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Advancements in transmission electron microscopy allow us to draw correlations between evolving
matrix chemistry environments and the resulting dislocation structures that form. Such phenomena are
essential in predicting the lifetime of neutron reactor components, but are not well understood at the
fundamental level. We investigate the effect of nano-scale matrix chemical evolution in Zircaloy-2 on
dislocation formation after emulating commercial reactor irradiation conditions on a proton beamline.
Similarity in the dislocation type, morphology, density and evolution between the different irradiation
types establishes proton irradiation in this regard. For the first time, we observe chemical segregation of
Fe, Ni and Cr to a-loop positions in basal traces and the segregation of Sn in alternate rows, anticorrelated
to the positions of the light transition elements. The resulting layered structure with a periodicity of
~50 nm creates an even greater anisotropy than that usually associated with HCP materials. Concurrent
analysis of chemical effects and dislocation spatial relationships provides evidence that may explain the
delayed onset of c-loop nucleation and accelerated dimensional instability regimes in its dependence on
the alignment of a-loops parallel to the trace of the basal plane. This demonstrates the applicability of
chemical-structural correlations towards key research questions regarding deformation behaviour.

© 2017 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

Zr alloys are commonly used as the structural components of
nuclear reactor cores due to their low average neutron absorption
cross section and their retention of acceptable mechanical prop-
erties and corrosion resistance at operating temperatures [1]. Zr
alloys exhibit irradiation-induced growth, which is independent of
an applied stress and is characterised by a volume-conservative
shape change. Pilgered, recrystallised, single phase a-Zr alloy tube
has a texture corresponding to grain 〈0001〉 axes preferentially
orientated at ±20e40� to the radial direction [2,3]. As such, the
majority of 〈c〉 axes are radially aligned and the majority of 〈a〉 axes
are aligned close to parallel to the axial direction of the tube and
irradiation-induced changes in individual grains along 〈c〉 and 〈a〉
Harte).

lsevier Ltd. This is an open access
directions is thought to contribute to macroscopic deformation
along the corresponding textured tube axes. During in-reactor
performance, Zr alloy cladding tube grows in the axial direction
and contracts in the radial, which Buckley first attributed to
dislocation loops of interstitial and vacancy nature on prism and
basal planes, respectively [4]. The current framework for describing
irradiation-induced growth in clad, control rods and channel ma-
terial includes Buckley's postulations, adding to it the implications
of the anisotropic diffusion of point defects in the hcp lattice [5e7].
The role of small defect clusters has gained importance in theories
such as Woo's diffusional anisotropy difference model, as has the
concept of a bias in the production of defects themselves [8,9]. The
evolution of dislocation structures are well correlated to this phe-
nomena [10e13]; the present work allows an approach to derive a
mechanistic understanding by the exploitation of advances in
detailed microscopy and the use of proton irradiation as an
emulator for an in-reactor environment.

In Zr and its alloys there are two dominating types of dislocation
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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loops that form during neutron irradiation and are thought to
contribute to irradiation-induced growth, known as a-loops and c-
loops. a-loops are the primary observable form of damage and are
so-called due to their Burgers vector 1

3 〈1120〉 and their f1010g
prism habit planes [11,13]. c-loops form only at higher fluence
levels and are of interest due to the correlation of the onset of their
formation with increased growth strain, often referred to as
breakaway growth [12]. c-loops have Burgers vector 1

6 〈2023〉 and
are observed to form in rows parallel to (0001) basal planes
[10e12]. This type of loop is known as hc2 þ pi due to its c-compo-
nent and prismatic fault. Other types of c-component loops are hc2i
-type with Burgers vector 1

2 〈0001〉 and 〈cþ a〉-type with Burgers
vector 1

3 〈1123〉, which have been observed after electron irradiation
[11].

An increased density of basal c-loops has been observed in the
vicinity of partially dissolved Zr(Fe,Cr)2 second phase particles
(SPPs) in neutron-irradiated Zircaloy-4 in the temperature range
~290e310 �C and in proton-irradiated Zircaloy-4 at 350 �C [14e16].
As such, the influence of secondary phases and irradiation-induced
solute redistribution on dislocation structure is of importance. This
is reflected in the reduced pre-breakaway growth strain of Zircaloy-
2 in comparisonwith binary alloy Zr-1.5Sn (wt.%) [17], in which the
dominant microstructural difference is the lack of SPPs in the latter.
The inconsistency in increased dislocation density associated with
SPPs, higher growth strains associated with higher dislocation
density and better irradiation-induced growth resistance in the
pre-breakaway regime in alloys containing SPPs is one that is not
addressed in the literature. There is also a lack of investigations that
address the irradiation-induced change in matrix chemistry and its
effect on the evolution of dislocation structures. The objective of
the present work is to explore such relationships.

Proton irradiation has been used successfully to nucleate both a-
and c-loops in Zr alloys [15,18,19], as have heavy ion irradiation
experiments [15,18,20,21], although not in Zircaloy-2. The purpose
of the present investigation is to quantitatively assess the disloca-
tion structure, its evolution and its correlation with chemical evo-
lution in the matrix of Zircaloy-2. We will examine both proton-
and neutron-irradiated material in order to asses the effects of the
different irradiating species and to understand the extent to which
proton irradiation may emulate that of neutrons in regards to
dislocation evolution with increasing irradiation dose. The impor-
tance of such microstructural changes in regards to irradiation-
induced growth will be discussed.

2. Experimental

2.1. Material

Fully recrystallised Zircaloy-2 plate, nominally Zr-1.5Sn-1.4Fe-
0.1Cr-0.06Ni (wt.%) [1], was provided by Westinghouse Electric
Company and served as the non-irradiated baseline and the ma-
terial for proton irradiation experiments. Further details concern-
ing the baseline material may be found elsewhere [22].

