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Binary Zr-alloys containing 1%Fe and 1% Ni (large precipitates) and 1% Cr and 0.6% Nb (small precipitates),
as well as a pure Zr sample were exposed in situ at 130 Pa water vapour pressure at 415 �C in an envi-
ronmental SEM. The surface topography and composition of each sample was characterised before
in situ experiments, during and after oxidation. After oxidation the surface was characterised by SEM
and EDS, AFM and TEM combined with EDS. Focused ion beam was used to prepare cross sections of
the metal–oxide interface and for the preparation of TEM thin foils.

The oxidation behaviour of precipitates for these alloying elements can be characterised into two large
families, those which show a rapid oxidation and those which induce a delayed oxidation in comparison
with the Zr-matrix.

At 415 �C after 1 h of oxidation for Zr1%Fe and Zr1%Ni, the formation of protrusions could be detected at
the surface, being related to underlying SPP in the oxide. On Zr1%Cr and Zr0.6%Nb unoxidised SPPs were
observed in the oxide, close to the metal–oxide interface. These SPPs were, however, oxidised close to the
outer surface of the oxide. The surface roughness was increased for all materials after in situ oxidation,
however, only for Zr1%Fe and Zr1%Ni protrusions appeared on the surface during oxidation. It was sub-
sequently demonstrated that these latter correspond to the position of SPPs. For Zr1%Fe the surface
roughness increased more than in the other materials and on these protrusions small iron oxide crystals
have been observed at the surface. These observations confirm that Fe has a different behaviour com-
pared to the other SPP forming elements, and it diffuses out to the free surface of the material.

These alloying elements being the constituents of the commercial alloys (Fe and Cr for Zircaloy-4; Fe, Cr
and Ni for Zircaloy-2 and Nb for all Nb-containing alloys), this study allows to separate their individual
influence and can allow a subsequent comparison to the behaviour of those more complex alloys.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The corrosion resistance of commercial alloys of the Zircaloy
group in water and steam is influenced by the presence of interme-
tallic secondary phase particles (SPP). The precipitates are known
to play an important role on the resistance of the material to cor-
rosion through anodic protection [1,2]. For a better understanding
of the influence of SPPs on the corrosion properties, several studies
of binary zirconium alloys have been conducted in the past [3–14].
So far there is no published study, showing the behaviour of alloy-
ing elements at a microscopic level during the initial stages of oxi-
dation, except for the study of a standard Zircaloy-4 in situ at
700 �C by Abolhassani et al. [15].

Zirconium and its alloys oxidise spontaneously at room temper-
ature and develop a self-healing layer of adhesive and protective
ll rights reserved.

: +41 56 310 2203.
lhassani).
oxide. At high temperatures and in the presence of water vapour
the oxidation continues and a uniform oxide layer forms.

The kinetics of the oxide thickness growth on zirconium is con-
trolled by the migration of oxygen ions through the existing oxide
layer and the interaction with the metal at the metal–oxide inter-
face [16]. Depending on the composition and the oxidation condi-
tions, three crystallographic structures have been reported for the
ZrO2 layer: monoclinic, tetragonal and in rare cases cubic zirconia
[17]. The ratio of different oxide phases has been shown to be
dependent on the material composition and on corrosion condi-
tions (temperature, chemistry, etc.) [18,19]. The presence of stres-
ses in the oxide close to the metal–oxide interface is known [20].
Those compressive stresses in the oxide at the metal–oxide inter-
face have been assumed to exert a stabilizing effect on the tetrag-
onal oxide [21], as the tetragonal oxide content is decreasing
together with the stress levels.

The oxidation rate is known to depend on the composition
of the material and follows a cubic rate law at the early stages,

http://dx.doi.org/10.1016/j.jnucmat.2010.05.012
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changing after a so-called transition period to a linear oxidation
rate [22]. For certain alloys cyclic cubic and linear rate laws have
been reported [23]. Commercial Zr-alloys Fe is used in higher con-
centrations than the other alloying elements forming SPP [24], as
this resulted in better corrosion resistance in the reactor.

Although many studies have been conducted, certain aspects of
the oxidation are still not clear. For example the cause for the
change in oxidation rate is still not well understood. If oxygen
migration were the only rate determining parameter throughout
the process, the rate of oxidation should be related to the thickness
of the oxide layer and reduce with time. This relationship is only
observed for the pre-transition stage, for the post-transition re-
gime a linear oxidation rate is found, which leads to further contin-
uous oxidation of the material. For these changes of oxidation
rates, faster routes for oxygen transport to the interface are neces-
sary. Pores and cracks perpendicular to the interface might facili-
tate the oxygen access to the metal–oxide interface [25]. Studies
performed by scanning electron microscopy (SEM) [25] and trans-
mission electron microscopy (TEM) have shown the presence of
cracks in the oxide layer [26–29]. The cause of their formation
has not yet been identified up to now.

To our knowledge till present the use of TEM for the study of
SPPs in binary zirconium alloys has only been reported by Pecheur
[12], who studied Zr1%Nb. No environmental scanning electron
microscopy (ESEM) or atomic force microscopy (AFM) study has
been reported for binary zirconium alloys.

In order to better understand the role of SPP and the influence
of the different alloying elements on the oxidation mechanism,
an in situ analysis by ESEM has been performed. The analysis of
the surface by AFM before and after oxidation as well as the exam-
ination of the material by SEM, energy dispersive X-ray spectros-
copy (EDS) and TEM allows a well-defined structural
characterisation. Focused ion beam (FIB) method was used to pro-
vide site specific TEM samples.

