentration within the oxidised B-Zr and
at the interface between oxidised B-Zr and o-Zr was
significantly higher than those in the adjacent ZrO,.

While a significant amount of Nb was present in the
oxidised B-regions, the complementary Nb concentra-
tion in the ZrO, oxidised from o-Zr was generally low,
Figs. 8(b) and Fig. 5(a). A comparison of the Nb con-
centration in the o-Zr metal and in the ZrO, is shown in
Fig. 9(a). In this comparison, the o-Zr was from a Zr—
2.5Nb pressure tube material in the as-received condi-
tion and the ZrO, was from an oxide (the interfacial
region) grown in steam at 673 K for 350 h followed by
re-exposure to lithiated water at 583 K for 176 days. The
results show that the Nb concentration was not signifi-
cantly affected by the oxidation of a-Zr into ZrO,. The
Nb concentrations in the ZrO, and in the o-Zr were 0.6—
0.7 wt%, in accord with previous EDX measurements on
Zr-2.5Nb pressure tube materials [26,27] and with the
maximum solubility for Nb in a-Zr [28].

It is worth noting that in foils of Zr-Nb oxides, the
locations of the oxidised B-regions may not be always
immediately apparent, for example, see Fig. 4(b). The
difficulty is related in part to the lack of a suitable
contrast mechanism based on composition; Zr and
Nb being adjacent elements in the periodic table. The

r—

' 100 nm

Fig. 10. TEM image (plan-view) of oxidised ®-phase in an in-
terfacial region of an oxide formed in lithiated water for 176
days at 583 K following exposure for 350 h at 673 K in steam.
Some pores introduced by the chemical removal of the metal
are indicated by arrows.
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oxidised B-regions usually can be located by observing
the image contrast variation as the oxide foil was tilted
in the TEM. However, the fine grain size of the ZrO,
meant that diffraction conditions that would bring out
contrast from the oxidised B-regions could not be con-
sistently selected. Although EDX mapping could be
used to locate the Nb-enriched regions, imaging of the
region still required an appropriate diffraction contrast
condition. Nevertheless, once identified, the presence of
Nb was readily detected. The only exception encoun-
tered was in plan-view foils that were prepared using a
chemical polish (rather than electropolish) to remove the
metal and the final electron transparent region came
from the interfacial region of the oxide. In plan-view
foils produced this way, it was evident that some mate-
rials had been preferentially removed leaving behind a
porous remnant. Despite the artefact, this type of foil
offered the advantage that the oxidised B-Zr regions
could be easily located and the oxidation product of the
o-phase could be investigated by a comparison with foils
prepared electrolytically to remove the metal.

When the oxidised B-Zr region as a whole was
brought into contrast, the region typically exhibited a
contrast indicative of a fine grain structure, see for ex-
ample Fig. 8(a). Imaging in the dark field mode con-
firmed that the grains were orientation related and that
the grain size was on the nanometer scale. Micro-
diffraction patterns obtained from these fine grains were
consistent with monoclinic ZrO,. Since the oxidised B-Zr
region was in the partially decomposed state prior to
oxidation, a likely explanation would be that the
observed monoclinic ZrO, arose from the oxidation of
the Nb-depleted w-phase, similar to the formation of
ZrO, from the Nb-depleted a-Zr. Such an interpretation
was confirmed by examining interfacial plan-view foils
prepared by a chemical removal of the metal. The ex-
ample shown in Fig. 10 was taken from an oxide formed
during exposure to lithiated water for 176 days at 583 K
following a pre-exposure of 350 h at 673 K in steam.
Similar observations were obtained in oxides formed
under other conditions. In Fig. 10, the grain structure
within the oxidised B-Zr region resembled that of the ®-
phase in the alloy and is easily distinguished from the
coarser ZrO, grains oxidised from the adjacent a-Zr. A
monoclinic ZrO, crystal structure for these fine grains
was confirmed using microdiffraction and lattice imag-
ing. EDX analyses, Fig. 9(b), showed that the Nb con-
centration for the fine-grained ZrO, was slightly higher
than the surrounding ZrO,, though significantly lower
than the 20% for the B-Zr. Comparisons with EDX re-
sults from cross-sectional foils or plan-view foils pre-
pared using electropolishing to remove the metal showed
that Nb and Fe have been preferentially removed during
the chemical thinning stage of foil preparation. The level
of Nb and the lack of Fe in Fig. 9(b) are consistent with
the o-phase in the metal [29]. The morphological,

