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Abstract

Sequential 2D sectioning and imaging using a dual-beam focused ion beam has been used to characterise the inter-
connectivity of cracks in oxidised Zircaloy-4. Evidence of vertical, or vertical-component, cracks have been observed
in multiple oxides of different thicknesses. Such features are considered critical in the provision of a percolation path
between the environment and first band of lateral cracks, in between the lateral bands of cracks and between the final
band of lateral cracks and the metal/oxide interface. Given their limited occurrence, localised tensile surface strains
have been considered a potential source of initiation of these cracks.

1. Introduction

Zirconium alloys are extensively used for fuel clad com-
ponents in light water reactors. Various degradation pro-
cesses can challenge the integrity of the zirconium clad
and this study focuses on the process of oxidation. Corro-
sion of zirconium alloys has long been recognised as one of
the most limiting factors to the high burn-up operation of
fuel rods in light water reactors and thus a comprehensive
understanding of the mechanisms governing oxidation is
crucial. Oxidation of zirconium alloys, both out- and in-
reactor, occurs by inward migration of oxygen ions through
the oxide layer; oxide growth at the metal interface de-
pends on the kinetics of the oxygen diffusion through this
layer. The corrosion kinetics of zirconium and its alloys
are often described by an initial pre-transition regime with
an approximate power law [1–3], followed by a transition
in kinetics. At this point a change in corrosion kinet-
ics occurs due a breakdown in the protective nature of
the oxide and the proposed formation of crack networks
[4, 5]. These cyclic transitions are repeated until an ac-
celerated, roughly linear, breakaway corrosion rate takes
place. The mechanism controlling the formation of the in-
plane cracks is understood to be result of tensile stresses
generated orthogonal to the metal/oxide interface, par-
ticularly at highly undulating locations [6, 7]. However,
given their relative orientation to the metal/oxide inter-
face, these lateral cracks cannot, in isolation, provide the
pathway for diffusing oxygen from the environment to the
underlying porosity; nano-porosity and through-thickness
cracks are two potential factors under consideration, how-
ever observations have been quite limited [8–12].
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Gaining a comprehensive understanding of the mecha-
nisms controlling the oxidation process is non-trivial. Like
most degradation processes, oxidation occurs in 3D yet
the majority of characterisation techniques only allow the
acquisition of 2D data. The resolution and quality of 3D
data obtained is normally reduced when compared to that
obtained in 2D; however, advances in the focused ion beam
(FIB) technique means this no longer needs to be the case.
Sequential 2D sectioning and imaging using a dual-beam
FIB instrument is able to produce 3D representations of
microstructures in the 50 nm-20 µm range with nanome-
tre resolution. This technique has been used to char-
acterise a number of different microstructures, including
(i) nickel-based superalloys to quantitatively characterise
grains and precipitate-level microstructural features [13],
(ii) 304 stainless steel to understand the effect of applied
stress and cold-work on surface oxidation [14], (iii) high
pressure die-cast Mg alloys to characterise the intercon-
nectivity of intermetallic particles [15] and (iv) the connec-
tivity of oxide cracks in ZIRLOTM [9]. Complementary to
the work carried out by Ni et al. in [9], this study aims to
demonstrate the use of sequential 2D sectioning, imaging
and 3D reconstruction to describe the network of cracks
developed in oxides formed on Zircaloy-4 during corrosion
and their potential role in the observed transitions in oxi-
dation kinetics.

2. Experimental

2.1. Materials

The zirconium samples used for this work are recrys-
tallisation annealed Zircaloy-4 plate. After the samples
were polished and pickled (in a solution containing hy-
drofluoric acid in accordance with ASTM G2), the coupons
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Table 1: Zircaloy-4 oxide samples studied.

Oxide thickness, µm Description
2.25 Around first transition
3.50 Second cycle
5.19 Third cycle

were oxidised in accordance with the process outlined in
[12].

