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The development of oxide texture and microstructure formed on two zirconium alloys with differing Sn
contents (Zr–1Nb–1Sn–0.1Fe, i.e. ZIRLOTM and Zr–1.0Nb–0.1Fe) has been investigated using transmission
Kikuchi diffraction (TKD) in the scanning electron microscope (SEM) and automated crystal orientation
mapping in the transmission electron microscope (TEM). Bulk texture measurements were also per-
formed using electron backscatter diffraction (EBSD) in order to quantify and compare the oxide macro-
texture development. The Sn-free alloy showed significantly improved corrosion performance by delay of
the transition region and reduced levels of hydrogen pickup. The macroscopic texture and grain misori-
entation analysis of the oxide films showed that the improved corrosion performance and reduced hydro-
gen pick up can be correlated with increased oxide texture strength, the improved oxide grain alignment
resulting in longer, more protective columnar grain growth. A lower tetragonal phase fraction is also
observed in the Sn-free alloy. This results in less transformation to the stable monoclinic phase during
oxide growth, which leads to reduced cracking and interconnected porosity and also to the formation
of larger, well-aligned monoclinic grains. It is concluded that the Zr–1.0Nb–0.1Fe alloy is more resistant
to hydrogen pickup due the formation of a denser oxide with a larger columnar grain structure.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ever since the development of the first zirconium alloy,
Zircaloy-1, which was alloyed with 2.5% Sn, a reduction in Sn
content has been correlated with improved corrosion performance
[1–4]. However, this improvement is coupled with a reduction in
creep resistance and yield stress [5] and therefore modern
Nb-containing Zr alloys contain small amounts of Sn in order to
maintain adequate mechanical properties. There have been numer-
ous studies providing evidence that alloys with reduced levels of Sn
exhibit a low tetragonal phase fraction in the oxide film [2–4,6]. A
recent study [4] has suggested that Sn enables the stress stabiliza-
tion of the tetragonal phase, and therefore induces increased trans-
formation to the stable monoclinic phase during later stages of
oxide growth. The large shear strain and volume expansion associ-
ated with this transformation has previously been postulated to
cause cracking and porosity in the oxide and to lead to the onset
of accelerated corrosion kinetics [7–10]. It has also been suggested
that Sn segregation to oxide grain boundaries and the subsequent
expansion during oxidation could induce transformation and create
porosity at the oxide grain boundaries [3].

The crystallographic orientation of oxide grains that form dur-
ing corrosion of zirconium alloys has previously been shown to
affect the corrosion properties of the oxide. Glavicic demonstrated
by X-ray diffraction (XRD) analysis that as the oxide texture
strength was increased on a Zr-2.5% Nb alloy, there was a reduction
in both oxidation rate and hydrogen pickup [11]. Yilmazbayhan
et al. used TEM to show qualitatively that alloys with improved
corrosion performance showed a higher proportion of well-
aligned columnar monoclinic grains [12]. This relationship
between grain orientation and corrosion performance is thought
to be due to the fact that well aligned oxide grains should exhibit
a high fraction of coherent grain boundaries, and the diffusivity
along these grain boundaries is related to their interfacial energy
[13]. A number of studies have also indicated that oxide grain
boundaries are likely paths for hydrogen through the protective
oxide [14–17]. TEM studies have shown interconnected porosity
at oxide grain boundaries [9,18], which could provide a transport
mechanism for hydrogen through the oxide. This is supported by
recent atom probe tomography observations of deuterium
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Table 1
Composition in wt.% of zirconium alloys used in this study, measured by EDF using an
inductively coupled plasma atomic emission spectrometer (ICP-AES). Balance is
zirconium.

Alloy Cr Fe Nb Ni Sn

ZIRLOTM <0.01 0.09 0.87 <0.01 0.92
Zr–1.0Nb–0.1Fe <0.01 0.08 0.91 <0.01 0.01
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enrichment at oxide grain boundaries in samples exposed to heavy
water [17].

A strong texture has been observed via XRD [19,20] and TEM
[12,21] analysis to form in the monoclinic oxide during corrosion.
The formation of this texture in conventionally processed
single-phase zirconium alloys is thought to be driven by the trans-
formation stress induced by the zirconium-zirconia transformation
[20,22]. The oxide orientations which occupy the smallest in-plane
surface area will grow preferentially as they minimise the
compressive stress that arises during oxidation of the metal [22].
Therefore a fibre texture is formed with the (1 0 �3)–(1 0 �5) planes
oriented parallel with the sample surface [19,20,23]. A (001) fibre
texture has also been observed using XRD to form in the tetragonal
phase of oxidised Zircaloy-4 [23]. The growth of these orientations
will also minimise the transformation stress as they have the
smallest in-plane surface area. It has previously been suggested
that transformation of these favourable tetragonal orientations
could lead to the formation of the observed monoclinic texture
[10]. However, laboratory XRD measurements of the tetragonal
phase rely on the measurement of only a single diffraction peak
due to the complex nature of the ZrO2 diffraction spectrum
[20,24]. In addition, microtexture measurements rely on the
preparation of electron transparent samples, which results in the
transformation of the majority of the tetragonal grains [10,25].
Precise measurement of the orientation of the tetragonal grains
is therefore difficult with these techniques.