The plate was cut into bars of dimensions 2 � 2 � 20 mm with
the long axis in the TD-RD plane (transverse and rolling direction,
respectively) and mechanically polished from the normal direction
to a mirror finish. The bars were then proton-irradiated from the
normal direction at the Michigan Ion Beam Laboratory's 1.7 MeV
Tandertron accelerator facility at 2 MeV and 350 ± 9 �C at a current
of ~0.2 mA mm�2. The proton irradiation dose (dpa) level was
determined at 60% of the maximumproton penetration depth (max
30 mm), calculated by the quick Kinchin-Pease calculation in SRIM
as recommended by Stoller et al. [23]. As such, 60% penetration
doses of 2.3 dpa (displacements per atom, 2.134 � 1019 protons
cm�2), 4.7 dpa (4.269 � 1019 protons cm�2) and 7.0 dpa
(6.347 � 1019 protons cm�2) were achieved at a damage rate of
~6.7 � 10�6 dpa s�1. TEM foils were prepared for examination at
this depth with an electrolyte of 10% perchloric acid and 20% 2-
butoxyethanol in ethanol [15] at 0 �C, the details of which may be
found elsewhere [22]. The SRIM ‘range’ calculation gives informa-
tion detailing the ion implantation depth. The fraction of hydrogen
ions implanted in the region of interest is 1.7e�4 and so the effect of
hydrogen implantation is thought to be minimal. The data for this
calculation is shown in Fig. 1 of the supplementary material.

The neutron-irradiated material was supplied by Westinghouse
and Studsvik in the form of electropolished TEM foils from the
cladding material of a BWR (280e330 �C [24]), irradiated to
neutron fluences between 8.7 and 14.7 � 1025 n m�2. For the pur-
poses of the present work, the conversion between neutron fluence
and dpa is taken to be 0.6 � 1025 n m�2 dpa�1 [25] and the damage
rate in light water reactors is considered to be ~6e10 � 1017 n m�2

s�1 [25e27]. As such, the neutron-irradiated material was irradi-
ated at a damage rate of ~1� 10�7 dpa s�1 to doses of between 14.5
and 24.5 dpa. The damage rate in the proton irradiation experi-
ments is therefore higher than that experienced by the neutron-
irradiated material by a factor of ~70. To allow more diffusion to
occur under such a high damage rate, a temperature shift of 40 �C
was applied to the proton irradiation experiment (as recommended
byWas et al. [28]) whichwas performed at 350 �C as opposed to the
typical 280e330 �C in a BWR [24].

2.2. Microscopic analysis

All microscopy was performed using a G2 80e200 kV spherical
aberration-corrected (single, probe) FEI Titan microscope operating
at 200 kV in scanning mode with a probe current of 0.6 nA. The
microscope is equipped with a high brightness X-FEG electron gun
and the FEI ChemiSTEM™ system, comprising four energy-
dispersive X-ray spectroscopy (EDS) detectors in close proximity
to the sample, resulting in a maximum collection solid angle of 0.7
srad.

The identification of a-loops was performed by the invisibility
criterion using BF-STEM. In order to ensure a true BF-STEM image,
the camera length was varied to find the minimum length at which
we could operate. This was performed at all diffraction conditions
used in order to optimise intensity whilst ensuring that the only
contribution to the contrast in the image arose from the trans-
mitted beam with no contribution to contrast from first order
diffraction beams.

a-loop density in the proton-irradiated material was quantified
by obtaining BF-STEM images at the 〈1010〉 zone axis and counting
defects with an elliptical nature. Quantification of c-loop density
was performed in BF-STEM from an orientation parallel to the
g ¼ 0002 systematic row, such that they are observed edge-on as
projected line segments. At least five imageswere obtained for each
of the a- and c-loop quantifications at all proton dose levels. For
quantification, all images of a-loops were obtained at magnification
225 k � and all images of c-loops were obtained at magnification
115 k �. Foil thickness measurements were made by an assessment
of intensity oscillations in convergent beam electron diffraction
(CBED) patterns by way of the graphical method [29]. Error in
thickness measurements are therefore assumed to be ±10%, given
that great care was taken to obtain CBED patterns from the exact
Bragg condition.

Quantification of dislocation loop density in the neutron-
irradiated material was performed by Studsvik Nuclear AB using a
JEOL 2100F microscope, operating at 200 kV in BF mode. a-loop
determination was made parallel to the g ¼ 1011 systematic row,
where one third of a-loops are invisible. As such, a-loop measure-
ments made at this orientation were multiplied by a factor of 1.5 to



Fig. 1. BF-STEM images obtained after proton irradiation to 2.3 dpa. a) and b) were obtained from parallel to the g ¼ 1120 and 1100 systematic rows, respectively, ~9� from the
〈1100〉 and 〈1120〉 zone axes, respectively. c) shows a BF-STEM image of the same region with the crystal parallel to the g ¼ 0002 systematic row.
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obtain the true density. c-loop determination was made parallel to
the g¼ 0002 systematic row. At least 5 images from different grains
were obtained. a-loop images were obtained at a magnification
80e120 k � and c-loops at 40e60 k �. All thickness measurements
were made by t

l
determinations in the EELS low-loss spectra [30],

and as such are considered to be correct to within ±10%.
For chemical analysis in both the proton- and neutron-
Fig. 2. BF-STEM images are obtained in material proton-irradiated to 2.3 dpa in the same re
and d) are taken from the very central region of images a) and b), respectively. As such, th
irradiated material, the samples were loaded in a low-
background double-tilt holder. Due to the small concentration of
alloying elements within thematrix, no absolute quantificationwas
attempted. All chemical data was obtained by spectral imaging (a
full spectrum up to 20 keV at every pixel), after which chemical
maps were extracted for the relevant alloying elements and are
displayed in raw counts, each individually scaled. All chemical
gion from a) and c) the 〈1100〉 zone axis and b) and d) the 〈1120 〉 zone axis. Images c)
e axes in the upper right of a) and b) are the same for c) and d), respectively.



Fig. 3. BF-STEM images of a-loops are displayed from the 〈1100〉 zone axis after proton irradiation to 2.3, 4.7 and 7.0 dpa in a)ec), respectively.
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segregation data were obtained from high symmetry zone axes,
and as such electron channelling phenomena may be occurring in
the pristine matrix but less so at defect positions.