2. Experimental procedure

2.1. Materials

Binary zirconium alloys from a previous study [4] were selected
for this examination, their composition and their average SPP size
are given in Table 1. The thermal treatment of the material was re-
ported to result in a cumulative annealing parameter of about
RA = 1.3 � 10�10 h with RA = Rtexp�40,000/T, T temperature in
K, t the time in hours. This was followed by a stay in the autoclave
under 0.1 MPa at 415 �C for 3 days [4]. The oxide scale on those
samples, obtained from the autoclave oxidation, has been exam-
ined by electrochemical impedance spectrometry [4], metallogra-
phy, AFM and SEM/EDS in previous studies [30]. The average SPP
size of each alloy has been determined in the present study on
electropolished TEM specimens. Fe and Ni bearing alloys have
much larger SPPs than the Cr and Nb-bearing alloys. The reasons
for these differences are explained in [4].

For each sample, a piece (3 mm � 3.5 mm) was cut from the
material and the surface was polished down to 1 lm (diamond
Table 1
Chemical analysis of the binary alloys (in wppm or wt.%) and average oxide thickness fro

Alloy type Cr/wppm Fe/wppm Ni/wppm O/wppm

Zr1%Fe 44 0.99 wt.% 28 720
Zr1%Ni 46 205 1.17 wt.% 755
Zr1%Cr 1.04 wt.% 247 37 760
Zr0.6%Nb – – – –
Pure Zr – 150 – 300
diameter) with neutral polishing suspensions. The material was
ultrasonically cleaned in acetone and ethanol in order to remove
all the traces of the polishing suspensions. Three micro-hardness
indents were produced on the surface, in order to have reference
points for the accurate observation of the same region at different
stages of the study.

2.2. Analytical methods and instrumentation

The characterisation procedures and the experimental steps ap-
plied to all samples were the following:

1. Atomic force microscopy (polished surface)
2. Scanning electron microscopy (polished surface)
3. Environmental SEM in situ oxidation experiment
4. Scanning electron microscopy (oxidised surface)
5. Atomic force microscopy (oxidised surface)
6. Further scanning electron microscopy/EDS and focused ion

beam
7. Transmission electron microscopy

2.3. AFM measurements

AFM of the surface before and after oxidation is used to reveal the
change in surface topography during oxidation [15,31]. As the height
resolution of the AFM is fully capable of detecting height differences
on the sample in the range of nanometers [32], this method is well sui-
ted to reveal changes in surface topography after oxidation.

The surface topography of the polished surface was examined
by AFM (Digital Instrument Nanoscope IIIa with a silicon tip used
in tapping mode at ambient temperature) in order to have a refer-
ence for comparison after oxidation. The roughness (quadratic
mean of the roughness) of the regions scanned (5 � 5 lm) was
determined by averaging the data of at least 5 surface scans with
a resolution of 254 � 254 data points.

2.4. ESEM oxidation conditions

The in situ oxidation experiments were performed in a Philips
XL30 ESEM–FEG (Field Emission Gun) equipped with an EDS (from
EDAX–AMETEK, Inc.). The instrument was operated in ESEM mode.
The water vapour pressure was 130 Pa in the specimen chamber.
The sample was heated at the maximum possible heating rate of
3.9 �C/s, allowing to reach 415 �C in 2 min. The observations
started when this temperature was reached (t = 0). The material
was held for 60 min at 415 �C and subsequently cooled to ambient
temperature. The initial cooling rate of the specimen was about
0.8 �C/s from 415 �C. A gas secondary electron (GSE) detector was
used for the high temperature observations.

During the in situ oxidation the surface was continuously ob-
served and images were acquired every 5 min on each specific area
of the sample.

At 415 �C the EDS could not be used for chemical analysis. The
chemical analysis of the surface was therefore performed after
cooling the sample.
m Barberis et al. [4], average SPP diameter from this study.

Average oxide thickness/lm Average SPP size/nm (this study)

0.99 261
0.92 252
0.77 35
– 47
0.63 –
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2.5. FIB sections

The transverse sections of the oxide at specific sites were pre-
pared using FIB. This permitted the direct correlation of features
in the section with features on the surface. The sections were made
perpendicular to the oxide surface. From those transverse sections
the oxide thickness and its variation were determined by milling
sections at different positions on the sample and polishing the
studied face. The large size of the sections obtained and their high
number allows to have a good statistics for the observations. The
FIB used was an NVision 40 workstation from Zeiss equipped with
the INCA EDS system.

The FIB preparation method was used instead of mechanical
polishing, as this resulted in a better image quality of the oxide.
Coarse sections were made at 30 kV with a 6 nA beam current,
decreasing the beam current down to 150 Pa for the final polish
of the transverse sections. The NVision 40 was also used for com-
plementary SEM images and chemical analysis.

2.6. TEM investigation of metal–oxide interface

Thin foils were prepared from the metal–oxide interface by FIB
and were examined with the TEM. The material was studied on a
JEOL 2010 with an acceleration voltage of 200 keV, equipped with
an INCA EDS system using a low background Be double-tilt sample
holder. Detailed characterisation of SPP structure and oxygen con-
tent was performed by TEM using imaging, diffraction and chemi-
cal analysis (EDS). All EDS results presented are semi-quantitative.

3. Results

Surface characterisation before in situ oxidation has been per-
formed as described in ‘‘Experimental procedure” and results after
Fig. 1. Sample Zr1%Fe oxidised at 415 �C. The GSE images show the surface (a) as obser
cooling down to room temperature. Insets show regions imaged at higher resolution.
oxidation for all materials are compared with the as polished data.
A detailed example of the whole characterisation procedure is gi-
ven, here only for Zr1%Fe; all other samples were characterised fol-
lowing the same procedure.

3.1. Zr1%Fe

3.1.1. In situ oxidation of Zr1%Fe
The comparison of the images acquired in situ indicated that

the first features becoming more pronounced were already visible
with the GSE detector before oxidation at room temperature
(Fig. 1a). The evolution of the surface is almost complete after
14 min at 415 �C concerning the larger features observable in
Fig. 1b, with only few of them appearing after that time (Fig. 1b
and c). After 54 min of in situ oxidation small white particles on
top of existing features can be observed (Fig. 1c arrows), the cool-
ing process does not lead to significant surface changes (Fig. 1d).
The size of the features remained relatively constant throughout
the oxidation process. No cracks were observed during the in situ
oxidation and during cooling to room temperature.