The present study focuses on a comparison between the com-
mercial alloy ZIRLOTM and an experimental alloy, Zr–1.0Nb–0.1Fe
developed by Westinghouse, which has the same composition
except that no Sn was added to the alloy (Table 1). A previous
study has shown a similar distribution of monoclinic (�1 1 1) poles
in the oxide formed on these alloys as measured by laboratory XRD
[4], however only a single contoured pole figure is presented from
each alloy in the pre-transition region and therefore a more
detailed analysis of the effect of Sn on oxide texture formation is
required. The aim of the present study was to investigate the effect
of Sn reduction on oxide texture formation and microstructure
development and to link this to the corrosion performance of the
alloys, both in terms of oxidation and hydrogen pickup. The com-
plementary use of conventional EBSD, transmission Kikuchi
diffraction (TKD) and the automated crystal orientation mapping
TEM technique allows for analysis of a large number of oxide
grains [10]. It thus provides a more statistical approach, including
texture and misorientation distribution analysis, than conventional
TEM techniques [12,21,26,27]. In addition, removal of the outer
portion of the oxide via mechanical grinding and polishing, and
the subsequent examination with EBSD, allowed for examination
of the monoclinic and tetragonal texture evolution whilst main-
taining the in-plane stress state in the oxide. The hydrogen pick
up behaviour of the alloys was also measured as part of this work
in order to determine if the differences in behaviour can be corre-
lated with the degree of oxide texture and type of grain misorien-
tation distribution. Such a correlation would provide evidence for
oxide grain boundaries providing a preferential transport route
for hydrogen through the protective oxide.
1 Zr alloys are known to exhibit cyclic corrosion kinetics. The corrosion kinetics are
initially of parabolic to cubic nature before a point at which the protectiveness of the
oxide breaks down causing a transition in corrosion kinetics. At this stage the second
cycle starts.
2. Experimental methods

2.1. Sample selection

Two alloys were selected for this study; the commercial alloy,
ZIRLOTM (Zr–1Sn–1Sn–0.1Fe), and the developmental alloy,
Zr–1.0Nb–0.1Fe, both supplied by Westinghouse. Both alloys were
in tube form in the recrystallised condition. The measured compo-
sition of the alloys is shown in Table 1. The alloys were exposed to
simulated primary water chemistry at 360 �C for a total of 540 days
as part of a previous research program (MUZIC-1) [9]. The corro-
sion kinetics are shown in Fig. 1 and each data point is an average
weight gain from at least 5 samples. More detail on the corrosion
testing can be found in Ref. [28]. In order to have samples with a
similar oxide thickness for comparison, one sample was selected
from each alloy (circled on Fig. 1). The ZIRLOTM sample had been
exposed for a total of 360 days and had an oxide thickness of
�6.4 lm, as measured by weight gain measurements (1 lm of
oxide is equivalent to a weight gain of 15 mg dm2 [29]). The Zr–
1.0Nb–0.1Fe sample had been exposed for a total of 540 days in
primary water chemistry and also received an additional exposure
to deuterated water for 45 days (for NanoSIMS analysis, which is
not covered here). The total oxide thickness after 585 days expo-
sure was �5.4 lm from weight gain measurements. The exposure
to deuterium accounted for only an additional 0.2 lm of oxide
growth and is not expected to have caused any changes to the
microstructure of the pre-existing oxide.

The approximate time to the first transition in the corrosion
kinetics1 are labelled on Fig. 1. For ZIRLOTM this region can be esti-
mated from the accelerated corrosion kinetics after transition. For
Zr–1.0Nb–0.1Fe, however, this was not possible as there are insuffi-
cient data points beyond 300 days of corrosion. The transition region
was therefore estimated from comparison of the oxidation kinetics
to the oxide microstructure, as will be discussed in more detail later.
2.2. Sample preparation

The samples were prepared for bulk EBSD measurements by
sectioning a �6 � 4 mm piece (with the long direction parallel to
the axial direction of the tube) and grinding flat using 4000 grit
SiC paper. The use of such a fine grit allowed for the preparation
of a flat surface without complete removal of the relatively thin
oxide. The samples were subsequently polished in a colloidal silica
suspension for an extended period of time to remove the grinding
scratches. After polishing, a series of cross sections were produced
across the tube length using a focussed ion beam (FIB) instrument
in order to measure the thickness of the remaining oxide, as shown
in Fig. 2. The oxide removal rate was found to vary significantly
from the centre to the outside edge of the tube samples, with very
little oxide removed from the centre of the tube and all of the oxide
removed at each end. The resulting thickness gradient allowed for
the measurement by EBSD of bulk oxide texture as a function of
oxide thickness. Electron transparent cross-sectional samples for
microtexture analysis were prepared by FIB milling using the
in situ lift-out technique [30]. Sample preparation using FIB milling
is essential for producing large samples of uniform thickness from
oxide/metal composites. The samples were prepared with the axial
direction of the tube in the plane of the sample. After thinning, low
energy FIB cleaning was performed on the samples, which has been
shown to remove the surface regions damaged by the ion beam
during preparation [31]. After final thinning the typical foil



Fig. 1. Corrosion kinetics for ZIRLOTM and Zr–1.0Nb–0.1Fe exposed to simulated primary water chemistry in static autoclave at 360 �C. Approximate first transition regions are
indicated by dotted lines and samples selected for investigation are circled.

Fig. 2. SEM images showing FIB trenches (numbered) used to measure oxide thickness on ZIRLOTM sample after preparation for EBSD analysis. Oxide thickness reduces from
right to left, with the oxide completely removed on the far edge. The image on right shows high magnification image of FIB trench number 5, and shows that the majority of
the oxide remains intact in this region, even after extensive grinding and polishing.
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thickness was estimated from the electron transparency at low kV
in the SEM to be below �100 nm.

2.3. Electron backscattered diffraction

The EBSD measurements were performed on an FEI Magellan
400 XHR Field Emission Gun Scanning Electron Microscope (FEG-
SEM). The use of a FEG source allows for a small spot size with a
high current density, which is essential for a nano-grained material
such as ZrO2 formed on a corroded Zr alloy sample. Standard EBSD
was employed for the bulk texture measurements using an accel-
erating voltage of 15 keV and a probe current of 1.6 nA.