Oxide thicknesses were calculated from weight gain
measurements using the established relationship approx-
imating 15 mg.dm−1 of oxygen weight gain to 1 µm of
oxide growth [16]. Values given are averages, since the
local thickness of the oxide varies from one Zr grain to
another. The samples selected for examination using 3D
FIB sectioning are listed in Table 1 together with a de-
scription of their oxidation state. Figure 1 shows where
these selected samples lie on the average oxide thickness
versus oxidation time curve [12].

Figure 1: Location of analysed samples on the average oxide thick-
ness versus oxidation time curve.

The location of the thinnest sample (2.25 µm thick ox-
ide) relative to first transition is not simple to define. Al-
though its average oxide thickness is notably higher than
the two preceding data points, these two points show a sig-
nificant decrease in oxide thickness when compared to their
previous data point and a fitted trend line (power or loga-
rithmic) would place this sample late in the first oxidation
cycle. It should be noted that the onset of transition will
not be an instantaneous process across the whole sample;
around transition there will be some regions of oxide still
in cycle one and some which will have gone through tran-
sition. Therefore, this sample is considered to be ‘around
first transition’. The second and third sample (3.50 µm
and 5.19 µm thick oxides) correspond to samples in the
second cycle and third cycle respectively.
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Figure 2: (a) Secondary electron beam image of the preparation
for sectioning, angled at 54◦ showing the oxide-metal interface, (b)
schematic of focussed ion beam sequential sectioning procedure.

2.2. FIB Sequential Sectioning and Imaging

Sample sectioning was carried out on a HELIOS NanoLab
DualBeam Focused Ion Beam (FIB) and a Zeiss NVision
40 FIB instrument (2-30 kV Ga+ incident beam energy
with currents of 700 pA). Higher magnification imaging
was used to image nano-sized vertical cracks and the milling
current was reduced to 300 pA. The samples were oriented
with the focussed Ga+ ion beam normal to the sample sur-
face and each slice was imaged using the secondary elec-
tron beam at a tilt angle of 52-54◦. The sequential nature
of the image capture process is shown in Figure 2. Before
sectioning, a protective coating of Pt measuring approx-
imately 20 x 20 µm was deposited across the region of
interest, see Figure 2a. One front and two side staircase
trenches, also shown in Figure 2a, were milled at a current
of 3.6 nA to minimise milling time. Lower currents were
used to polish the sides of the region of interest; the cur-
taining effect (an artefact from FIB preparation whereby
striations across the milling surface are formed) was re-
duced and the metal-oxide interface became visible. The
front trench allowed the cross-sectional oxide to be imaged
by the secondary electron beam and the side trenches pro-
vided regions onto which the milled material could be re-
deposited. A beam current of 0.79 nA was used during
sectioning with a step size of ∼100 nm between each slice.
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2.3. Data Reconstruction

Prior to reconstruction, sets of 2D images were stacked
and aligned using Gatan Digital Micrograph. A refined
drift correction was applied using a static feature on the
non-milled sample surface common to all images to be re-
constructed. Once aligned, a region of interest was selected
from the stacked 2D slices and extracted to create a 3D
dataset. The 3D reconstruction was carried out using the
Avizo 6.1 programme. Cracks in the oxide and the inter-
face between the Zr metal and oxide were defined using
intensity thresholding. Automatic crack selection across
multiple 2D slices was possible for the large cracks. How-
ever, given that the resolution limit of the cracks is heavily
affected by their contrast against the oxide, lower contrast
features, e.g. nano-scale cracks, were hard to define auto-
matically. These features were either defined manually, or
were not resolvable.

Overall, high resolution was achieved in the acquired
images: 20 nm pixel size in the lower magnification images
used for the reconstruction of lateral crack network and 5
nm pixel size in the higher magnification images used for
smaller-scale investigations of through-thickness cracking.