structural and chemical information thus led to the
conclusion that m-phase oxidised to form monoclinic
Zr0,, and that the monoclinic ZrO, observed in the
oxidised B-regions in cross-section foils was from the
oxidation of the m-phase.

3.4. Distribution of Fe

Fe has been found to be associated with the oxidised
B-regions. In oxides containing partially decomposed -
Zr, the level of Fe detected varied with the location
within the oxidised B-Zr. A location that consistently
yielded a significant amount of Fe (and higher Nb) was
the interface between the oxidised o-Zr and B-Zr. Fig.
8(c) compares the interface between the oxidised B-Zr
and ZrO, with the adjacent locations. In oxides con-
taining $-Nb initially, a partitioning of Fe to the inter-
face between the oxidised o-Zr and oxidised B-Nb (in the
amorphous form or as the sub-oxide) was evident when
the interface could be manipulated to the edge-on ori-
entation. However, there was considerable variation in
the level of Fe in the oxidised B-Nb away from the in-
terface with the ZrO,. Some analyses of oxidised B-Nb
showed Fe levels below the detection limit, while others
showed detectable amounts of Fe. Such a variation re-
mains consistent with a preferential segregation of Fe to
the oxidised o/p interfaces, since the interfaces are gen-
erally non-planar and the overlap of the o/f regions
cannot be avoided in all cases. The significance of the
present observations is that the distribution of Fe in the
oxide is similar to that in the alloy.

4. Discussion
4.1. Origin of image contrast in the SEM

The SEM image contrast described in Section 3.1.1 is
unusual in that the secondary electron images exhibited
significant variations with the accelerating voltage. In
other words, the observed images contained information
generated from a sub-surface region. In comparison,
conventional secondary electron images convey infor-
mation on the surface topography, as the contributing
secondary electrons are generally emitted from the sur-
face region of the sample.

The contrast can be interpreted based on the varia-
tions in the local surface charge, since deposition of a
thin Au coating eliminated the contrast. The image
contrast mechanism is similar to the field effect or volt-
age contrast commonly used in the characterisation of
semiconductor devices [30,31]. In the SEM, secondary
electrons are generally attracted to the detector by a
potential field between the sample at ground potential
and a positively biased Faraday cage a few centi-
metres away [30,31]. In the presence of a non-uniform
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distribution of surface charge, the initial trajectories of
secondary electrons leaving the sample are affected to
different extents depending on the local field, Fig. 1(e).
When a bias voltage is present, the variation of the
surface charge with position may be obscured by the
high collection efficiency. In the absence of a bias volt-
age, i.e. in the no-bias mode, only those secondary
electrons leaving the vicinity of the sample with a direct
line of sight to the detector are available for imaging,
Fig. 1(e), and the variation of the surface charge with
position can be revealed.

The transfer of the potential difference within the
oxide to the sample surface can be understood from the
semiconducting nature of ZrO,, which can result in
limited conductivity due to the generation of electron-
hole pairs by the incident electrons. The interaction of
electron-hole pairs with the local potential fields within
the oxide can then lead to transfer of the sub-surface
charge to the sample surface, Fig. 1(e). The distribution
of charge at the sample surface thus represents a pro-
jection of the oxidised B-Zr regions within a thin slab of
oxide penetrated by the incident electrons as illustrated
in Fig. 1(e). The variation between images obtained at
different voltages, Fig. 1(a)—(d), is therefore related to
the microstructure within the oxide. In the present
Zr-2.5Nb oxide, the overlap of the oxidised B-Zr ap-
peared to be substantial at about 10 keV. The estimated
penetration depth [30,31] for 10 keV electrons in ZrO,
is about 0.5 pm, which is consistent with the typical
grain depth of 0.3-0.5 um and a Pilling—Bedworth ratio
of 1.56.