2.4. Transmission Kikuchi diffraction

For microtexture measurements, the cross-sectional FIB sam-
ples were mounted in transmission geometry in the FEG-SEM
and the transmitted Kikuchi patterns were analysed in a technique
termed transmission Kikuchi diffraction (TKD) [32], also known as
transmission EBSD (t-EBSD) [10]. An accelerating voltage of 30 keV
was used with a probe current of 1.6 nA and a step size of 15 nm.
The EBSD data was analysed using the Channel 5 software suite
developed by Oxford Instruments HKL.

2.5. Automated crystal orientation mapping with TEM

The TEM measurements were performed on an FEI Tecnai F30
Field Emission Gun Transmission Electron Microscope (FEG-TEM)
operating at 300 keV. The NanoMEGAS ASTAR automated crystal
orientation mapping system was used for both pattern collection
and data analysis [33]. The spot patterns were collected by an
external CCD camera and matched to theoretically generated pat-
terns using the template matching process [34]. Details of the crys-
tal information used for producing the templates for each phase
can be found in Ref. [10]. A small condenser aperture (20 lm)
was used in order to reduce the convergence of the beam. The
beam size was measured experimentally using the in-column
CCD to be �3 nm with a current of 26 pA. A camera length of
8.9 cm was applied for all measurements with a scanning step size
of 5 nm. In addition, a precession angle of 0.8� was used, which
produces more diffraction spots and reduces dynamical effects
and therefore has been shown to improve the accuracy of the tem-
plate matching process [33,35].

3. Results

3.1. Hydrogen pickup

Samples from each alloy were selected for hydrogen measure-
ment at various stages in the corrosion process. Hydrogen mea-
surements were performed at Westinghouse Electric Company
using a RECO RHEN602 inert gas fusion analyser. The accuracy of
hydrogen measurement using this equipment has previously been
estimated at ±2% [36], and therefore seems to be more accurate
than other methods for hydrogen analysis [37]. The hydrogen con-
centration as a function of autoclave exposure time is shown in
Fig. 3(a). Early in the corrosion process, similar levels of hydrogen
concentration are measured in both sets of samples. It should be



Fig. 3. Hydrogen pickup data for ZIRLOTM and Zr–1.0Nb–0.1Fe, as measured by Westinghouse using the inert gas fusion technique, (a) total hydrogen concentration as a
function of exposure time, (b) hydrogen pickup fraction as a function of exposure time. Approximate first transition regions are indicated by dotted lines.
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noted that at these low levels of hydrogen, the accuracy of mea-
surement is comparatively poor. Later in the corrosion process,
the ZIRLOTM samples pick up significantly more hydrogen than the
Sn-free alloy. As the corrosion kinetics of the two alloys are differ-
ent (Fig. 1), this will affect the amount of available hydrogen liber-
ated by the corrosion reaction. This must be taken into account
when comparing hydrogen ingress. Therefore, the hydrogen pickup
fraction (HPUF) was estimated, which is the ratio of absorbed
hydrogen to the amount of hydrogen generated by corrosion, and
is given by [38]:

HPUF ¼
10�6 Mt
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where Mi
s and Mt

s are the initial and final masses of the sample

respectively, Ci
H and Ct

H are the initial and final hydrogen
concentrations respectively and MO and MH are the atomic masses
of oxygen and hydrogen. The initial hydrogen concentrations were
measured prior to autoclave exposure and so the HPUF could be cal-
culated for each hydrogen measurement using the weight gain data.
The errors for HPUF were determined using the error propagation
formula detailed in Ref. [39]. The HPUF is plotted as a function of
exposure time in Fig. 3(b). Early in the corrosion process, both alloys
exhibit similar behaviour. The large scatter on these early points is
again attributed to difficulties in detecting such low hydrogen
concentrations. Later in the corrosion process, the HPUF for
ZIRLOTM increases in agreement with previous observations [38].
Zr–1.0Nb–0.1Fe seems to follow a similar trend to the ZIRLOTM until
about 200 days of exposure, beyond which it displays significantly
lower HPUF. At 540 days, Zr–1.0Nb–0.1Fe exhibits a significant drop
in the HPUF to �6%. This measurement was repeated with a sister
sample of the same exposure time, which confirmed the low
HPUF at this stage.



Fig. 4. EBSD phase map taken from region adjacent to FIB trench 2 on ZIRLOTM

sample after 360 days autoclave exposure, corresponding to oxide thickness of
�1 lm. Black regions are non-indexed.
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3.2. Standard EBSD

A series of EBSD maps were acquired from the oxide of each
sample adjacent to the FIB cross sections shown in Fig. 2, which
enabled the analysis of the texture as a function of oxide thickness.
The scans were carried out using a step size of 120 nm, which is
about 3–6 times the width of the columnar oxide grains formed
on ZIRLOTM [12,29]. The areas scanned in this way were
�50 � 50 lm. Due to the small grain size and relatively large beam
size, and therefore the high probability of the beam probing a grain
boundary, the indexing rate was �40%. However, since each map
contained approximately 50,000 indexed points it was possible to
measure the representative texture at each oxide thickness. Five
maps were collected from each sample adjacent to each of the FIB
trenches shown in Fig. 2. An example of a phase map from the
region adjacent to FIB trench 2 is shown in Fig. 4, corresponding
to a remaining oxide thickness of approximately 1 lm. The map
clearly shows the majority of the oxide is monoclinic. In this area,
some of the oxide has spalled away revealing themetal underneath.