3. Results

3.1. Lateral Crack Formation

Figure 3 shows the reconstructed 3D volumes of three
samples, arranged in order of increasing oxide thickness.
Figure 3a represents an oxide around the first transition
(average thickness of 2.25 µm), Figure 3b an oxide part-
way through the second cycle (average thickness of 3.50
µm) and Figure 3c an oxide in the third cycle of oxida-
tion (average thickness of 5.19 µm). For all samples, the
majority of the cracks lie parallel to the metal-oxide in-
terface, particularly those lying closest to the metal/oxide
interface. A lower density of smaller, more disconnected
cracks are visible in the outer oxide (close to the environ-
ment/oxide interface), clearly shown in Figure 3a. For the
second cycle (3.50 µm) oxide, the connectivity of the lat-
eral cracks is increased and an additional low density of
lateral cracks appear close to the metal/oxide interface.
The sample with the thickest oxide (5.19 µm) is in its
third oxidation cycle and two distinct bands of cracks are
expected to be visible, coinciding with each cycle. Al-
though two bands of lateral cracks can be seen in Fig-
ure 3c, the reconstructed oxide/metal interface shown in
Figure 3d indicate the presence of multiple metal grains.
These have been visually characterised by the significant
change in metal/oxide interface profile. Given their prox-
imity to the metal/oxide interface, the large lateral cracks
in this sample are assumed to represent the second band
of cracking, formed around the second transition in oxide
kinetics. There are a number of reasons why the first band
could not be visible in the reconstruction, including (i) this
particular grain did not show significant levels of cracking
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Figure 3: 3D reconstructions of crack networks for oxides of increas-
ing thickness: (a) 2.25 µm oxide (around first transition), (b) 3.50
µm oxide (after first transition), (c) 5.19 µm oxide (after second tran-
sition) and (d) variation in oxide thickness and lateral crack network
across multiple grains. Oxide thickness: 5.19 µm.

around the first transition and/or (ii) the imaging condi-
tions for this sample (contrast/focus/magnification) were
not optimised to accurately threshold the cracks.

3.2. Vertical Crack Observations

Mid-way through acquisition of the 3.50 µm oxide, a
vertical feature appeared at the environment-oxide inter-
face. Further investigation was carried out and a second
set of 2D images were collected at a higher magnification
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Figure 4: (a) Secondary electron beam image showing the cross-section of a 3.50 µm oxide with a through-thickness crack running inwards
from the surface, (b-c) reconstructed 3D image of the oxide: side view (b) and top view (c). (d) represents a lower magnification reconstruction
of the through-thickness crack viewed along the direction normal to the oxide surface (red arrow highlights sharp deviation in crack path).
Colour code: pink - cracks, blue - environment-oxide interface.
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(about 4 x larger). Figure 4a shows a single 2D SEM
slice from this smaller dataset and identifies a through-
thickness crack of approximately 500 nm in length running
inwards from the sample surface.

The reconstructed 3D image of the cross-sectional ox-
ide surrounding the through thickness crack is shown in
Figure 4b-d. Figure 4d has been reconstructed from the
lower magnification dataset and, although the resolution of
these images is poorer than those used to create Figure 4b-
c, it is able to provide further insight into the path of the
crack across the sample surface. The through-thickness
crack is visible in the equiaxed zone of the oxide (rang-
ing ∼200 nm in depth from the environment-oxide inter-
face [17]) and is surrounded by fine intergranular cracks.
Micro-scale lateral cracks are visible in the newer regions of
the oxides. No connectivity between the vertical and lat-
eral cracks is observed but this does not necessarily mean
it has not occurred. A linear crack path along the sample
surface is shown in Figure 4c and the lower magnifica-
tion reconstruction (Figure 4d) shows a sharp deviation
in the crack path, marked with a red arrow in Figure 4d.
From the SEM cross-section images (Figure 5), taken at
the beginning and end of the reconstruction, the vertical
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Figure 5: SEM images taken at the beginning (a) and end (b) of
the higher magnification FIB sectioning focused around the vertical
crack (highlighted) observed in the 3.50 µm oxide.
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Figure 6: (s) SEM image showing the cross-section of a 2 µm
thick Zr oxide with a through-thickness crack-like feature running
inwards from the surface. (b) 3D reconstruction of the crack imaged
along the z-axis of the sample, see (a) for sample orientation. [inset:
3D view of crack along the y-axis]. (c) Grain boundary(ies) in Zr
metal located below the through-thickness crack-like feature in the
Zr oxide.

crack appears to be accompanied by a steep change in
oxide thickness. This change in metal/oxide interface pro-
file, and the change in crack path direction, could indicate
that the crack is running along, or initiated from, a grain
boundary.