3.1.2. SEM after oxidation
The mean diameter of the features on the surface was deter-

mined to be �1 lm and the largest feature being 1.8 lm. The given
diameters are average diameters for corresponding circular fea-
tures (Table 2).

3.1.3. AFM after oxidation
The comparison of the surface roughness of the oxidised surface

with the roughness of the polished surface confirms a roughening
due to the oxidation process. The roughness of the surface in-
creased from 3.9 nm to 21.2 nm after oxidation (Table 2). An exam-
ple for the direct comparison of the sample surface before and after
ved before oxidation, (b) in situ after 14 min, (c) in situ after 54 min, and (d) after
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oxidation is presented in Fig. 2 for Zr1%Fe. The features observed in
AFM before oxidation are not linked to the presence of SPP. This
can be concluded from the direct comparison of AFM profiles ac-
quired from the same region of the polished and oxidised surface.

The section of the surface profiles on Zr1%Fe (Fig. 2c and d), the
location of which is indicated in Fig. 2a and b, reveals the drastical
change in surface topography during the first hour of oxidation. Be-
fore oxidation no protrusions higher than 4 nm are present in this
section, after oxidation the two protrusions observed have a height
of 70 nm. The average height of the protrusions after oxidation for
1 h has been measured on 10 AFM profiles to be �68 nm (Table 2).
3.1.4. SEM and EDS after oxidation
The presence of features appearing during the in situ oxidation

at the surface could be subsequently linked to SPP for Zr1%Fe using
EDS point analyses and EDS mapping.
Fig. 2. AFM surface profile on Zr1%Fe (a) polished surface (lower resolution than b) and
marked on the surface profiles a and b respectively.

Table 2
Parameters of the oxidised samples.

Alloy Average oxide thickness/
lma

RMS polished (5 � 5 lm)/
nm

RMS oxidised (5
nm

Zr1%Fe 0.32 ± 0.11 3.9 21.2b

Zr1%Ni 0.41 ± 0.11 5.2 10.3b

Zr1%Cr 0.35 ± 0.07 3.8 8.3
Zr0.6%Nb 0.34 ± 0.09 5.3 9.3
Pure Zr 0.27 ± 0.05 3.8 11.2

a Average from FIB transverse sections.
b Including specific protrusions, RMS: root mean square of roughness.
c From 10 sections in AFM profiles.
In Fig. 3 an example for the characterisation of the features
developed during oxidation on the surface of Zr1%Fe is shown.
EDS point analyses confirmed the presence of Fe at the positions
of features on the surface, while beside them no Fe was detected.
The majority of protrusions exhibit only some small particles (Figs.
3b and 2b); while some are densely covered with crystals of up to
100 nm in diameter (Fig. 3c). The EDS analysis of these crystals
shows a higher Fe signal in comparison with protrusions without
crystals or with finer crystals.

It is already clear from (Figs. 2 and 3) on identical positions of
the sample that these SEM features correspond to the AFM
protrusions.

The regions with presence of iron according to the EDS map
(Fig. 4) were well correlated to the presence of features on the sur-
face. However, some regions with the presence of iron did not ex-
hibit features visible on the surface Therefore to understand the
origin of the EDS signal observed at 20 kV acceleration voltage,
(b) same region after oxidation. The AFM line profiles c and d represent the sections

� 5 lm)/ Average height of protrusions/
nmc

Average diameter of protrusions/
lmc

68 ± 15 1.1 ± 0.3
19 ± 6 0.7 ± 0.5
Not detectable

Not detectable
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simulations of the electron trajectories in the material were made
using CASINO V2.42 [33]. CASINO is a Monte Carlo simulation soft-
ware for the electron trajectories and generated X-rays in matter.

The penetration of 20 keV electrons into Zr was calculated to be
up to 1 lm, electrons having 4% of the original energy in that depth,
and the X-ray from the K-line of Fe, Cr and Ni will escape from a max-
imum depth of 730 nm (90% of overall signal). The oxide thickness
on Zr1%Fe is �320 nm (Table 2), the detected EDS signal can there-
fore originate from SPPs underneath the oxide layer.

3.1.5. FIB transverse sections
The protrusions on the surface correspond to the underlying

SPP as shown for example by the black arrow in the FIB transverse
sections and the white arrow on the oxide surface (Fig. 5). The
oxide thickness appears to be homogeneous throughout the whole
Fig. 3. (a) SEM micrographs of features on the oxidised surface of Zr1%Fe as observe
magnification in b and c respectively.

Fig. 4. Zr1%Fe oxidised for 1 h at 415 �C (a) SE image and (b) EDS map of Fe K-e

Fig. 5. FIB transverse section of Zr1%Fe sample. One feature on the surface (w
sample. The metal–oxide interface is undulated and the amplitude
of the undulation could be increased at the sites of oxidised SPP.
This has been also shown in many other sections, linking the fea-
tures also for the transverse sections to underlying SPPs.

3.1.6. Tem
Further characterisation of the metal–oxide interface was per-

formed by TEM to obtain microstructural and chemical informa-
tion about the SPP.

A TEM transverse section of oxidised Zr1%Fe is presented in
Fig. 6. The oxide layer on the matrix and the thicker oxide at oxi-
dised SPP in contact with the outer surface can be well distin-
guished in the dark field contrast, arrows mark the metal–oxide
interface. A closer examination of the oxide at the oxidised SPP re-
vealed a fine-grained, equiaxed oxide. The neighbouring oxide of
d with SE detector. The regions marked (b and c) in (a) are presented at higher

dge. Arrows indicate regions with FE signal with no feature at the surface.

hite arrow) can be directly linked to the underlying SPP (black arrow).
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pure zirconia has a columnar structure on the zirconium matrix. In
order to examine the nature of crystals formed at the protrusions
(as shown in Figs. 2b and 3c) a TEM sample is prepared with spe-
cial care to protect the outer surface on the site of the crystals.
Fig. 6b shows this TEM sample and the crystals present at the sur-
face. TEM diffraction pattern of these oxide crystals (not presented
here) showed that they are often single crystals.