There are also clusters of tetragonal grains in these thinnest
regions, which are postulated to be stress-stabilized tetragonal
grains that have previously been shown to exist close to the
metal-oxide interface region [29]. It is noted that these clusters
of tetragonal grains were only visible in regions of oxide spallation,
where the oxide is thinnest. It was also noticed that there was a
considerable amount of tetragonal phase indexed in the oxide
regions directly adjacent to the FIB trenches. As these large contin-
uous regions of tetragonal grains were seen even in regions of thick
oxide where this level of tetragonal phase would not be expected
[4], it was concluded that irradiation damage from the FIB had
caused local transformation of the monoclinic grains surrounding
the trenches. Any maps containing these damaged regions were
therefore excluded from this study. Pre-existing tetragonal grains
from the corrosion process are also evenly distributed on the maps
from thicker oxide regions. The tetragonal phase fraction as a func-
tion of approximate distance from the interface is shown for both
alloys in Fig. 5. It shows that a higher tetragonal phase fraction is
observed in the oxide formed on ZIRLOTM than on Zr–1.0Nb–0.1Fe,
with the overall fraction, and the difference between the alloys,
increasing closer to the interface, in agreement with previous
observations [4,19]. However the tetragonal phase fraction is lower
than measured during synchrotron XRD experiments on the same
alloys [4]. This is thought to be due to the difficulty in thinning the
oxide below �1 lm without causing spallation, and also due to the
fact that a considerable number of the tetragonal grains are below
the spatial resolution limit of this technique [12].

A comparison between orientation maps from a region of simi-
lar oxide thickness for each alloy are shown in Fig. 6. The maps are
coloured according to deviation away from the (1 0 �3) fibre compo-
nent, which has previously been shown to be one of the main fibre
components of monoclinic oxide formed during autoclave corro-
sion [10,23]. The deviation frequency distributions shown in
Fig. 6(c) indicate a higher fraction of the monoclinic grains lie
within �10� of this fibre component in the Zr–1.0Nb–0.1Fe sample
than in ZIRLOTM. There also appears to be a greater proportion of
grains oriented away from this component in ZIRLOTM. The map also
shows that there appear to be regions of well-oriented (blue) mon-
oclinic grains distributed across the oxide surface. These regions
could be a result of the previously reported undulations in the
metal oxide interface [40]. These undulations would result in the
distance to the metal-oxide interface varying at different regions
across the sample surface. It is also noted here that this roughness
could contribute to the observed spread in the orientations away
from the ideal orientation, as the interface will rarely be oriented
exactly parallel with the macroscopic sample surface.
In order to quantify the overall texture strength in the mono-
clinic oxide as a function of oxide thickness, the texture index of
each map was calculated. The texture index is the most frequently
used method to quantify the degree of preferred orientation in a
sample [41]. In this study, it was calculated from the orientation
distribution function (ODF) using the open source MATLAB
toolbox, MTEX [42]. An alternative quantification of the texture
strength is given by the maximum pole figure intensity. Although
this does not provide an overall quantification of the texture
strength, as the main texture component is already known for this
material, it does provide an independent measure of the strength
of this texture component. These two quantities, texture index
and (1 0 �3) pole figure intensity (which in all cases was the pole
with the highest intensity) are plotted as function of oxide
thickness for ZIRLOTM and Zr–1.0Nb–0.1Fe in Fig. 7. Both quantities
are found to be higher throughout the oxide thickness for the
Zr–1.0Nb–0.1Fe sample, clearly demonstrating that there is a
greater degree of preferred orientation in the monoclinic
oxide formed on this alloy. Both samples follow a similar pattern
of texture evolution throughout the oxide, with a stronger texture
in the outer few microns that decreases in strength towards the
interface.

In order to compare the overall distribution of poles, the five
maps from each sample were combined. This also allowed for the
orientation of a significant number of tetragonal grains to be anal-
ysed. Pole figures were plotted from these combined maps using
the Channel 5 software suite, and are shown in Figs. 8 and 9. The
contoured (1 0 �3) pole figures of the monoclinic phase in Fig. 8
show the expected texture, with these planes oriented parallel
with the sample surface. These pole figures also show a higher
maximum intensity in the oxide formed on Zr–1.0Nb–0.1Fe than
in ZIRLOTM. It has previously been shown that a (001) fibre texture
is expected in tetragonal zirconia formed on single phase zirco-
nium alloys [23], this being also the orientation with the smallest
in-plane surface area. The contoured (001) tetragonal pole figures
shown in Fig. 9 show a similar distribution in the two alloys, with a
region of intensity close to the oxide growth direction and also
some intensity at approximately 90� to the growth direction. In
contrast to the monoclinic phase, the maximum intensity of the
tetragonal pole figures is higher in the oxide formed on ZIRLOTM.
Than on Zr–1.0Nb–0.1Fe. There is a slight misalignment of the cen-
tral (001) poles away from the oxide growth direction, this could
be a sampling issue due to the comparably small number of grains
measured from the tetragonal phase.



Fig. 5. Tetragonal phase fraction of ZIRLOTM and Zr–1.0Nb–0.0Fe as a function of distance from the metal-oxide interface, as measured by standard EBSD. One map from each
sample was excluded from this measurement due to proximity to the FIB trench.

Fig. 6. (a) EBSD monoclinic orientation maps taken from region adjacent to FIB trench 5, corresponding to oxide thickness of �5 lm. (a) ZIRLOTM and (b) Zr–1.0Nb–0.1Fe.
Colouring based on deviation from (1 0 �3) fibre component as shown in (c). Non-indexed points are shown in black. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.3. Oxide microstructure

Typical SEM images taken from each of the cross sectional
FIB samples can be seen in Fig. 10 and show extensive lateral
cracking in both samples. The images display a larger number
of lateral cracks in the oxide formed on ZIRLOTM than on Zr–
1.0Nb–0.1Fe. In addition, a layer of fine microcracks is clearly
visible in the outer �1 lm of oxide on both samples, which
correlates with the equiaxed grain regions seen in the band
contrast images plotted from TKD analysis (Fig. 11). These
band contrast images also show a more ordered structure in
the oxide formed on Zr–1.0Nb–0.1Fe (Fig. 11b) than on
ZIRLOTM (Fig. 11a), with clear layers of equiaxed and columnar
grains. If it is assumed that the layers of equiaxed grains occur
after a transition in the corrosion kinetics when the nucleation
rate is fastest, then the positions of these layers can be used
to determine when the transitions occurred. It appears that
the first lateral cracks appear approximately 1 lm above the



Fig. 7. Monoclinic texture index and maximum monoclinic (1 0 �3) pole figure intensity as a function of oxide thickness for ZIRLOTM and Zr–1.0Nb–0.1Fe, as measured by
standard EBSD.