Figure 6 shows a second surface breaking feature ob-
served in a thinner, first cycle (∼2.1 µm) oxide. Unfor-
tunately, it was not possible to successfully reconstruct
the full dataset but it has still been possible to gain some
insight into the cracking behaviour of this sample. Fig-
ure 6a is a secondary electron image captured part-way
through serial sectioning and shows a through-thickness
crack-like feature of a few hundred nm running inwards
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from the sample surface. This feature was identified using
higher resolution sectioning and imaging from a reduced
area. Figure 6b shows this feature viewed along the z-axis
and, compared to the reconstructed vertical crack shown
in Figure 4, it appears quite different. While Figure 4 is
extremely linear in nature showing a sharp change in crack
propagation path partway through (red arrow in Figure 4),
this feature appears more curved. Figure 6c shows the Zr
oxide and Zr metal surrounding the vertical crack and in-
dicates the presence of a grain boundary, or potentially a
triple point, in the metal below the vertical crack. Its pres-
ence on, or in the vicinity of, a grain boundary triple point
may in fact account for its more disordered appearance.

Figure 7 provides examples of vertical-component cracks
linking (or with the potential to link) lateral cracks to-
gether, observed in the second cycle oxide. These cor-
respond to connectivity within a single band of lateral
cracks or between two separate bands of lateral cracks.
Figure 7(a) shows a through thickness crack linking two
separate lateral cracks together. Figure 7(b) shows a large
lateral cracks with an extended crack tip running, in part,
close to vertical towards the metal/oxide interface.

(a)

(b)

Figure 7: Observations of vertical-component cracks linking (or with
the potential to link) lateral cracks. Taken from the second cycle
(3.5 µm) oxide.

(a)

(b)

(c)

SPP

Figure 8: (a) SEM cross-section of Zr oxide showing location of SPP
close to the metal/oxide interface, (b) reconstructed 3D image of
cracks surrounding a secondary phase precipitate in a zirconium ox-
ide around first transition and (c) evidence of cracking around an
SPP. In the 3D reconstructions pink represents a crack and turquoise
represents the SPP.

3.3. Effect of SPPs on Cracking

Data from the literature have shown a close relation-
ship between crack formation and secondary phase parti-
cles (SPP) in zirconium oxides [6, 18–20] and a number
of observations of cracking associated with SPPs in all ox-
ides analysed has been shown in this study. Figure 8a
shows a selected 2D image from an around first transi-
tion oxide (2.25 µm) and shows a propensity for cracks
to nucleate both directly above and below an SPP. A 3D
reconstruction of this SPP is given in Figure 8b and shows
two cracks that have formed along the precipitate-matrix
interface. Complementary to Figure 7 in Sub-Section 3.2
which gives evidence of vertical-component cracks away
from the environment/oxide interface, Figure 8c shows a
crack extending vertically around an SPP. This provides
another potential source of connectivity between lateral
cracks.
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Figure 9: Schematic representation of proposed mechanisms for oxidation process leading to transition. (a) First cycle oxide, (b) post-
transition (first cycle) oxide, (c) second cycle oxide and (d) post-transition (second cycle) oxide. The white cracks represent those filled with
water.

4. Discussion

Cracks of different sizes are reported in zirconium alloy
oxides and are often said to be correlated with the onset of
transition, or a higher corrosion rate. The point at which
cracks begin to initiate has been a subject of much de-
bate over the years, with some researchers considering the
transition in corrosion kinetics to be the point at which
cracks form. This study, however, has shown clearly that
new in-plane cracks and are found mid-way through indi-
vidual cycles, as are cracks running from the surface with
a through-thickness component, indicating the steady for-
mation of cracks throughout the entire corrosion cycle.