4.2. Dual o/ phase structure and oxidation

The present work has applied SEM, TEM, EDX and
EELS to the investigation of oxidised Zr-2.5Nb samples
grown under various conditions (at 673 K or below in
steam or in lithiated water environments). The obser-
vations made using both SEM and TEM have shown
that the oxidised B-regions (B-Zr, ® + Nb enriched B-Zr
and B-Nb) can be distinguished from the oxidised a-Zr
regions (ZrO,). In the SEM, the oxidised B-Zr regions
are revealed via a combination of charge transfer and
field effect contrast. The TEM examination of oxides in
both cross-sectional and plan-view orientations provid-
ed a more direct imaging of the oxidised B-regions. The
EDX microanalyses of the oxidised B-regions in suitably
prepared foils have consistently shown the presence of
Nb. Equally significant were the microanalyses that
showed no discernible differences in the Nb content due
to the conversion of a-Zr into ZrO,.

The microstructural and microchemical observations
lead to a general conclusion that, during the oxidation of
Zr-2.5Nb, there is a correspondence between the oxide
and the metal microstructures with respect to the dual o/
B phases. The overall distribution of Nb in the oxide

reflected the distribution associated with the o/ struc-
ture in the alloy. The detailed microstructure of the
oxidised B-phases depended on the state of B-Zr de-
composition at the time of oxidation (see Section 4.3).
Such a correspondence is in accord with the low Nb
mobility in the oxide at the oxidation temperature [32].
The identification of oxidised B-regions as distinct from
71O, oxidised from o-Zr is also consistent with recent
observations on the influence of morphology of B-Zr on
the percentage hydrogen pickup [33]. Since Zr-2.5Nb
pressure tube material has a highly anisotropic micro-
structure, the morphology of B-Zr relative to the oxi-
dation surface can be varied by suitable sectioning of the
pressure tube. A response of hydrogen pickup to varia-
tions in B-Zr morphology and its degree of decomposi-
tion prior to oxidation, demonstrates a corresponding
variation within the oxide [33].

The distribution of Fe in the oxides examined here is
also consistent with the retention of the dual phase
structure in the oxide. In the alloy, Fe has been reported
to be associated with the B-regions, the a—f interfaces
and the a—ao boundaries [26,29,34,35]. Our results show
that Fe remained associated with the oxidised B-regions
or the interface with ZrO, in the oxide. Information
regarding Fe at oxidised o-o boundaries in the oxide is
not available, since such locations cannot be readily
identified in the oxide. The behaviour of Fe in Zr-2.5Nb
can be compared with the behaviour of Fe in the oxi-
dation of Zr(Fe,Cr), intermetallics in Zircaloy-4 [36]. In
Zircaloy-4, the Fe associated with the intermetallic
precipitates remained localised upon initial incorpora-
tion into the oxide, but may be dissolved into the ZrO,
matrix eventually [36]. Present results indicate that Fe
remained localised to the oxidised B-regions in the ox-
ides. A dispersal of Fe from the oxidised B-Zr or $-Nb,
similar to the process in Zircaloy-4, may occur upon
prolonged oxidation of Zr-2.5Nb; however, thicker ox-
ides need to be examined for confirmation.