Fig. 9. Contoured (001) tetragonal pole figures from combined EBSD maps, (a) ZIRLOTM after 360 days autoclave exposure (5000 points) and (b) Zr–1.0Nb–0.1 after 540 days
autoclave exposure (2500 points).

Fig. 8. Contoured (1 0 �3) monoclinic pole figures from combined EBSD maps, (a) ZIRLOTM after 360 days autoclave exposure (280,000 points) and (b) Zr–1.0Nb–0.1Fe after
540 days autoclave exposure (250,000 points).
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equiaxed grain region, these lateral cracks have previously
been associated with the transition in corrosion kinetics
[43,44]. However, these observations seem to suggest a more
gradual development of cracks during the pre and post
transition regimes, as observed during 3D characterisation of
pre and post transition oxides using FIB sectioning and
reconstruction [40].
For Zr–1.0Nb–0.1Fe, there is only one point for this alloy on the
corrosion curve after the first transition (Fig. 1), and it is therefore
difficult to ascertain exactly when the transition occurs.
Interestingly, from the position of the bands of equiaxed grains it
appears that the oxide on Zr–1.0Nb–0.1Fe has undergone two
transitions after 540 days autoclave exposure. The first transition
appears to have occurred at an oxide thickness of �3 lm



Fig. 10. SEM images showing lateral cracking in oxide formed on (a) ZIRLOTM after 360 days autoclave exposure and (b) Zr–1.0Nb–0.1Fe after 540 days autoclave exposure.

Fig. 11. Band contrast maps measured by transmission Kikuchi diffraction, oxide formed on (a) ZIRLOTM and (b) Zr–1.0Nb–0.1Fe.
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(corresponding to an exposure time of �370 days) and the second
appears to occur at an oxide thickness of �5 lm (corresponding to
an exposure time of �500 days). It is more difficult to infer the
transition points from the oxide microstructure formed on
ZIRLOTM, as the periodic grain structure is not as clear in the band
contrast image. There are significant differences in the grain sizes
of the oxides formed on the different alloys. From the TKD band
structure images in Fig. 11, the length and width of the columnar
grains appear to be larger for the oxide formed on Zr–1.0Nb–
0.1Fe compared to ZIRLOTM. However, it is difficult to quantify the
difference in grain size using this technique as the relatively large
step size (15 nm) and low indexing rate would lead to inaccurate
results. On both samples, the indexed oxide grains are all
monoclinic, and no tetragonal phase is detected. This is because
the preparation by FIB of the thin TEM samples induces transfor-
mation of the larger stress-stabilized tetragonal grains [10], and
those that remain in the oxide after sample preparation are there-
fore postulated to be below the spatial resolution limit of this
technique.

In order to provide an accurate quantification of the grain sizes
in oxides formed on the two alloys, automated crystal orientation
mapping in the TEM was used due to its superior spatial resolution
compared to TKD. The reliability index is a measure of the unique-
ness of the solution from template matching and therefore will be
low at grain boundaries where there are overlapping diffraction
patterns [34]. Examples of monoclinic orientation reliability maps



A. Garner et al. / Acta Materialia 99 (2015) 259–272 267
used for grain size analysis are shown in Fig. 12(a) and (b). It is
noted that the maps presented here are small representative
regions of the recorded maps, and a significantly larger area was
used for the grain size analysis. The reliability maps clearly show
the wider and longer columnar grains formed on Zr–1.0Nb–0.1Fe
compared to ZIRLOTM. It is also noted here that only columnar mon-
oclinic grains were included in the grain size analysis, as the small
equiaxed grains tend to overlap in the transmission direction and
therefore are difficult to measure using this technique. The width
and length of the columnar monoclinic grains was measured using
the linear intercept method, covering an area of approximately
18 lm2 on each sample. The average width of the columnar mon-
oclinic grains was measured to be 68 nm and 85 nm on the ZIRLOTM

and Zr–1.0Nb–0.1Fe samples respectively. The average length of
the columnar monoclinic grains was measured to be 124 nm and
190 nm on the ZIRLOTM and Zr–1.0Nb–0.1Fe samples respectively.
The average ZIRLOTM columnar grain width is therefore larger than
previously reported using synchrotron XRD (40–45 nm) [29] and
conventional TEM (25–33 nm) [12]. However, there are a number
of problems associated with measuring grain size accurately using
line broadening of X-ray diffraction peaks, especially considering
the high levels of residual stress present in the oxide [45]. Also,
in the orientation used for standard XRD analysis, the length of
the columnar grains does not contribute to the peak broadening.
Conventional TEM observations are usually only performed on a
small number of grains and so do not have the statistical signifi-
cance of this study. If these TEM samples are insufficiently thin
there might be a bias towards measuring small grain sizes due to
overlapping projections of grains along the transmission direction
and the greater sensitivity of phase contrast images to low angle
grain boundaries. In both of the samples studied here, we measure
by bright field TEM in the regions of columnar monoclinic oxide a
grain size of �50 nm. The grain size analysis using the orientation
reliability maps is thought to be superior to conventional tech-
niques due to the ability to clearly distinguish grain boundaries
from other features. However, it is noted that this technique could
be biased towards larger oxide grains due to the difficulties in mea-
suring smaller oxide grains described previously. However the TKD
and TEM observations presented here clearly show a significant
difference in the monoclinic oxide grain size formed on the two
alloys.
3.4. Oxide microtexture