Two types of trends can be observed for SPP oxidation:

(a). SPPs in contact with the outer surface. The oxide thickness is
higher in those regions and the SPPs are oxidised to a larger
extend than the matrix (Fig. 6a).

(b). SPP underneath the original surface. These show an oxida-
tion more or less similar to the zirconium matrix (Fig. 7).
Fig. 6. (a) Dark field contrast of Zr1%Fe. Oxide interface undulations and surface protrus
mark the metal–oxide interface. (b) Bright field contrast showing iron oxide crystals form
by the black arrowhead). The Cu signal is from the FIB–TEM grid and the gallium signal

Fig. 7. (a) Dark field contrast and (b) bright field contrast of pa
It must be noted that the diffusion of iron to the free oxide sur-
face can be related to the precipitates in contact with the outer sur-
face, however, it cannot be excluded that a certain amount of
diffusion takes place also from SPPs below the outer surface.

Those results are also confirmed by the FIB-observation of sev-
eral tens of SPP, which showed a thicker oxide if initially in contact
with the outer surface, leading to the formation of oxide undula-
tions at the metal–oxide interface and similar oxidation like the
surrounding matrix if not in contact with the outer surface.

The height of protrusions on the surface caused by oxidised SPP
can be measured in Fig. 6a, where a white line is inserted as refer-
ence for a flat surface, and also in Fig. 6b. As an example the height
of the SPP marked with the line is �95 nm, which is comparable to
the values obtained by AFM (Fig. 2d).
ions can be observed at the SPP in contact with the surface. The white arrowheads
ed on the oxide surface. (c) EDS spectrum of crystals in (Fig. 6b) (location indicated
from implantation during TEM sample preparation.

rtially oxidised SPP at the metal–oxide interface of Zr1%Fe.
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The EDS analysis of the TEM samples provided the following
information:

(a). The crystals formed at the surface consist of almost pure iron
oxide. Only small amounts of zirconium and gallium have
been detected, the latter being a contamination from the
TEM sample preparation process (Fig. 6c).

(b). SPPs in the oxide showed iron and oxygen signals indicating
that the precipitates are oxidised (Fe: 10–15 at.%, O: 60 at.%,
Zr: 25–30 at.%). Therefore in the case of Zr1%Fe, no metallic
SPP was observed in the oxide.

(c). SPPs in the underlying metal near the metal–oxide interface
showed an oxygen concentration similar to the surrounding
matrix (Fe: 20–30 at.%, O: 10–20 at.%, Zr: 50–60 at.%). In
other words the EDS point line scans in the metallic SPPs
showed no oxygen enrichment with respect to the zirco-
nium matrix.

3.2. Zr1%Ni

For Zr1%Ni the observations were similar to those for Zr1%Fe.
AFM scans on the oxidised surface of Zr1%Ni revealed protrusions
with an average height of 19 nm (Table 2).

For Zr1%Ni the formation of metal–oxide interface undulation
with higher amplitude has been observed for SPPs in contact with
the outer surface. SPPs not in contact with the outer surface exhibit
an oxide thickness similar to the surrounding matrix at the metal–
oxide interface, they are not preferentially oxidised. The contrast of
the interface implied a metallic nature on the metal side and an
oxidised on the oxide side.

A TEM transverse section of oxidised Zr1%Ni is presented in
Fig. 8. The oxide layer on the matrix and the SPP at the metal–oxide
interface and in the metal can be well distinguished in the dark
field contrast (Fig. 8a). A closer examination of the oxide at the oxi-
dised SPP revealed a coarse-grained, equiaxed oxide; the grain size
is in the same range as the width of the columnar oxide grains on
the matrix. The SPP-oxide interface is similar to the matrix–oxide
interface.

The EDS analysis of the TEM samples provided the following
information:

(a). SPPs in the oxide showed nickel and oxygen signals indicat-
ing that the precipitates are oxidised (Ni: 10 at.%, O: 60 at.%,
Zr: 30 at.%). In the case of Zr1%Ni, no metallic SPP was
observed in the oxide.

(b). The SPPs in the underlying metal showed an oxygen concen-
tration similar to the surrounding matrix (Ni: 25 at.%, O:
10 at.%, Zr: 65 at.%). In other words the EDS point line scans
in the metallic SPPs showed no oxygen enrichment with
respect to the zirconium matrix.
Fig. 8. Dark field image (a) of Zr1%Ni. The precipitate at the metal–oxide interface is part
precipitate at the metal–oxide interface (b).
In the case of this alloy, no Ni diffusion to the outer surface
could be detected. This implies if any such phenomenon exists, it
is much slower than in the case of the Zr–Fe alloy.

3.3. Zr1%Cr

For Zr1%Cr SPPs were not observed on the surface before oxida-
tion. During the in situ oxidation no changes on the surface other
than those typical for the oxidation of the zirconium matrix could
be observed. The surface oxide exhibited a coarse-grained aspect
with no specific protrusions or cracks, which could be linked to
the presence of SPP.

The surface of Zr1%Cr analysed by AFM exhibits no large protru-
sions but many small oxide grains are observed. The height differ-
ences between surface oxide grains are significant enough to make
the surface appearing rough. The roughness of the surface in-
creased from 3.8 nm to 8.3 nm after oxidation (Table 2).

The TEM transverse section of oxidised Zr1%Cr is presented in
Fig. 9a. Several SPPs can be observed in the oxide layer (Fig. 9b).
The undulated metal–oxide interface can be seen (indicated with
white dots). The matrix oxide has a columnar grain structure. In
an area of approximately 0.3 lm2 four precipitates can be seen
in the oxide. For Zr1%Cr, the SPPs observed in the oxide exhib-
ited a crescent shaped crack towards the outer surface (Fig. 9).
Using the integrated EDS signal from EDS spectra, it could be
shown, that at the position of the crescents the signal dropped
significantly, indicating that the crescents are real cracks in the
oxide.