The majority of cracks observed in this study are ori-
ented parallel to the oxide metal interface and cannot pro-
vide a through-thickness path for the environment. Tej-
land et al.[6] have suggested that oxygen could diffuse more
rapidly along the periphery of the crack than through the
bulk, allowing the lateral cracks to short-circuit the solid-
state diffusion paths. Ni et al.[10] and Tupin et al.[21],
however, consider that the lateral cracks should reduce
the diffusion across the oxide by increasing the path length.

The balance between acceleration and deceleration will de-
pend on the relative rates of bulk, grain boundary and
surface diffusion and grain and crack size.

Very few observations of through-thickness cracking in
the early stages of oxidation have been reported in the
literature. Using high resolution secondary ion mass spec-
troscopy, Yardley et al.[8] showed a narrow vertical crack
penetrating the majority of a sec on cycle oxide in low
Sn ZIRLOTM. This has been considered by the authors as
the direct path by which water is able to penetrate through
the oxide in order to react with the underlying metal and
increase the local oxidation rate. Ortner et al.[11] also
observed through-plane cracking in Zircaloy-4, although
their cracks were not found to connect to the first band of
lateral cracks. Their cracks were oriented normal to the
metal/oxide interface and indicate that they formed under
tension. However, as mentioned previously, the transfor-
mation from Zr to Zr oxide causes high levels of compres-
sive stress in the oxide, and synchrotron X-ray diffraction
measurements have confirmed that the oxide remains, on
average, in compression in the in-plane direction through
several cycles of oxidation[12, 22].
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Given the small number of observations of through-
thickness cracks, it is possible that their formation should
not be considered as a response to the average stress but
as a response to a localised extreme in the stress distribu-
tion. Stress heterogeneities in the oxide could arise from
a number of sources:

i A heterogeneity in the distribution of remnant tetrag-
onal oxide grains, and hence in the distribution of the
strains produced by the martensitic monoclinic-tetragonal
transformation[23–25];

ii Steps in the metal-oxide interface at boundaries be-
tween metal grains oxidising at different rates[24, 26,
27];

iii Metal grain-to-grain mismatches in strain caused by
the anisotropic nature of the elastic and yield proper-
ties of Zr alloys as they undergo the creep induced by
oxidation[11, 28–30].

Ni et al.[9] suggested that through-thickness cracks formed
as a result of the increasing density of grain boundary
pores in the oxide. As with option (i) above, this mecha-
nism would not favour the prior metal grain boundaries as
through-thickness crack sites. Nevertheless, pores in the
oxide grain boundaries or micro cracks formed by trans-
formation stresses could aid the growth of cracks formed
at the sites of stress localisation’s produced by options (ii)
or (iii). A schematic representation of the proposed mech-
anism developed for the oxidation process leading up to
transition is given in Figure 9. Oxidation occurs via the
inward diffusion of oxygen, unbalanced by the outward
diffusion of zirconium. As a result, there is a volume ex-
pansion, producing elastic compressive stresses in the ox-
ide, and corresponding elastic/plastic tension in the metal
substrate. The initial average rate of oxidation will be
fast, but will reduce as the oxide thickens and the diffu-
sion distance extends. Any locally higher oxidation rates
along the metal/oxide interface (perhaps where oxide grain
boundaries meet the metal/oxide interface) will produce a
protrusion. The oxide in the protrusion can relax side-
ways, relaxing its stored strain energy, but suppressing
nearby oxide growth. This will stabilise the protrusion
against the tendency of the interfacial energy to flatten the
metal/oxide interface, an produce an undulating corrosion
front. Under the action of the overall in-plane compressive
stress this produces tensile out-of-plane stresses at delays
in the oxide front (the less deeply oxidising regions) and
compressive out-of-plane stresses behind the protrusions
[7, 31]. Similar considerations can also be made when ex-
plaining the formation of cracks at the interfaces of SPPs,
Figure 8. SPPs are incorporated in the oxide film in metal-
lic form and have an oxidation rate that is generally slower
than that of the Zr metal matrix [32, 33]. Their even-
tual oxidation will be accompanied by a volume expan-
sion, with the Zr oxide sustaining a tensile stress by the
compressive constraint of the SPPs, and will produce an

additional local stress in the oxide which is relieved by the
formation of these cracks[18].