Monoclinic orientation maps, as measured by automated crys-
tal orientation mapping in the TEM, are shown in Fig. 13. As previ-
ously mentioned, each solution is given a reliability index, which is
a measure of the uniqueness of the solution. This index is an essen-
tial part of the analysis of template matching solutions due to the
ambiguous nature of high symmetry electron spot patterns. The
maps in Fig. 13 therefore only include high reliability solutions. A
reliability threshold of 10 has previously been shown to be ade-
quate for monoclinic zirconium oxide [35]. The grains are coloured
according to their deviation from the (1 0 �3) fibre component, as
discussed previously. Qualitatively, it is clear that there are more
well aligned columnar grains (blue) in the oxide formed on Zr–
1.0Nb–0.1Fe than on ZIRLOTM, and that these grains are longer
and wider, in agreement with the previous observations. The fre-
quencies of the deviations from the fibre component are shown
in Fig. 13(c). In agreement with the EBSD data, there is a signifi-
cantly higher percentage of indexed points within 10� of the main
fibre component in the oxide formed on Zr–1.0Nb–0.1Fe. In the
oxide formed on ZIRLOTM, there is a wider range of orientations,
with a significant number of indexed points lying up to 60� from
the (1 0 �3) fibre component. It is noted here that the same trend
was observed in the TKD orientation data, but is not shown here.
Tetragonal grains are highlighted in purple in Fig. 13. A number
of small equiaxed tetragonal grains are observed throughout the
oxide formed on ZIRLOTM, with the total phase fraction in the oxide
measured to be �1%. No tetragonal grains were visible using this
technique in the oxide formed on the Sn-free alloy. It is well known
that preparation of thin foils for TEM/TKD examination will lead to
the transformation of the stress stabilized tetragonal oxide grains
[10,31]. However, the grain size stabilized tetragonal grains should
remain in the samples and so the fact that none are detected in the
Sn-free alloy suggests Sn is affecting the fraction of tetragonal
grains that nucleate at the interface. In addition, this observation
is supported by the higher tetragonal phase fraction observed on
the Sn-containing alloy in this work using bulk EBSD, where the
stress state in the oxide is maintained.

The misorientation angle distributions (MADs) for the mono-
clinic oxide formed on the two alloys as measured using auto-
mated crystal orientation mapping with TEM are shown in
Fig. 14. The grains in each sample were separated into two groups
for MAD analysis; small grains with a equivalent circle diameter of
less than 50 nm and large grains with an equivalent circle diameter
of greater than or equal to 50 nm. Fig. 14(a) compares the MADs
from the smaller monoclinic grains. A similar distribution is
observed in the small grains on both alloys, with a large range of
misorientation observed between adjacent grains. Fig. 14(b) com-
pares the MADs from the large monoclinic grains and the differ-
ences between the alloys become more obvious, with a
significantly larger fraction of 90� and 180� boundaries observed
in the oxide formed on ZIRLOTM than on Zr–1.0Nb–0.1Fe. These
boundaries have previously been shown to be caused by twin vari-
ant selection during the martensitic transformation from tetrago-
nal to monoclinic oxide [46,47] and so are evidence of an
increased level of phase transformation during oxide growth on
ZIRLOTM.

4. Discussion

The corrosion kinetics in Fig. 1 demonstrate a clear difference in
the oxidation behaviour of the two alloys. The SEM images in
Fig. 10 and band contrast images in Fig. 11 can help to identify
when the first transition in the corrosion kinetics occurs in the
absence of sufficient data points. From analysis of the corrosion
kinetics and oxide microstructure, the oxide thicknesses at which
the first transition occurs is quite similar between the two alloys.
However, the Zr–1.0Nb–0.1Fe alloy takes a significantly longer
time to reach this thickness. From extrapolation of the corrosion
kinetics in Fig. 1, it would appear that there is approximately a
200 day delay in the first transition for the Zr–1.0Nb–0.1Fe alloy.
Thus the oxide formed prior to transition is much more protective
for Zr–1.0Nb–0.1Fe than for ZIRLOTM. One possible reason for this is
the difference in the columnar oxide grain size in the two alloys.
The ASTAR observations revealed a columnar grain width/length
of 68/124 nm in oxide formed on ZIRLOTM, and 85/190 nm on Zr–
1.0Nb–0.1Fe. It has previously been demonstrated that the major-
ity of oxygen transport occurs via oxide grain boundaries [48], so
the reduced grain boundary area in the oxide formed on Zr–
1.0Nb–0.1Fe would result in considerably slower oxidation kinet-
ics. This extended grain growth only becomes significant at an
oxide thickness of �2 lm and therefore the corrosion kinetics of
the two alloys are similar in the early stages. A possible reason
for the extended growth of these columnar grains is the greater
degree of preferred orientation present in this oxide, as shown by
the bulk texture measurement in Fig. 7. Motta et al. suggested that
the termination of columnar grain growth is caused by small mis-
matches in the orientation of adjacent grains, causing the accumu-
lation of stress [49]. Therefore, if there is an improved degree of



Fig. 12. Monoclinic orientation reliability maps from columnar grain region of oxide formed on (a) ZIRLOTM and (b) Zr–1.0Nb–0.1Fe, measured with automated crystal
orientation mapping in TEM. Through-focal imaging of fine pores (circled) at the metal-oxide interface from the oxide formed on (c) ZIRLOTM and (d) Zr–1.0Nb–0.1Fe. Due to
Fresnel contrast the porosity changes from dark in the over-focussed images to white in the under-focussed images.
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alignment in the growing grains, they will be able to grow further
before the intergranular stress caused by the mismatch builds up
to the critical level to cause nucleation of new grains.