For the measurement of the SPP composition a correction has to
be used, as due to the small size of the ZrCr2 SPP, the EDS signal
from the surrounding oxide contributes to the signal. Especially
for SPP in the oxide, for which the oxygen concentration is of inter-
est, the oxygen content of the SPP is therefore derived from the fol-
lowing calculation:

1. It is assumed that the SPP (ZrCr2) and the surrounding oxide
(ZrO2) are stoichiometric. The amount of Zr in the matrix is cal-
culated using the measured atomic concentration of chromium

cðZrmatrixÞ ¼ cðZrmeasuredÞ � 0:5 � cðCrmeasuredÞ: ð1Þ

2. The oxygen content of this matrix is then subtracted from the
total oxygen concentration measured (numerator of Eq. (2)). If
the numerator is positive, so there is more oxygen than can
be present in the matrix around the SPP, the atomic concentra-
tion of oxygen in the SPP is calculated with

cðOSPPÞ ¼
cðOmeasuredÞ � 2 � cðZrmatrixÞ

1:5 � cðCrmeasuredÞ þ fcðOmeasuredÞ � 2 � cðZrmatrixÞg
: ð2Þ
ially oxidised. The inset shows a bright field image of a partly oxidised Ni containing
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The correct quantification at the SPP position was ensured by
measuring always the oxide beside the SPP, which should yield
an oxygen to zirconium ratio of 2.

The EDS analysis of the SPPs in the oxide provided the following
information:

(a) Many SPPs in the oxide exhibit too low oxygen contents to
be fully oxidised (0–20 at.% oxygen), while the surrounding
matrix was found to be fully oxidised. SPPs within
�150 nm distance of the metal–oxide interface were usually
low in oxygen.

(b) Close to the outer surface the SPP oxygen content was
observed to be around 60 at.% oxygen, indicating fully oxi-
dised SPPs.

3.4. Zr0.6%Nb

For Zr0.6%Nb no SPP were observed on the surface before oxida-
tion. During the in situ oxidation only changes on the surface typ-
ical for the oxidation of the zirconium matrix could be observed.
The surface oxide exhibited a coarse-grained aspect with no spe-
cific protrusions or cracks, which could be linked to the presence
of SPP.

On the surface of Zr0.6%Nb AFM revealed no large protrusions
but small oxide grains. The differences in height between the sur-
face oxide grains are significant enough to make the surface
appearing rough. The roughness of the surface increased from
5.3 nm to 9.3 nm after oxidation (Table 2).

TEM analysis of Zr0.6%Nb the SPPs in the oxide revealed again a
crescent shaped crack above the SPPs towards the outer surface,
see Fig. 10. The size of the crescent shaped cracks is correlated to
the SPP size. The matrix oxide has a columnar grain structure. As
no fixed SPP composition was found on electropolished samples,
Fig. 9. Bright Field micrographs of Zr1%Cr, (a) overview of the undulated metal–oxide inte
oxide scale with columnar grain structure and four SPP with crescent shaped cracks, mar
showing the crescent shaped crack (black arrow) on top of the SPP (white arrow).
no direct information about the SPP oxygen content could be ob-
tained using the correction applied for Zr1%Cr. The overall oxygen
concentration measured at SPP positions (55–60 at.% oxygen).
Therefore these precipitates are not as oxygen deficient as the
ZrCr2 SPPs.
3.5. Pure Zr

The results for pure zirconium are shown for comparison to
evaluate the influence of the alloying elements on the oxidation
behaviour of zirconium.

The surface of pure Zr exhibits no large protrusions. The ob-
served oxide grains are small. The differences in height between
the surface oxide grains are significant enough to make the surface
appearing rough. The roughness of the surface increased from
3.8 nm to 11.2 nm after oxidation.

For pure Zr the metal–oxide interface was observed in TEM to
be undulated (Fig. 11a). The oxide has a columnar grain structure
(Fig. 11a and b). Some SPPs due to the iron impurity could be ob-
served, however, they were very rare.
3.6. Comparison of the results from the four binary alloys
and the pure Zr

The in situ observations of the oxidation revealed for Zr1%Fe
and Zr1%Ni an observable different oxidation of the SPP initially
in contact with the outer surface compared to the matrix, resulting
in protrusions measurable with AFM at the surface and confirmed
on FIB transverse sections and EDS maps of the surface. Their aver-
age height is �70 nm on Zr1%Fe and �20 nm on Zr1%Ni. In the case
of Zr1%Fe small iron oxide crystals of different size were observed
on the surface of several SPPs (Fig. 3b and c and Fig. 6b).
rface. The metal–oxide interface is marked with white dots for clear observation, (b)
ked with arrows, and (c) SPP at higher magnification from the marked region in (b),



Fig. 10. Micrographs of oxidised Zr0.6%Nb. (a) Dark field contrast of oxide, showing the undulated metal–oxide interface and (b and c) bright field micrographs of SPP in the
oxide marked with arrows.

Fig. 11. TEM bright field micrographs of oxidised pure Zr. Overview of oxide scale, showing the undulated metal–oxide interface. Inset at higher magnification showing the
columnar oxide.
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For Zr1%Cr, Zr0.6%Nb and pure Zr no protrusions could be linked
to the SPP present at the surface. The average SPP size of 35 and
47 nm is to be compared to �250 nm for Zr1%Fe and Zr1%Ni, there-
Table 3
surface roughness for matrix oxide of oxidised samples.

Alloy RMS matrix oxide (700 � 700 nm)/nm

Zr1%Fe 4.5a

Zr1%Ni 4.5
Zr1%Cr 4.5
Zr0.6%Nb 5.1
Pure Zr 5.8

a From zoomed 5 � 5 lm scans.
fore the change of volume per SPP is much smaller for alloys with
smaller SPPs. The average roughness in the case of the Zr1%Fe and
Zr1%Ni alloys is in fact the average of protrusions and matrix oxide
combined. If we examined the matrix oxide of these two alloys
they would reveal a smoother topography as shown in Table 3.