The cracks that form at the delays in the oxidation
front do not initially extend as their tips run into com-
pressive regions behind the protrusions but, as the oxida-
tion front moves further into the metal, so do the stress
fields associated with the undulations. The lateral cracks
become subject to the longer-range out-of-plane stress [12]
and the influence of neighbouring cracks, extend and inter-
link to produce the rafts observed in Figure 3. The rafts
appear to be interlinked over the area of at least a metal
grain. Such wide rafts are more likely to reduce the solid
state flux of oxygen through the oxide than to accelerate
it.

Acceleration of the oxidation rate requires access of the
environment closer to the oxide/metal interface. Given the
observations shown in this study, the through-thickness,
vertical cracks will play a key role in this process. Re-
ferring to Figure 9, the formation of a single through-
thickness crack can provide the link between the environ-
ment and an entire raft of interconnected lateral cracks
(the locations at which the through-thickness cracks form
is likely to be controlled by the underlying Zr metal, al-
though for simplicity this is not demonstrated in Figure 9.
This will allow water to percolate through the oxide, filling
up the lateral cracks close to the metal/oxide interface and
the oxide ceases to function as an effective barrier. A new,
very thin barrier layer in formed and a new cycle begins
with an initially fast corrosion rate.

It is recognised that the through-thickness cracks ob-
served in this study are not shown to fully connect the
environment to the first layer of interconnected lateral
cracks or, for the thicker oxides, to the final layer of cracks
to the metal/oxide interface. There could be a number
of reasons for this: firstly, we may be viewing through-
thickness cracks which have initiated but not propagated,
perhaps because of the presence of triple points; secondly,
the cracks may be very fine, at the resolution limit of the
analytical methodology presented in this study. In this
case, the actual crack tips may be deeper into the oxide
than observed in Figure 4-Figure 6. In support of the latter
suggestion, Figure 10 shows high resolution transmission
electron microscopy (TEM) images of the first cycle oxide
(2.25 µm). It shows a number of fine cracks branching
from the wider tip of a lateral crack tip. It is considered
likely that these features will contribute to the connectiv-
ity of the crack network, but will likely not be resolvable
at the magnifications required for the 3D FIB sectioning
technique.

Conclusions

This study used high resolution 2D imaging and 3D
reconstruction to characterise oxide cracking in Zircaloy-4
at different points in the corrosion process; first, second
and third cycle Zr oxides were investigated. It has shown
the steady formation of, predominantly, in-plane (lateral)
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Figure 10: Bright-field TEM micrographs of 2.25 µm thick oxide
showing propagation of multiple nano-scale cracks not visible in the
3D reconstructions.

cracks throughout the entire corrosion cycle. The connec-
tivity of these cracks increases and this extensive intercon-
nectivity is a key stage towards transition.

Cracks with a mainly through-thickness (vertical) com-
ponent have been observed in a number of oxides of differ-
ent thicknesses. Such features could provide the required
percolation path between the environment and the first
band of lateral cracks and between the final band of lat-
eral cracks and the metal/oxide interface. On the basis of
the observations here, the rafts of interconnected lateral
cracks form before the vertical cracks grow in in from the
surface in Zircaloy-4. The sequence may differ in different
alloys. In either case, the connectivity of the lateral cracks
means very few vertical cracks are required to bring the
environment close to the metal/oxide interface over wide
areas. The conditions to form a vertical crack thus need
not pertain over the entire oxidising surface, but only at a
few locations.

The formation of vertical cracks will likely occur under
local tension. Strain mismatches at grain boundaries in

the creeping metal substrate or stress concentrations at
steps in the metal/oxide interface have been considered as
possible sources of such local tensile conditions.
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