It is clear from the observations from a number of different
experimental techniques shown in this study that the monoclinic
oxide formed on Zr–1.0Nb–0.1Fe has a greater degree of preferred
orientation than that formed on ZIRLOTM. As the alloys followed the
same processing route, there is no significant difference in the sub-
strate texture of the alloys. The distribution and nature of inter-
metallic precipitates will also be similar in the two alloys as their
distribution is determined by the level of Nb and Fe in the alloy,
which are identical (Table 1). The only difference between the
two alloys is therefore the Sn content, which is fully soluble in
the matrix and is not found in precipitates. The differences in cor-
rosion behaviour can therefore be attributed to the effect of Sn on
oxide formation. A possible mechanism for the increase in oxide
texture strength with the removal of Sn is the effect it has on the
stability of the tetragonal phase. It is well documented (via non-
destructive methods) that a decrease in Sn content results in a
lower tetragonal phase fraction [2–4,6]. This is supported by the
consistently lower tetragonal phase fraction observed by EBSD in
this study on the Zr–1.0Nb–0.1Fe alloy (Fig. 5). It is postulated that
Sn2+ substitutes for Zr4+ in the oxide, causing the production of
oxygen vacancies to balance the overall charge [50]. These vacan-
cies are known to stabilize the tetragonal phase [51]. It has also
previously been shown that Sn will increase the number of
stress-stabilized grains present in the oxide, allowing the grains
to grow above the critical size for stabilization [4]. It is therefore
likely that these large tetragonal grains are stabilized by a combi-
nation of compressive stress in the oxide and also chemical stabi-
lization. A number of studies have clearly shown a reduction in
compressive stress as the oxide grows [6,45,52], which could lead
to destabilization of these large tetragonal grains. It has also been
suggested that the oxidation of Sn during oxide growth will lead to
a transformation from Sn2+ to Sn4+ [50,53,54]. Sn has been
observed to exist in both of these valence states experimentally
[50,53], with the relative fraction of Sn4+ increasing as the oxide
thickens [53]. It is therefore possible that the oxidation of Sn dur-
ing oxide growth is also contributing to the destabilization of the
tetragonal phase. This would also explain why the oxides formed



Fig. 13. High reliability (threshold = 10) monoclinic orientation maps measured by automated crystal orientation mapping in TEM. Oxide formed on (a) ZIRLOTM and (b) Zr–
1.0Nb–0.1Fe. Coloured according to degrees away from (1 0 �3) fibre component as shown in (c). Tetragonal zirconia grains are shown in purple and zirconium metal grains in
white. Black regions are non-indexed. The equiaxed grain region at outer surface has been removed from the maps. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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on both alloys show similar tetragonal phase fractions in the oxide
�4 lm away from the metal-oxide interface (Fig. 5), as the Sn in
the oxide formed on ZIRLOTM is fully oxidised away from the inter-
face and so has no stabilizing effect on the tetragonal phase.

Therefore in the alloy with higher levels of Sn, the compressive
stress that drives the oxide texture formation acts mainly on meta-
stable tetragonal grains [10,20,22]. Consequently when the grains
can no longer be stabilized by the surrounding oxide, they will
transform to the monoclinic phase according to a specific orienta-
tion relationship. Due to the differences in the crystal structures of
the two phases, the new phase will no longer be in the preferential
orientation, resulting in the greater spread of orientations observed
in the oxide on the Sn-containing alloy. Whereas in the alloy with
no Sn, the favourable orientations are selected from the stable
monoclinic phase, which grow into the large well-oriented colum-
nar grains observed in this work. This argument is supported by
the greater degree of preferred orientation observed in the tetrag-
onal phase formed on ZIRLOTM, as seen in Fig. 9. Also, a comparison
of Figs. 6 and 13 indicates the difference in the preferred orienta-
tion of the alloys is different between the bulk EBSD technique
(where the stress state in the oxide is largely maintained) and
the TEM technique. As the sample preparation for the TEM tech-
nique is postulated to cause enhanced transformation of the
stress-stabilized tetragonal grains, according to the previous dis-
cussion, this would lead to a greater misalignment in the mono-
clinic phase after transformation, which is observed here.



Fig. 14. Comparison of monoclinic misorientation angle distributions from ZIRLOTM and Zr–1.0Nb–0.1Fe as measured by automated crystal orientation mapping in TEM. (a)
grain diameter < 50 nm, (b) grain diameter P 50 nm.
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As there is a higher tetragonal fraction in the oxide formed on
ZIRLOTM (Fig. 5), it follows that there is more transformation of this
phase as the oxide grows. The shear strain and volume expansion
associated with this transformation have been associated with
the onset of cracking and porosity in the oxide, leading to the
breakdown of the protective oxide [7–9]. It is expected that this
reduction in transformation will contribute significantly to the
improved corrosion performance of the Zr–1.0Nb–0.1Fe alloy.
From detailed analysis of the fine scale porosity in the oxides on
the two alloys, we have identified a clear difference in the charac-
teristic shape and size of the pores. On the Zr–1.0Nb–0.1Fe alloy
the oxide contains almost exclusively isolated spherical pores,
often arranged along monoclinic grain boundaries (Fig. 12(d)). By
contrast, Fig. 12(c) shows that the ZIRLOTM sample is full of elon-
gated pores (or very fine cracks) that would provide effective inter-
connection between the larger cracks. Therefore it appears that the
increased level of transformation of the tetragonal phase during
oxide growth reduces the protectiveness of the oxide and could
induce the early onset of transition in Sn-containing alloys.