It is important to note that the results presented here are shown
together with values from literature that have been converted to
line length were necessary. For instance, c-loop sizes from the
literature are commonly provided as a length when projected from
the g ¼ 0002 systematic row and in the present work these lengths
have been taken as diameters of a circular loop and have therefore
been multiplied by p to obtain the loop line length. This is the
approach used for the proton and neutron-irradiated data obtained
in the present work and is justified by the circular shape of c-loops
shown here for the first time. For the proton-irradiated material,
the thickness of the foil was taken into account, such that if the loop
diameter was larger than the thickness then a loop of diameter
equal to the foil thickness was ascribed to that loop.

3. Results

3.1. Dislocation loop burgers vector and habit plane in proton-
irradiated Zircaloy-2

The images in Fig. 1 demonstrate a Burgers vector analysis of
dislocations in Zircaloy-2, proton-irradiated to 2.3 dpa. The fiducial
Fig. 4. BF-STEM images are displayed obtained from parallel to the g ¼ 0002 systematic
highlighted by black arrows in a. At 7.0 dpa, c-loops may be observed in c) from the 〈000
presence of the circular c-loops.
marker at the top of the image is a large surface oxide. The inserts at
the top right of each image are fast Fourier transforms (FFTs) of the
high resolution BF-STEM image at the orientation that the image
was acquired. The image in Fig. 1a was obtained ~9� from the
〈1100〉 zone axis along the f1120g Kikuchi band, highlighting the
g¼ 1120 systematic row and showing defect contrast. The image in
Fig. 1b shows the same region but ~9� from the 〈1120〉 zone axis,
highlighting the g ¼ 1100 systematic row. The defect contrast is
greatly reduced in Fig. 1b. In Fig. 1c, the sample is tilted such that
the beam is parallel to the g ¼ 0002 systematic row. In this final
image, the defect contrast is reduced in comparison to Fig. 1a. This
confirms that the defect contrast arises from dislocation loops with
Burgers vector 〈1120〉-type, i.e. a-loops. The 〈1120〉-type a-loops
were observed at all studied proton dose levels, 2.3, 4.7 and 7.0 dpa.

A longer line defect is shown in Fig. 1c which is invisible under
the diffraction conditions of Fig. 1a and b, suggesting the presence
of larger loops with Burgers vector 〈0001〉-type, i.e. likely hc2i loops.
However, such loopswere only present in very low number density.
When imaging from the 〈1120〉 zone axis or close to it parallel to
the g ¼ 0002 systematic row, other defects were observed as rod-
or plate-like and tilted by 15� from the 〈0001〉 direction, i.e. with
their long axis in the 〈1014〉 direction and having a possible habit
plane of f2021g if it is assumed that the defects are viewed edge-on
from the 〈1120〉 orientation. The characteristics of these defects are
row in a) and b) after proton irradiation to 4.7 and 7.0 dpa, respectively, with SPPs
1〉 zone axis (inset FFT of high resolution BF-STEM image); white arrows indicate the



Fig. 5. In Zircaloy-2 proton-irradiated to 7.0 dpa, BF-STEM images are taken on-axis parallel to 〈1120〉 in a) and 4� from 〈1120〉 along the g ¼ 0002 systematic row in b). As such, a)
shows both a- and c-loops whereas b) shows only c-loops.
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consistent with dislocation loops with Burgers vector 〈1123〉-type,
i.e. 〈cþ a〉-loops as reported by Griffiths [31], and were observed to
some degree at all proton dose levels (2.3, 4.7 and 7dpa) although a
full Burgers vector analysis was not performed. Alternatively, these
defects could be platelets or rods as a result of irradiation-induced
nano-precipitation. As the nature of the hc2i- and the possible
〈cþ a〉-loops is uncertain, they have not been included in any
density quantification; they are simply noted for completeness.
hc2 þ pi -loops, i.e. those with a Burgers vector 〈2023〉-type, referred
to as c-loops hereafter, were observed at 4.7 and 7.0 dpa lying
parallel to the trace of the (0001) plane and were quantified in
terms of number and line density, as were the a-loops with Burgers
vector 〈1120〉-type.

It was found that the best way to observe the a-loops was to
view them from parallel to an 〈a〉-direction zone axis. The deter-
mination of the habit plane by BF-STEM is shown in Fig. 2, in which
Fig. 2a and b shows the same area at the 〈1100〉 and 〈1120〉 zone
axes, respectively. Higher magnification images for the two zone
axes are given in Fig. 2c and d for the 〈1100〉 and 〈1120〉 zone axes,
respectively. Images from 〈1100〉 show dislocations with double arc
contrast, whereas images from 〈1120〉 show the same dislocations
with closed inside contrast. This is evidence in support of the ma-
jority of a-loops lying on f1100g habit planes. At the 〈1120〉 zone
axis, one may expect one third of the dislocations with Burgers
vector 〈1120〉 to be invisible with respect to an image acquired at
the 〈1100〉 zone axis, according to TEM diffraction invisibility
criteria. However, all dislocations seem visible at the 〈1120〉
orientation. This is likely to be due to a high amount of diffraction
occurring at the zone axes from multiple pyramidal reflections,
coupled with the high convergence of the electron probe in STEM
mode that samples a wide range of reflections simultaneously.

3.2. Dislocation loop evolution in proton- and neutron-irradiated
Zircaloy-2

A qualitative summary of a-loop evolution under proton
irradiation is given in Fig. 3, which includes BF-STEM images from
samples after proton irradiation to 2.3, 4.7 and 7.0 dpa, each at the
〈1100〉 zone axis in order to observe the loops on their habit plane.
It can be seen that a-loops appear to increase in number density
and become smaller and more organised with increasing proton
dose from 2.3 to 4.7 dpa. While some alignment of loops along the
trace of the basal plane is observed at 2.3 dpa, this behaviour is
more evident at 4.7 dpa and 7.0 dpa. At the 7.0 dpa dose level, there
seems to be a decrease in the number density of the a-loops,
although this is difficult to discern from images alone of grains with
varying thickness. No local variation in a- or c-loop number density
was observed close to grain boundaries in the proton-irradiated
Zircaloy-2.