All alloys form an oxide scale in the same thickness range, as
measured in FIB transverse sections, Zr1%Ni exhibiting the thickest
and pure Zr the thinnest oxide scale. The oxidation behaviour of
the SPP at the metal–oxide interface can be studied on the FIB
transverse sections for Zr1%Fe and Zr1%Ni. For Zr1%Cr and
Zr0.6%Nb this is not possible due to the SPP size.

TEM observations showed columnar oxide grains in the matrix
oxide for all materials. The oxidation behaviour of the SPP in differ-
ent alloys differed, Zr2Ni and Zr3Fe oxidised similar to the Zr-ma-
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trix, if not in contact with the outer surface, while when in contact
with the outer surface they showed higher oxide thickness than
the surrounding matrix. ZrCr2 showed a delayed oxidation and
the Nb containing SPPs were deficient in oxygen compared to the
fully oxidised matrix. Both materials showed crescent shaped
cracks on the SPP side facing the outer surface.
4. Discussion

The ESEM in situ observations are only providing surface infor-
mation; however, in combination with complementary ex situ
analyses they give a good insight to the processes taking place at
the early stage of oxidation.

These can be summarized as follows:

4.1. Change of surface topography

The protrusions observed on the surface of Zr1%Fe and Zr1%Ni
were related to the presence of large SPP underneath the surface.
The increase in height at these locations could be due to the volume
increase difference between the oxidised SPP and oxidised matrix, or
due to migration of alloying elements to the free surface and their
subsequent oxidation [15]. Both aspects will be discussed below.

In order to quantify the effect of the expansion differences a
hypothetical Pilling–Bedworth (P–B) ratio [34] was calculated for
the SPP with the equation given by Xu and Gao [35], assuming
the formation of ZrO2 and the respective alloying element oxide
(Fe2O3, NiO, and Cr2O3) with their crystal structure. The P–B ratio
gives the ratio between the volume of the formed oxide and the
volume of metal consumed forming this oxide.

P—B Ratio ðZraMbÞ ¼
NmetalðZrÞ
NoxideðZrÞ � VoxideðZrÞ
� �

þ NmetalðMÞ
NoxideðMÞ

� VoxideðMÞ
� �

VSPPðZraMbÞ

where M is the alloying element, nmetal(X) the number of atoms of X
in unit cell of SPP, Noxide(X) the number of atoms of X in the unit cell
of the oxide formed by X and Voxide(X) the volume of the unit cell of
the respective oxide.

It was considered, that the pure unconstrained oxide of each of
the metals involved is formed (ZrO2, Cr2O3, Fe2O3, and NiO). In
other words mixed oxides are not considered in our calculations.

For Zr3Fe a P–B ratio of 1.87 and for Zr2Ni a P–B ratio of 1.59 was
calculated, compared to 1.51 for pure Zr. These values were used to
calculate the average height of protrusions for each material for
SPPs with diameters of 35 nm and 250 nm. For Zr3Fe a height of
23 nm was obtained for 250 nm SPPs and a height of 3.1 nm for
35 nm SPPs. Thus the height of protrusions caused by small SPP
is in the same range as the roughness of the matrix oxide. There-
fore protrusions caused by small SPP cannot be resolved at the sur-
face, even if they are present. For Zr2Ni the calculation led to a
height of 5.6 nm for a 250 nm SPP and a height of 0.75 nm for a
35 nm SPP. Three possibilities are suggested to explain this dis-
crepancy between the experimental results and the calculated
heights.

(A) The assumption made about the expansion being a sum of
two distinct oxide formations is not valid, another oxide
structure is growing.

(B) The possibility that the average height as determined by
AFM is an overestimated value, since the smaller protrusions
were neglected, due to difficulty in discrimination, as those
measured were selected manually from AFM images and
the SPP causing the evaluated protrusions were larger than
the average SPP.

(C) The height of protrusions is not only due to the P–B ratio but
at the same time due to the migration of species to the free
surface. This is specially the case of Zr1%Fe alloy, where such
crystals have been observed.

For ZrCr2 the same calculations yielded a P–B ratio of 1.75 and a
height of 17.9 nm for a 250 nm SPP and a height of 2.4 nm for a
35 nm SPP. Because the SPP are small, the associated protrusions
should also have a width of around 35 nm, being not resolvable
for the above mentioned reasons. As there is no possibility to do
chemical analyses on the small protrusions in AFM, there is no
way to tell which ones are caused by oxidised ZrCr2 SPP and which
are from the matrix oxide. The same problem applies to the
Zr0.6%Nb, however, in this case we have no fixed SPP composition
which could have been used to derive a P–B ratio for the SPP.

From the in situ observation and the occurrence of SPP-like fea-
tures at the very early stages of oxidation (Fig. 1a and b), it can be
concluded that the oxidation at the surface takes place simulta-
neously for the matrix and the SPP. Once the SPP in contact with
the surface were all oxidised the number of features at the surface
did not increase any further. Moreover, in the case of Zr1%Fe a rapid
diffusion of the alloying element to the free surface is also observed.

The different oxidation behaviour of the precipitates could be at
the origin of the development of nodules on the surface of the clad-
dings, as it has been observed that the nodules develop at the
beginning of oxidation in the steam containing environments,
and do not increase in number with time, but only in size [36].
The high oxidation rate of the large precipitates in contact with
the free surface could be thus expected to act as a local source of
fast growing oxide, leading to a nodule, while the inner precipi-
tates, having the same oxidation rate as the matrix, do not affect
the corrosion at the outer surface.