4.3. Decomposition of -Zr and oxidation products

Based on observations on Zr-2.5Nb and Zr-20Nb
oxides presented above, a general scheme can be derived
for the oxidation of B-Zr which undergoes decomposi-
tion. The following are to be considered: the initial
metastable B-Zr, the eventual equilibrium B-Nb and the
intermediate o-phase and Nb-enriched B-Zr [1]. Of
these, the present results show that the Nb-depleted o-
phase oxidised to form monoclinic ZrO,. For the Nb-
enriched B-phases, the behaviours of B-Zr and B-Nb
represented two extremes. In the case of B-Zr, a
Nb,Zr, _,0,,,; oxide is formed, while -Nb, when fully
oxidised, formed an amorphous Nb-enriched oxide,
presumably based on Nb,Os. The intermediate regime of
Nb-enriched B-Zr is expected to follow the behaviour of
either B-Zr or B-Nb depending on the Nb concentration.
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The structure of Nb,Zr, ,0,,.| can be regarded as a
modulated superstructure made up from subcells of
metal and oxygen atoms [18-20]. The superstructure is
incommensurate in nature in the sense that x is not re-
stricted to being an integer, but is related to the Zr-Nb
composition. An interesting feature of NbyZr, _,0,,, is
the ability to accommodate variations in the Nb con-
centration. For B-Zr in Zr-2.5Nb, it is expected that the
Nb,Zr,_,0,,.; formed will have changing values of x in
accordance with the Nb concentration in the Nb-en-
riched B-Zr as the decomposition proceeded. The range
of x in NbyZr, ,0,,,; investigated by Thompson,
Withers and co-workers [18-20] was between 7.1 and
12.0, corresponding to 28.5 and 16.9 wt%Nb. The exact
range for the existence for Nb,Zr, ,0,,,; may be
broader. However, it is not clear what the limiting
composition is, at which the behaviour of Nb-enriched
B-Zr switches to that of B-Nb in terms of forming an
amorphous oxide.

The Nb,Zr,_,0,,,, is quite different from the com-
mon polymorphs of ZrO,, specifically, the tetragonal
form that can be present in small quantities in the pri-
marily monoclinic ZrO, corrosion oxides films [3-20].
Spatially, Nb,Zr, ,0,,,; in Zr-2.5Nb pressure tube
materials is formed from the oxidation of B-Zr. In
comparison, the tetragonal ZrO, in Zr-2.5Nb oxide
films has been shown, using a combination of Raman
spectroscopy, X-ray texture measurements and electron
microscopy [6,37-39], to be primarily associated with the
monoclinic ZrO, [001] growth that developed over
suitably oriented a-Zr grains. Structurally, the present
electron diffraction results and previous Raman spec-
troscopy results [16] show that the structure of
Nb,Zr, ;0,1 formed from the B-Zr in Zr-20Nb alloy
is distinct from ZrO,. The main structural characteristics
of NbyZr, ,0,,,, include the lack of distinct metal—
oxygen distances and the metal-atom co-ordination
number varying between 7 and 8 for a 0.26 nm limit of
Zr-O bond [20]. It is suggested that the structural dif-
ference between Nb,Zr,_,0,,.; and ZrO, is related to
differences in electrical properties and provides a basis
for explaining the unusual SEM contrast from oxidised
B-Zr in Zr-2.5Nb.

The observations of an amorphous oxide based on -
Nb at temperatures of 673 K and below are consistent
with the oxidation behaviour for Nb and can be ratio-
nalised in terms of the mobilities of Nb and O in the
oxide. It has been proposed [32] that the condition for
forming an amorphous phase from the reaction of two
species was for one species to have a high mobility while
the other to have a low mobility in the product phase.
The work of Thomas et al. [32] demonstrated that
amorphous Nb and Ta oxides were formed at temper-
atures below 773 K and that crystallisation occurred
when the mobility of the metallic species was increased
at temperatures above 773 K.

The formation of an initial sub-oxide followed by an
amorphous B-Nb based oxide indicates a delayed oxi-
dation process with respect to o-Zr. Such a delayed
oxidation is consistent with Zr having a higher affinity
for oxygen than Nb. The preferential oxidation of Zr in
Zr—Nb alloy resembles the preferential oxidation of Zr
relative to the other (more noble) elements in the inter-
metallic precipitates in Zircaloy [36,40]. There is addi-
tional similarity in that the intermetallic precipitates also
oxidised eventually to an amorphous state. In Zr-Nb
alloys, the preferential formation of ZrO, has been re-
ported [41] at oxidation temperatures considerably
higher than used in the present work where the cations
have higher diffusivities.