While no basal c-loops were observed at 2.3 dpa (See Fig. 1c),
they were observed at 4.7 and 7.0 dpa, demonstrated in Fig. 4a and
b, imaged by BF-STEM parallel to the g ¼ 0002 systematic row such
that the loops are viewed edge-on. The number density of c-loops
increases between 4.7 and 7.0 dpa. Although some c-loops
appeared to nucleate in the vicinity of SPPs at 4.7 dpa, as shown in
Fig. 4b (transmission projection issues aside), this was not found to
be statistically significant. At 7.0 dpa, the c-loops are of a higher
number density but retain a wide range of sizes, which suggests
that both nucleation and growth processes are occurring. At 7.0
dpa, the typical spacing between layers of aligned c-loops in the
〈0001〉 direction is ~50 nm. Fig. 4c shows c-loops in Zircaloy-2
proton-irradiated to 7.0 dpa as circular from the 〈0001〉 direction.
Tilting experiments proved these defects to be dislocation loops
and not electropolishing-induced artefacts. To the authors'
knowledge, this is the first time that c-loops have been imaged
from this orientation. Finding a grainwith its surface normal almost
parallel to 〈0001〉 was necessary to observe these features; grains
with their surface normal close to 〈0001〉 show large similar fea-
tures when imaged along 〈0001〉 but as arcs due to the loop cutting
the free surface. The mean diameter of the 8 loops in Fig. 4c is
161 nm with a single standard deviation of 53 nm, comparable to
their diameter and range when imaged edge-on parallel to



Fig. 6. Representative images of a- and c-loops in the neutron-irradiated material are given in a) and b), respectively, for Zircaloy-2 irradiated in a BWR to a fluence of 9.5 � 1025 n
m�2 ~15.8 dpa. a-loops are imaged in BF and parallel to g ¼ 1011, c-loops in BF and parallel to g ¼ 0002. In c), c-loops are imaged in Zircaloy-2 cladding at a neutron fluence
14.7 � 1025 n m�2 ~24.5 dpa.
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g ¼ 0002. The c-loop line widths appear thick at ~15e20 nm.
The alignment of a-loops along the trace of the basal plane at 4.7

and 7.0 dpa in Fig. 3 is similar to the alignment of c-loops. One may
Fig. 7. Quantification of dislocation number density and size. In a) and b) the a-loop number
diameter variation with irradiation dose is plotted in c) and d), with the latter measured a
therefore suggest a relationship between such damage structures.
In order to investigate this, Fig. 5 shows two BF-STEM images in 7.0
dpa Zircaloy-2 at the same position but in slightly different
density and shape parameters are plotted, respectively. The c-loop number density and
s projected from parallel to the g ¼ 0002 systematic row.
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orientations to highlight different diffraction conditions, the SPP in
the top right corner acting as a fiducial marker. The images in Fig. 5a
and b are, respectively, at the 〈1120〉 zone axis and 4� from 〈1120〉
along the {0002} Kikuchi band. As such, the image in Fig. 5a shows
a-, 〈cþ a〉- (tilted) and c- (basal) loops whereas that in Fig. 5b
shows only 〈cþ a〉- and c-loops. The figures suggest that while a-
and c-loops coexist along the same basal plane trace, their positions
along the trace are anticorrelated.

Representative images of a- and c-loops in neutron-irradiated
Zircaloy-2 BWR cladding are given in Fig. 6, acquired by conven-
tional BF TEM imaging. Some of the a-loops in Fig. 6a at neutron
fluence 9.5 � 1025 n m�2 (~15.8 dpa) are indicated by white arrows.
The c-loops are imaged in orientations such that all a-loops are
invisible and the example in Fig. 6b is also at the neutron fluence
9.5 � 1025 n m�2, with evidence of preferential c-loop nucleation
surrounding second phase particles. The image in Fig. 6c demon-
strates that c-loops dominate the microstructure at high neutron
fluences of 14.7� 1025 n m�2 (~24.5 dpa). No local variation in a- or
c-loop number density was observed close to grain boundaries in
the neutron-irradiated Zircaloy-2.

Quantification of a-loop number density, size and shape is given
in Fig. 7. For the proton-irradiated material at 2.3, 4.7 and 7.0 dpa,
the number of dislocations (grains, images) studied were 463(1, 6),
740(1, 5) and 437(1, 6), respectively. In this case the BF-STEM
analysis was carried out from the 〈1100〉 zone axis. In contrast,
the neutron-irradiated dislocation analysis was performed by
Fig. 8. The BF-STEM image in a) was obtained in Zircaloy-2 from the 〈1120〉 orientation a
respectively, and a line scan along the 〈0001〉 arrow in a) is displayed in b).
Studsvik Nuclear AB, Sweden, in conjunction with Westinghouse,
using conventional TEM techniques and the invisibility criteria for
a-loop determination. . The proton data in Fig. 7a show an increase
in a-loop number density between 2.3 and 4.7 dpa, and a significant
decrease between 4.7 and 7.0 dpa.

The shape of a-loops, i.e. the ratio of the ellipse length to width,
did not change significantly with increasing proton dose. The a-
loop size analysis is presented in Fig. 7b, which shows a general
decreasing trend in a-loop diameter (average of ellipse length and
width) with proton dose, as also evident from Fig. 3. This trend is
continued in the neutron-irradiated data, in which the size is
relatively unchanged with increasing dose and is similar to those in
the proton-irradiated material at 4.7 and 7.0 dpa. The range of sizes
at 2.3 dpa is larger but not bimodal. Note that the standard devia-
tion is small for the neutron-irradiated material (±0.2 nm) and so
the error bars are smaller than the size of the data points. It should
be noted that the a-loop diameters in neutron-irradiated material
may be underestimated as they were not obtained from the habit
plane normal and no geometrical correction was applied.