4.2. SPP oxidation behaviour for the different alloys

The effect of size of the precipitates seems to be not the first
parameter regarding their oxidation behaviour, this point is further
discussed in this part. The examination of the oxidation state of
SPP in binary alloys is not available at a microstructural level for
the studies performed by authors [3–11], it is only available for
Zr1%Nb, showing an 80 nm SPP unoxidised in the oxide [12]. The
comparison of the present study is therefore only possible with
these results. The size of the SPP is larger than those observed in
the present study.

Yilmazbayhan et al. [29] observed b-Nb SPPs in Zirlo with a
diameter of �80 nm unoxidised in the oxide. Bossis et al. observed
a 50 nm unoxidised b-Nb SPP in the oxide [27] on Zr–1Nb–O.

In the case of alloys with ternary intermetallic SPPs present in
the Zircaloys and other advanced zirconium alloys, unoxidised
SPPs have been observed in several studies. These are summarized
below for the different sizes observed:

� Zr(Fe, Cr)2 of �0.8 lm by Kubo and Uno [37], smaller such SPPs
are also observed by other authors [12,27,38,39].
� Zr(Fe, V)2 of �200 nm by Pecheur [12].
� Zr(Nb, Fe)2 of �100 nm by Park et al. [28].

In the study by Wadman et al. on Zr–0.5Sn–0.53Nb [40], the
composition of the reported unoxidised SPPs in the oxide is not
clearly stated, so it is not included in the above list.

From these data we conclude that the SPP size is not the major
factor influencing the SPP oxidation state, as Nb-bearing SPPs re-
ported in the present study are smaller than those observed by the
authors mentioned above. Also ternary SPPs have been observed
to remain unoxidised for the range of sizes smaller, similar or larger
than those observed for Zr3Fe and Zr2Ni SPPs, in this study.

The oxidation behaviour of the SPP as revealed by FIB transverse
sections and TEM samples can be subdivided into three cases:
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(a) Alloys showing oxidation at the same time as the zirconium
matrix and faster oxidation when in contact with the outer
surface (see as an example Fig. 6a), this is the case of Zr3Fe
in Zr1%Fe and Zr2Ni in Zr1%Ni.

(b) Alloys showing oxidation and diffusion of the alloying ele-
ment to the outer surface; the case of the Zr–Fe alloys can
be given as a clear example. It must be noted that even if this
behaviour were present in other binary alloys, it is much
slower than that for Zr1%Fe.

(c) Alloys showing delayed oxidation of the SPP with respect to
the Zirconium matrix, this is the case of ZrCr2 in Zr1%Cr and
the ZrNb SPPs in Zr0.6%Nb.

For Zr2Ni SPP Ploc observed a delayed oxidation with respect to
the Zr-matrix [11] and an accelerated one for Zr3Fe SPP while we
observed both to behave fairly similar; accelerated with respect
to the matrix if in contact with the outer surface and similar with
respect to the matrix if not in contact with the outer surface. The
preferential oxidation of the SPPs that are in contact with the outer
surface at the metal–oxide interface is, however, not taking place
in such a way, that they oxidise completely within a short time,
as a small part having remained metallic could be observed for
two of the three SPPs on Fig. 6a. We suggest therefore the term
apparent acceleration, as the ‘‘rate” of oxidation of the SPP with re-
spect to the matrix cannot be quantified in this study.

The presence of pure iron oxide at the outer surface of zirco-
nium alloys has been reported by several authors before [11,13–
15].

In the case of Zr–Cr and Zr–Ni binary alloys, such segregations
have also been observed but to a much smaller extent [13]. The
phenomenon has been observed at different temperatures and
pressures; however the oxygen concentration in the steam seems
to have an effect on this phenomenon [13].

On more complex alloys such as Zircaloy-4 Abolhassani et al.
[15] found a layer of pure chromium oxide and underneath pure
iron oxide layer on the surface of zirconia above oxidised
Zr(Fe, Cr)2 SPPs, after 1 h at 700 �C.

Iron oxide has also been observed on the surface of Zircaloy-2
by Auger [41] and by controlled potential reduction using a satu-
rated Calomel electrode [13]. In the continuation of the present
study the authors have also observed such segregations on Zirca-
loy-2 and the results will be reported in future publications.

The SPP in Zr1%Cr and Zr0.6%Nb exhibited lower oxygen con-
centrations than the surrounding oxide matrix, despite their much
smaller sizes. To confirm this further, atom probe tomography can
be applied. The crescent shaped cracks above the SPP facing the
outer surface are observed both in the Zr1%Cr and Zr0.6%Nb. It
must be noted that these cracks were not observed in the case of
Zr1%Fe and Zr1%Ni. These cracks are the consequence of the de-
layed oxidation of the SPPs.

The presence of unoxidised [28,37–40] and partly oxidised [29]
SPP with the hexagonal/face centred cubic ZrCr2 structure has also
been reported for oxides formed on Zircaloy-4 and crescent shaped
a 

oxide           oxidised SPP   metallic

b 

Fig. 12. Schematic view of the metal–oxide interface and the oxidation state of the SP
formation as observed for Zr3Fe, and (c) SPP oxidation behaviour observed for ZrCr2 and
cracks at the SPP-oxide interface facing the free oxidised surface can
be observed on the micrographs presented in these papers [12,27–
29,40]. As the applied preparation methods are different between
our study and the previous works, and the milling direction in FIB
was perpendicular to the cracks, these crescent shaped cracks are
unlikely to be an artefact of the preparation process. The cause for
their occurrence is probably the expansion of the oxidising Zr-ma-
trix around the SPP containing Cr or Nb, before this latter starts to
oxidise. The height of the cracks is in agreement with the volume
difference between the Zr-matrix and the formed ZrO2 expanding
towards the outer surface, being dependent on the SPP size. Pecheur
et al. have observed a large SPP in the oxide with a crack in Fig. 3a of
Ref. [39]), supporting the above mentioned explanation for those
cracks. The systematic presence of cracks at the interfaces of SPP
within the oxide (e.g. Fig. 9b and c), on the free surface side, induced
by the different P–B ratios and delayed oxidation, could be expected
to be one of the possible nucleation sites for the larger cracks re-
ported often in TEM observations [27–29]. This should to be inves-
tigated further to improve the understanding of the crack initiation
and growth in the oxide scale on zirconium alloys.