4.4. Influence on corrosion and hydrogen pickup behaviour

The corrosion behaviour of Zr-Nb alloys is affected
by changes in the alloy microstructure. In the Zr-2.5Nb
alloy, one beneficial effect is related to the reduction of
Nb content in the a-Zr associated with the precipitation
of B-Nb particles from supersaturated o-Zr either in
materials quenched from the solution anneal tempera-
ture or in materials that were neutron or electron irra-
diated [42-47]. In the absence of irradiation, the
corrosion response of Zr-2.5Nb improved due to the
decomposition of B-Zr [33,42]. Recent results have
shown that the corrosion resistance of Zr-2.5Nb pres-
sure tube material was inferior when undecomposed -
Zr was aligned perpendicular to the oxide surface and
that heat treatments used to improve the corrosion re-
sistance affected the decomposition of the f-Zr without
introducing detectable changes to the Nb content in the
o-Zr [33]. For the Zr-20Nb alloy, the corrosion rate of
the single phase B-Zr alloy is initially high but is reduced
with the decomposition of B-Zr during the corrosion
exposure [13]. Since the growth of Zr oxides is controlled
by the inwards diffusion of oxygen, it follows that the
difference in corrosion performances between materials
containing differently decomposed B-Zr was related to
the differences in the corrosion products. The formation
of Nb,Zr, ,0,,,, which is structurally distinct from
Zr0;, in Zr-2.5Nb and Zr-20Nb alloys can be identified
with the poor corrosion resistance of the alloys con-
taining undecomposed B-Zr. The main implication is
that Nb,Zr, _,0,,,; is a more effective diffusion medium
for the supply of oxidants than ZrO,.

With respect to hydrogen pickup, recent results have
shown that hydrogen pickup can be reduced when the -
Zr was in a decomposed state prior to the corrosion
exposure [33,42], and that the improvement was most
effective when the B-Zr was aligned perpendicular to the
oxide surface [33]. The formation of different oxidation
products for B-Nb compared with B-Zr described above
may be related to the greater reduction of hydrogen
pickup in materials containing B-Nb compared with
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materials containing B-Zr [33,42]. However, a mecha-
nism for hydrogen pickup is currently lacking that
would take into account the dependency on the mor-
phology of the B-phase as well as the Nb concentration
and the crystal structure of the oxidised B-regions.

5. Conclusions

The presence of oxidised f-Zr and related regions in
oxides of Zr-2.5Nb can be identified using a number of
electron microscopy and microanalysis techniques. In
the SEM, the oxidised B-Zr regions in Zr-2.5Nb were
imaged via a mechanism involving a combination of
charge transfer and field effect contrast. Using the TEM,
the presence of Nb in oxidised B-regions in suitably
prepared foils was consistently demonstrated using EDX
microanalyses. Fe was found to be associated with the
oxidised B-regions and the distribution of Fe in the oxide
was consistent with that in the alloy. The Nb concen-
tration in ZrO, exhibited no discernible difference when
compared with that of a-Zr from which the ZrO, was
formed. The microstructural and microchemical obser-
vations show that there is a correspondence between the
oxide and the Zr-2.5Nb pressure tube microstructures in
terms of the dual o/p phases.

The detailed microstructure of the oxidised B-phases
in Zr-2.5Nb depended on the state of B-Zr decomposi-
tion (B-Zr, Nb-enriched B-Zr, w-phase and B-Nb) at the
time of oxidation. The behaviours for B-Zr and B-Nb
represented two extremes. The metastable B-Zr oxidised
to form a NbyZr,_,0,,,; oxide, which is structurally
distinct from the monoclinic, tetragonal or cubic poly-
morphs of ZrO, and can accommodate varying levels of
Nb concentrations. The B-Nb was found to exhibit a
delayed oxidation behaviour with respect to o-Zr. The B-
Nb ultimately oxidises to an amorphous oxide. Prior to
full oxidation, a metallic sub-oxide based on oxygen-
enriched B-Nb was observed. For the ® and Nb-enriched
B-Zr phases in partially decomposed B-Zr, the Nb-de-
pleted w-phase oxidised to form monoclinic ZrO,. For
the Nb-enriched B-Zr, its oxidation behaviour followed
the behaviour of either B-Zr or B-Nb depending on the
Nb content.
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