A quantification of the c-loop number density is shown in
Fig. 7c, which compares both proton- and neutron-irradiated ma-
terial, the former determined by BF-STEM at g¼ 0002 and the latter
by BF TEM under similar imaging conditions. There is a general
increase in c-loop number density with dose. If a linear trend line is
plotted for the proton data alone (not shown in figure), c-loop
nucleation is predicted to start at 4.5 dpa. Likewise, a trend line in
fter proton irradiation to 2.3 dpa. The, Sn, Fe, Cr and Ni maps are displayed in c)ef),
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the neutron data alone predicts c-loop nucleation at 4.9 dpa. For the
separate proton and neutron data, the number density increases by
1.78 and 0.43� 1020 dpa�1, respectively. An analysis of c-loop size is
given in Fig. 7d. Note that the standard deviations for the neutron-
irradiated c-loop lengths are smaller than the data points in the
figure and so cannot be seen. Although the scatter in the proton c-
loop size data is large in comparison to the neutron, the range of
loop diameter is approximately the same at 100e150 nm.

3.3. Microchemical correlations to dislocation structures

Spectral imaging at the 〈1120〉 crystal orientation has been
performed for all proton dose levels and in several of the neutron-
irradiated samples, of which the BF-STEM image and the Sn, Fe, Cr
and Ni chemical maps are displayed for proton dose levels 2.3 and
4.7 dpa in Figs. 8 and 9, respectively, and for a neutron fluence of
9.5 � 1025 n m�2 (~15.8 dpa) in Fig. 10. Each figure is representative
of their respective dose levels. Nano-clusters of Fe-Cr are observed
at 2.3 dpa and that of either Fe-Cr or Fe-Ni observed at higher dose
levels. In each line scan (b) for each figure, the position along the
direction of the arrow in the corresponding BF-STEM image (a) is
plotted vertically and each data set is averaged over the area
highlighted in part (a) perpendicular to the arrow. The BF-STEM
intensity was also recorded as a function of position but was not
included in the line scans for the sake of clarity. Instead, significant
minima in the BF intensity have been plotted on the line scans as
Fig. 9. Chemical segregation to dislocation structures. The BF-STEM image in a) was obtaine
Fe, Cr and Ni maps are displayed in c)ef), respectively, and a line scan along the 〈0001〉 ar
horizontal dotted lines, and as such indicate the positions of
dislocation loop alignment parallel to the basal plane. Note that the
scaling of the elemental counts and their grouping on the axes has
been varied between the figures in order to highlight trends. As can
be seen from each of the line scans, the X-ray counts due to Sn are
anti-correlated with those due to Fe for all dose levels and irradi-
ative species. Further, the peaks in Fe and troughs in Sn correlate
with the minima in BF-STEM intensity. Some Ni segregation is
observed to follow that of Fe, especially after proton irradiation to
4.7 dpa but also after neutron irradiation. After 2.3 dpa proton
irradiation the average distance between BF minima is 38 nm, after
4.7 dpa it is 28 nm and after 9.5 � 1025 n m�2 ~15.8 dpa neutron
irradiation it is ~23 nm. However, the small sample areas analysed
make such a comparison questionable. In the non-irradiated ma-
terial (not shown), line scans from the same orientation produce
only noise signals with no such correlative trends.

The red box in the BF-STEM image of Fig. 10a indicates the re-
gion used for a higher magnification spectral map, the results of
which are displayed in Fig. 11. This figure demonstrates that the
segregation in Fe and Cr is discontinuous in the basal plane and
takes the form of nano-clusters, similar in appearance to the nano-
clusters observed after 2.3 and 4.7 dpa proton irradiation. Further,
the Sn segregation may also be discontinuous. The steps in the SPP
of Fig. 11 are parallel to the trace of the basal plane and are equal in
size to the diameter of the adjacent nano-clusters.
d in Zircaloy-2 from the 〈1120〉 orientation after proton irradiation to 4.7 dpa. The, Sn,
row in a) is displayed in b).



Fig. 10. Chemical segregation to dislocation structures close to an SPP (centre). The BF-STEM image in a) was obtained in Zircaloy-2 from the 〈1120〉 orientation after neutron
irradiation in a BWR to 9.5 � 1025 n m�2 ~15.8 dpa. The, Sn, Fe, Cr and Ni maps are displayed in c)ef), respectively, and a line scan along the 〈0001〉 arrow in a) is displayed in b). The
region highlighted by a red square in a) is the position of the ¼ higher magnification map displayed in Fig. 11. (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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4. Discussion

4.1. Dislocation properties and evolution under irradiation

4.1.1. a-loops
BF-STEM has been used extensively to characterise the proper-

ties and spatial relationships between different dislocation struc-
tures. It should be noted that, in a similar manner to the non-
irradiated case, very few hydrides were observed in the proton-
irradiated material, which suggests that the SRIM range calcula-
tion is correct in that the majority of hydrogen deposition occurs at
a penetration depth beyond the region of interest studied here.
Further, hydrogen has been shown to diffuse down temperature
gradients to cooler regions [32] and to precipitate at the cool sur-
face of rod material as a hydride rim [33]. It may therefore be the
case that implanted hydrogen diffuses to the cooler back surface of
the bulk sample during the proton irradiation and so the implan-
tation of hydrogen is not considered a factor when assessing irra-
diation damage in the present work. The Burgers vector of small
dislocation loops in proton-irradiated Zircaloy-2 has been deter-
mined in Fig. 1 as 〈1120〉-type. This is in agreement with the Bur-
gers vector determined for both the small dislocation loops in
neutron-irradiated Zircaloy-2 of the present work and in pure Zr
and its alloys in the literature [11,13]. Further, the habit plane of the
a-loops in proton-irradiated Zircaloy-2 is likely to be the f1100g,
Fig. 2, and loops tend to align parallel to the trace of the basal plane.
These observations are also in agreement with the preference of a-
loops to inhabit first-order prismatic planes in neutron-irradiated
Zr and their tendency to align parallel to the basal trace [13].