In addition, the number of lateral cracks in the oxide on the Sn-
free sample is significantly reduced compared to ZIRLOTM, which
could be due to the effect of Sn on the mechanical properties of
the substrate. It is well known that Sn strengthens zirconium alloys
through solid solution strengthening mechanisms [55]. Therefore,
the removal of Sn would be expected to have a significant effect
on the mechanical properties of the substrate. It has previously
been suggested that interfacial roughness that develops during
oxide growth causes the formation of tensile stress regions at the
interface which lead to the onset of lateral cracking [44,56]. It is
likely that this interfacial roughness forms in order to reduce the
stress mismatch at the interface. Therefore, if there is less con-
straint on the oxide formed on Zr–1.0Nb–0.1Fe, due to the
reduction in substrate strength, then there will be less driving force
for the development of undulations. This, in turn, will lead to less
lateral cracking in oxides formed on alloys with reduced levels of
Sn. It is likely that increased levels of lateral cracks will assist in
the interconnection of cracks and porosity after transition and so
will reduce the protectiveness of the oxide further. As previously
mentioned, the roughness of the interface may also affect the
spread in the resulting orientations due to the increase in the frac-
tion of the interface that is not parallel with the sample surface. It
is therefore possible that a reduced interface roughness may con-
tribute to the formation of a more-well oriented oxide.

It can be seen from Fig. 14 that the removal of Sn also affects the
grain boundary distribution in the oxide. As mentioned previously,
the columnar monoclinic grains show a greater degree of align-
ment in the oxide formed on Zr–1.0Nb–0.1Fe. The effect of the
alignment of grains on the grain boundary character is likely to
affect the diffusion of corrosive species through the oxide, as a
low activation energy for diffusion is associated with a high inter-
facial energy [13]. If the grains are well aligned, then a fairly coher-
ent boundary would be expected to form between adjacent grains
which is then more resistant to grain boundary diffusion. In the
smaller grains, which are more likely to be un-favourably oriented
(Fig. 14(a)), there is a large range of misorientation between adja-
cent grains, and it is therefore likely that these boundaries are not
coherent and therefore not protective. In the larger grains, however
there is large fraction of transformation-induced twin boundaries
formed on both alloys. These twin boundaries are almost totally
coherent, and therefore have very low interfacial energies. These
are therefore likely to be more protective than the boundaries
between smaller grains and so contribute to the protective nature
of columnar grain growth. However, the fact that there is a higher
fraction of twin boundaries on the less protective oxide indicates
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that it may be the effect of the transformation on the integrity of
the oxide, as discussed previously, that is the dominating factor
in determining both the oxidation kinetics and pickup of hydrogen.

Concerning the route of hydrogen through the oxide, early in
the corrosion process, when the oxides remain largely protective,
the H pickup behaviour of the two alloys is similar. In the absence
of interconnected cracking and porosity prior to transition, both
alloys remain protective against hydrogen ingress and exhibit
similar levels of hydrogen pickup. The similarity between these
observations and the oxidation kinetics suggests that early in the
corrosion process, hydrogen ingress is controlled by diffusion
down grain boundaries in the oxide. However, it is clear that the
disruption to the oxide caused by the transformation from tetrag-
onal to monoclinic oxide provides easy paths for hydrogen to pen-
etrate the oxide. NanoSIMS observations on isotopically spiked
samples have indicated that directly after transition, before the
buildup of new protective oxide, the oxide is sufficiently porous
to allow for direct contact between the water and metal [57].
This supply of hydrogen close to the interface will reduce the grain
boundary length between environment and metal and thus signif-
icantly increase the H pickup fraction. This can be seen in the com-
parison between the H pickup fractions after 360 days of autoclave
exposure. Here, the Zr–1.0Nb–0.1Fe alloy, which is considered to
still be in the pre-transition regime, remains protective against H
ingress. However, the ZIRLOTM sample, which at this stage has
undergone more than one transition and therefore contains signif-
icant interconnected cracking and porosity, has a larger HPUF. The
reason for the dramatic reduction in HPUF in the Zr–1.0Nb–0.1Fe
alloy after 540 days autoclave exposure (when the oxide is
assumed to have undergone transition) is postulated to be due to
reduced levels of interconnected cracking and porosity caused by
the low tetragonal phase fraction and also the larger oxide grain
size in the dense oxide close to the interface. Therefore the legacy
oxide retains a higher degree of protectiveness against both oxida-
tion and hydrogen pickup.
5. Conclusions

A detailed study of the texture and microstructure of oxides
formed on two zirconium alloys which exhibit different corrosion
behaviour (ZIRLOTM and Zr–1.0Nb–0.1Fe) has been performed in
order to investigate the effect of the removal of Sn on oxide texture
formation during aqueous corrosion. The following conclusions are
made:

� The removal of Sn leads to a delayed transition in the corrosion
kinetics (�200 days) and a reduction in hydrogen pickup.

� A greater degree of preferred orientation is present in mono-
clinic oxide formed on Zr–1.0Nb–0.1Fe, which allows for the
growth of larger columnar grains.

� The average columnar grain width and length is larger for the
oxide formed on Zr–1.0Nb–0.1Fe and also exhibits a more
ordered oxide grain structure.

� A higher tetragonal phase fraction is observed in oxide formed
on ZIRLOTM, this is attributed to the stabilizing effect of the pres-
ence of Sn in the oxide.

� There is more lateral cracking in the oxide formed on ZIRLOTM,
this is attributed to the effect of Sn on the mechanical properties
of the substrate and its influence on the formation of undula-
tions in the metal-oxide interface.

� It is concluded that the improved corrosion performance of Zr–
1.0Nb–0.1Fe is due to the reduced stabilization of tetragonal
grains in the absence of Sn. This results in the formation of lar-
ger, well-oriented columnar grains and leads to less transforma-
tion and therefore a delayed transition.
� The combined effect of reduced disruption and increased colum-
nar grain size leads to the Zr–1.0Nb–0.1Fe alloy remaining pro-
tective againstH ingress, even after 540 days autoclave exposure.
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