The different oxidation behaviour of the SPP in the different al-
loys can have the following reasons:

– intrinsic oxidation behaviour of the alloying elements leads to
different oxidation rates.

– different crystal structure of the SPP is at the origin of the
differences.

A combination of the two factors presented above is likely to be
responsible for the observed variation in SPP oxidation behaviour.

The Zr(Fe, Cr)2 SPPs present in Zircaloy-2 and Zircaloy-4 have
the same structure as the ZrCr2 SPPs and also their alloying ele-
ment content is similar, but their chromium content is lower.

The Zr2(Fe, Ni) SPPs also contained in Zircaloy-2 have not been
reported to be unoxidised in the oxide [37], with the average SPP
size being 0.47 lm for both SPP types present in Zircaloy-2. So only
the SPPs containing Cr and having the structure typical for the
ZrCr2 SPPs have been observed unoxidised in the Zircaloys.

In the oxide formed on Zr1%Fe and Zr1%Ni we have not ob-
served small SPPs with the typical crack associated to unoxidised
SPPs. As the SPP distribution and their size is not homogeneous
in Zr1%Fe and Zr1%Ni, it could be that no small SPPs containing
Fe or Ni in the same size range as the Cr or Nb containing SPPs were
present in the oxide (they correspond to more than 30% of the
whole SPP population in Zr1%Fe), however this is not very likely.
The SPPs which had remained unoxidised should have been ob-
served due to the crack associated with them if they were present,
which was not the case during thorough scanning of the oxide.

Therefore the nature of the SPP (alloying element and crystal
structure) seems to be a more plausible parameter as opposed to
the SPP size; the alloying elements such as Cr, Nb, and V are re-
ported to lead to unoxidised SPP on zirconium based alloys
[12,27–29,37–40,42].
c 

 SPP        metal   oxide crystals 

cracks 

P. (a) SPP oxidation behaviour observed for Zr3Fe and Zr2Ni SPP, (b) oxide crystal
Zr/Nb SPP.
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The oxidation tendency observed for SPP not in contact with the
outer surface is: Zr3Fe � Zr2Ni � Zr-matrix > Zr/Nb SPP > ZrCr2, also
shown schematically in Fig. 12. As mentioned above, the behaviour
is classified into the three following categories:

(a) For the alloys Zr1%Fe and Zr1%Ni, SPPs in contact with the
outer surface show an apparent faster oxidation rate with
respect to the zirconium matrix resulting in an oxide protru-
sion at the surface and an undulated metal–oxide interface.
This behaviour could be connected to the nucleation process
of nodules. SPPs not in contact with the outer surface oxidise
at approximately the same rate as the surrounding zirco-
nium matrix (Zr3Fe and Zr2Ni).

(b) Alloying elements diffuse to the outer surface and form pure
oxides (Zr1%Fe).

(c) For the alloys Zr1%Cr and Zr0.6%Nb, SPPs oxidise after the
matrix and once fully surrounded by the oxide at a distance
from the interface (Zr/Nb SPP and ZrCr2).

Binary alloys are not usually used in the reactor; and more often
ternary alloys or more complex alloys are used. Therefore the SPP
of these alloys are often ternary intermetallics.

Currently used alloys in nuclear power plants contain SPPs
exhibiting a delayed oxidation with respect to the zirconium ma-
trix [12,27–29,37–40,42], with the exception of the Zr2(Fe, Ni) SPPs
in Zircaloy-2, for which this behaviour has not been reported [37].
Therefore a correlation between delayed oxidation and improved
corrosion performance should be studied in detail, as all Zircaloys
and the Nb-containing alloys contain SPPs showing delayed
oxidation.

The impact of the delayed oxidation of the SPP on the time to
oxide breakdown is of interest for the commercial alloys used in
nuclear power plants, as they contain these SPP types. Work is in
progress to further investigate this phenomenon.

5. Conclusions

The in situ oxidation at 415 �C revealed the formation of specific
oxide protrusions at the surface corresponding to the oxidised SPP
of Zr1%Fe and Zr1%Ni. For Zr1%Cr, Zr0.6%Nb, and pure Zr the pro-
trusions are either not existing or they are too small to be unam-
biguously distinguished from the matrix oxide grains on the
surface.

The oxidation tendency observed for SPP at the metal–oxide
interface not in contact with the outer surface is: Zr3Fe � Zr2-

Ni � Zr-matrix > ZrNb SPP > ZrCr2, also shown schematically in
Fig. 12. In the case of Zr3Fe, diffusion of Fe to the free surface
and formation of pure iron oxide crystals is observed.

The similar oxidation of the SPP containing iron or nickel, in
contrast to the delayed oxidation of Cr and Nb containing SPP at
the initial stage of oxidation with respect to the Zr-matrix is inter-
esting concerning the overall corrosion properties of these alloys.
Their locally dissimilar behaviour does not seem to be correlated
to their short and mid-term corrosion performance observed in
the autoclave after 3 and 110 days by Barberis et al. [4]. The reason
for the similar global oxidation behaviour at distinctly different
SPP oxidation is important to be clarified. The observations made
during the initial stages of the oxidation prove that the nature of
the alloying element affects the behaviour of the SPP during the
first hours of oxidation in a significant way.

In this study, the chemistry and the size of the precipitates were
changing simultaneously. It was, however, possible to draw con-
clusions on the effects of sizes and locations of the precipitates
on the mechanisms of oxidations of these precipitates. In order
to expand these conclusions and improve our understanding of
the role of the precipitates on the corrosion mechanisms of Zr-al-
loys, similar experiments are planed with alloys processed in such
a way that precipitate sizes would be similar for all the alloys. In
that case it would be expected that larger size of ZrCr2 and ZrNb
precipitates would not affect the oxidation behaviour of these SPPs.
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