To put the data presented here into context, the a-loop line
density has been plotted together with those from test reactor
studies and a proton irradiation study in Zircaloy-4, and is shown in
Fig. 12. The conversion from neutron fluence to dose in dpa has
been taken for ATR as similar to DIDO [34] 6 � 1024 n m�2 dpa�1

[25,35] and HFIR as 4.4 � 1024 n m�2 dpa�1 [36], although others
have suggested a conversion higher by a factor of ~1.8 [37]. Early
commercial reactor studies [26,38,39], [38] give a saturation in a-
loop line densities with values of ~6 � 1014 m�2, which is higher
than those values in Fig. 12 by a factor of ~3. The modern test
reactor studies [36,40] are more in line with the proton irradiation
and BWR dislocation density saturation provided in the present
work with values of ~2 � 1014 m�2. The reason for this disparity is
either one of improved, modern methods of dislocation imaging/
counting or that of irradiation temperature or neutron flux differ-
ences. While the higher temperature of the proton irradiation in
the present work is designed to allow more diffusion to take place
at higher dose rates, computational efforts to model and under-
stand such a system at temperature are rare. Theoretical in-
vestigations into neutron-induced collision cascades and the
resulting point defects and clusters [41,42], their stability [43e47]



Fig. 11. Nano-clustering parallel to {0001} planes next to Fe-Cr SPP (bottom right). The BF-STEM image in a) and Sn, Fe, Cr and Ni chemical maps in c)-f), respectively, were obtained
from the region highlighted by a red square in Fig. 10 a) from the 〈1120〉 orientation after neutron irradiation in a BWR to fluence 9.5 � 1025 n m�2 ~15.8 dpa. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. TEM-determined a-loop line density as a function of irradiation dose (dpa) for
p, proton irradiation and n, neutron irradiation after ‘*’ the present work (red), a [18], b
[36], and c [40]. The reactor type, irradiation temperature and alloy are given. (For
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and mobility [48e51] are well studied for zirconium, but in-
vestigations into the differing effects of proton and ion irradiation
in this regard and the resulting microstructural differences are in
their early stages [52,53].

Zu et al. have performed 2 MeV proton irradiation in Zircaloy-4,
and a-loop line densities were shown to increase almost linearly
with dose up to 7 dpa [18], in contrast to the decrease in line
density observed in the present work between 4.7 and 7.0 dpa.
While the 7.0 dpa Zircaloy-4 a-loop line density by Zu is more
representative of the neutron-irradiated Zircaloy-2 a-loop line
densities reported by Carpenter and Northwood in Zircaloy-2 [38],
Zu et al. considered black-spot damage in BF TEM images and, as
such, what constitutes a dislocation becomes difficult to define.
This can lead to overestimations in observed density. In the present
work, BF-STEM is subject to the same issue but the observation of
loops normal to their habit plane allows their identification by their
ellipticity. As such, this may constitute an underestimation due to
the ellipticity assumption. Onimus et al. have reported an a-loop
line density of ~4.7 � 1014 m�2 after 0.6e1 MeV 350 �C Zr ion
irradiation to a dose of 1.3 dpa [54]. While this is in the correct
range of neutron irradiations at 300 �C provided by Carpenter and
Northwood [38], and is therefore more representative of power
reactor line densities than any other test reactor neutron or proton
irradiation experiment described thus far [26,39], the a-loop
structure is different in that the line density is comprised of a very
high number of small loops (~50� 1021 m�3, mean diameter 3 nm).
Studies of a-loop morphology are rarely performed in the low dose
regime. The present work demonstrates that at low proton dose,
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)



Fig. 13. a-loop diameter (mean of ellipse length and width) number frequency as a
function of proton dose level (dpa). Frequency is normalised to the a-loop line density
at that dose level.

Fig. 14. TEM-determined (unless otherwise stated by ‘XRD’) c-loop line density as a
function of irradiation dose (dpa) for p, proton irradiation and n, neutron irradiation
after * the present work, a [2], b [57], c [15], d [19], e [36], f [40] and g [55].
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the a-loop size has awide range, Fig. 7b. Fig.13 is a frequency plot of
the a-loop size distribution in the proton-irradiated material as a
function of dose. The frequency is normalised to the line density at
that dose level so that the change in size distribution between the
dose levels is clearly shown. It can be seen that the larger a-loop
sizes at 2.3dpa are not observed at the higher dose levels. This is
likely due to a lack of interacting strain fields at low dislocation
number densities, allowing loops to grow, but could also be due to a
lack in significant change of matrix chemistry at low doses [22];
segregation to dislocation positions at higher doses, Fig. 9, may
restrict a-loop growth. The small variation is a-loop size in the
neutron-irradiated material may be indicative of the higher num-
ber density or a time at flux and temperature effect.
4.1.2. c-loops
In the present work we estimate the onset dose for c-loop

nucleation as similar for the proton- and neutron-irradiated Zir-
caloy-2 at ~4.5 and ~4.9 dpa, respectively. These values are in
agreement with literature values for the onset of c-loop nucleation
at 3 � 1025 n m�2 ~5 dpa for both Zircaloy-2 PWR control blades at
~290 �C [2] and for Zircaloy-4 at ~297 �C [12]. The agreement be-
tween c-loop nucleation fluences in Zircaloy-2 and -4 under
neutron irradiation is consistent with their similarity in breakaway
growth fluences; 3e4 � 1025 n m�2 at 280e297 �C [55]. The c-loop
line densities in the present work are plotted together with those
from the literature in Fig. 14 (BWR and PWR assumed to be similar
to DIDO [34] 6 � 1024 n m�2 dpa�1 [25,35] and SGHWR assumed to
be similar to CANDU at 4 � 1024 n m�2 dpa�1 [56]) and show good
agreement. In addition to the proton irradiations providing c-loop
densities in the correct number density and size range, the spacing
between c-loops in the 〈0001〉 direction is 20e50 nm and the linear
increase in c-loop density is also in agreement with literature
[2,26,57]. Interestingly, the large width of c-loop line when imaged
from the 〈0001〉 orientation in Fig. 4c may demonstrate that their
alignment along the basal trace is staggered in the 〈0001〉 direction.

The proton c-loop line density presented here is in better
agreement with the literature than the proton a-loop line density.
In explanation of this, the proton irradiation was performed at an
elevated temperature with respect to commercial reactors, which
may have a biased and greater effect on self-interstitial defects,
which are known to have a higher diffusivity than vacancies [51]. As
such, grain boundaries may become the dominant sinks for in-
terstitials and the vacancy c-loops that form may be indicative of a
greater concentration of vacancy a-loops with respect to interstitial
a-loops. The a-loops in the present work proved too small for a
determination of vacancy or interstitial character by way of the
inside-outside method close to the 〈1123〉 zone axis [13,58]. While
this would have been desirable, Jostsons et al. have noted that in
pure Zr the ratio of vacancy to interstitial a-loops varies from grain
to grain [13], and so a reliable study of this character may not be
possible by TEM methods alone.

The 600 keV Zr heavy-ion irradiation of Tournadre et al. gave
appropriate c-loop line densities, but in a similar manner to the
production of a-loops by heavy ions, the c-loops were small and in
high density [15] as they are in Kr ion-irradiated Zr alloy EXCEL [21].
Further, as c-loops are larger than a-loops, as shown from the
〈0001〉 orientation in Fig. 4c in the present work, and the Zr or Kr
heavy ions only penetrate ~300 nm into the Zr matrix, c-loops are
more likely to be hindered by the physical constraint of the non-
irradiated remainder of the grain and the sink strength of this re-
gion in addition to the free surface 300 nm above it. As such, proton
irradiation seems to be the most viable method for emulating both
a- and c-loop nucleation in Zr alloys under neutron reactor
conditions.
4.2. Correlations between matrix chemistry and dislocation
evolution

The current work has demonstrated spatial relationships be-
tween dislocation loop positions and the irradiation-induced
segregation of alloying elements. In the literature, however, there
is a significant inconsistency concerning the effect of matrix
chemistry on c-loops and irradiation-induced growth (IIG); lower
pre-breakaway growth strain is observed in Zircaloy-2 [12] in
comparison to that of Zr-1.5Sn (wt.%) at similar irradiation tem-
peratures [17], but the alloying elements of Zircaloy-2 are often
reported to 'stabilise' or aid in the nucleation of c-loops [59], which
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are correlated to increased post-breakaway growth strains [12]. For
instance, an increase in impurity additions to pure Zr has been
shown to increase c-loop density [59] and higher density of c-loops
has been observed in the vicinity of partially-dissolved second
phase particles (SPPs) in Zircaloy-4 after both neutron irradiation at
~290e310 �C and proton irradiation at 350 �C [14e16]. Further, De
Carlan et al. demonstrated that higher c-loop densities were asso-
ciated with higher Fe implantation concentrations and have shown
Fe segregation to the position of a c-loop by EDS line scans [16].
Likewise, Cr has been shown to segregate along c-loop positions
parallel to the basal plane in close proximity to SPPs in neutron-
irradiated material [55,60]. As such, we may suggest that c-loops
are stabilised by the alloying elements of the Zircaloys, but the
macroscopic growth behaviour is inconsistent with this
proposition.

It may be the case that c-loops do not induce growth but relax
the strain caused by growth, which may also extend to c-loops
acting to relax the strain induced in the matrix upon supersatura-
tion with solute from a dissolving SPP. While no preference for c-
loop nucleation at SPPs was found in the present work in the
proton-irradiated material up to 7.0 dpa, it was observed in the
neutron-irradiated material. Importantly, discontinuous
irradiation-induced precipitation is observed to align parallel to the
trace of the basal plane in both proton- and neutron-irradiated
material at all doses, Figs. 9e11, which gives similar contrast to c-
loops when observed from an orientation parallel to the g ¼ 0002
diffraction vector. This could explain the inconsistency in the
literature surrounding the presence of 'c-loops' in the vicinity of
SPPs. For instance, such discontinuous contrast can in fact be
observed (although not remarked upon) in BF TEM images by
others of 'c-loops' close to SPPs, although those authors did not
have the EDS capability necessary to detect the nano-clusters as we
do in the present work (see the dot contrast aligned parallel to the
trace of the basal plane along the 〈0110〉 direction in Fig. 2b and c of
Ref. [61] and parallel to the basal plane in Fig. 7c of Ref. [60]).

Cr segregation to defects has been observed close to SPPs by
others [55,60]. Novelty is found in the present work in the high
spatial resolution and EDS detection efficiency, which provide a
clear picture of the layered nature of Cr segregation and indeed that
of Fe and Ni. Steps parallel to the trace of the (0001) basal plane are
observed at the periphery of the Fe-Cr SPP in Fig. 11 in agreement
with the directional dissolution shown by others [61], suggesting
that SPP dissolution occurs by a basal self interstitial flux mecha-
nism [62]; Fe and Cr depletion from SPPs as a response to SIA in-
ward flux is probable as recent calculations have shown that Fe and
Cr diffuse anisotropically with a preference for diffusion in the
〈0001〉 direction [50], perpendicular to the observed segregation in
the basal plane. As SIAs are known to diffuse in the basal plane
[5,51], basal solute segregation as a result of this SIAmobility seems
likely.

While small solute segregation to dislocation positions in Zr has
been suggested previously [59] and is predicted theoretically [50],
it has not been demonstrated until recently [63] and in the present
work. Fe and Ni are observed to segregate to dislocation positions
but are morewidespread in thematrix than Cr, likely because of the
relative diffusivities in a-Zr Fe > Ni >> Cr [64]. In analogy to the Fe-
Cr and Fe-Ni type SPPs, Zr(Fe,Cr)2 and Zr2(Fe,Ni), the nano-
clustering within the matrix is coincident in either Fe and Cr or
Fe and Ni. The Fe and Ni clustering occurs at aligning a-loop posi-
tions, which are likely to align due to their anisotropic strain field
being greater in the 〈0001〉 direction and less in the (0001) plane
[11]. Interestingly, at 2.3 dpa, Fig. 8, Fe segregation to dislocations is
observed but not Ni segregation, suggesting that Fe-Cr SPPs have
begun to dissolve but that Fe-Ni SPPs have not. This is in agreement
with the relative stability of the Fe-Ni SPP compared with the Fe-Cr
in respect of amorphisation at normal reactor operating tempera-
tures [65,66] and the observation by Etoh and Shimada that the Fe/
Ni ratio in Zr2(Fe,Ni) SPPs remains constant for longer than the Fe/
Cr ratio in Zr(Fe,Cr)2 SPPs [67] under neutron irradiation, in
agreement with similar observations by the present authors in
proton-irradiated material [22].

Segregation of Sn has also been demonstrated here in both
proton- and neutron-irradiatedmaterial as banding in rows parallel
to the trace of the basal plane. In the EDS line scans of Figs. 8e10,
the Sn and (FeþNi) are shown to be anticorrelated. Planar arrays of
nano-clustering Fe, Cr and Ni have recently been observed in atom
probe tomography of neutron-irradiated Zircaloy-2 [63]. While it
was proposed that the segregating layers might be parallel to the
trace of basal planes, crystallographic informationwas not available
from the APT data. The present work confirms the proposed crys-
tallographic relationship and adds the observation of Sn segrega-
tion between the (FeþNi) rows. Sundell et al. did not observe
clustering in Sn but this could have been due to difficulties in
confidently identifying Sn spatial segregationwith APT [68,69]. The
application of APT to irradiation-induced clustering has been
demonstrated in steels [70,71], but its application to Zr alloys is
relatively new.

Interestingly, the Sn observed here is segregated between rows
of dislocations (BF minima) and the (FeþNi) segregated to the po-
sition of dislocation rows. It has been suggested that vacancy a-
loops align parallel to the trace of the basal plane and that inter-
stitial a-loops lie in between these vacancy a-loop rows [11,13]. Sn
has been reported to trap vacancy defects [72,73] and repel in-
terstitials [50]. Further evidence for such a proposition is found in
the lower growth strain, and hence the presumed lower dislocation
density, of binary alloy Zr-1.5Sn with respect to Zr-0.1Sn (wt.%) at
80 �C [17]. Although this was not found to hold true for a higher
irradiation temperature of 300 �C [17], Sn has been shown to pre-
cipitate in neutron-irradiated Zircaloy-2 at very high irradiation
temperatures 600e710 �C [66,74], likely as the Zr5Sn3 phase, which
would also require vacancy trapping as the density of Zr5Sn3 [75] is
less than that of Zr or Zr with Sn in supersaturated solid solution.
Therefore, different mechanisms relating to the behaviour of Sn are
likely to be occurring under different irradiation temperature re-
gimes. While no Sn-rich precipitates were observed in the present
work under irradiation at 350 �C, Sn bandingmay be representative
of an intermediate stage between significant vacancy trapping at
low temperatures and precipitation at high temperatures, likely
inducing a barrier to diffusion and hence vacancy a-loop banding,
reported elsewhere [11,13], in between the bands of Sn.

The consequences of Sn and a-loop anticorrelation for c-loop
nucleation may be significant for c-loop nucleation. Fig. 5 demon-
strates that after proton irradiation to 7.0 dpa the position of c-
loops, although aligned in the same basal plane trace as a-loops,
may be anticorrelated with the positions of a-loops along the
planar trace. As such, the absence of a-loops at a c-loop position
may be evidence for the nucleation of the latter by the former,
especially in considering the complete alignment of a-loops
observed without interruption at 4.7 dpa in Fig. 9a. Further evi-
dence for this lies in the decrease in a-loop density after c-loop
nucleation, Fig. 7a, and in that the diameter of c-loops is consis-
tently >50 nm, Fig. 7d, even at such a dose as 4.7 dpa just after their
nucleation, Fig. 7c; this final point suggests that c-loops are simply
too large to nucleate from the collapse of vacancy clusters. Likewise,
in impure Zr, Griffiths and Gilbert noted that the number density of
a-loops decreases as that of c-loops increases at higher fluencies
[14], which as proposed to be due to the difficulty in climb of a-
loops once c-loops provide a physical barrier in rows parallel to the
basal plane [59]. However, recent molecular dynamics calculations
have demonstrated that vacancy a-loops may directly nucleate
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vacancy c-loops by interactionwith a cascade event [76]. Therefore,
if Sn acts as a barrier to vacancy diffusion, it may concentrate the
vacancy a-loops into bands, which results in conditions favourable
for transformation of vacancy a-loops into vacancy c-loops. This is
interesting because such an eventmay require a concentration in a-
loop alignment parallel to the basal plane, which is a common
feature of irradiated zirconium alloys [11,13] and is demonstrated in
the present work, but which may take time to develop, accounting
for the delay in observable c-loop nucleation and the onset of the
accelerated regime of irradiation-induced growth.

5. Conclusions

In the present work, changes in matrix chemistry have been
shown as influential on the evolution of the dislocation structures
that are correlated to irradiation-induced dimensional instability
phenomena in Zircaloy-2. BF-STEM on-axis imaging and chemical
mapping have proven useful in the determination of dislocation
loop type and habit plane, the relationships between different
types of loops and the correlation of chemical segregation to and in
between dislocation structures. The following highlights the main
findings of the present work:

� Proton irradiation at 350 �C results in the nucleation of a-loops
at a low dose and a delay in the nucleation of c-loops to ~4.5 dpa.
We estimate this threshold dose in the neutron-irradiated ma-
terial at ~300 �C as ~4.9 dpa, which agrees with literature
neutron irradiation data at ~5 dpa [2,12].

� The proton a-loop line density is lower than that in the literature
for neutron test reactor experiments by a factor of ~2. The a-loop
size decreases at low dose 2.3 to 4.7 dpa, after which it is
comparable to higher neutron dose sizes.

� The c-loop line density obtained from proton irradiation is in
excellent agreement with power reactor studies. As such, the
high temperature and dose rate of proton irradiation in com-
parison to that in power reactors may affect interstitial a-loops
more than vacancy a- and c-loops, likely due to the increased
diffusional capacity of SIAs in comparison to vacancies [51].

� The proton-irradiatedmaterial demonstrates that the alignment
of a-loops may be responsible for the nucleation of c-loops; a
decrease in a-loop line density is coincident with c-loop
nucleation, c-loop size is consistently >50 nm even just after
their nucleation, and positions of a- and c-loops are anti-
correlated along the same basal plane trace.

� The alignment of a-loops and c-loops is coincident with Fe, Ni,
and to a lesser extent Cr, segregation. Sn segregation is observed
between loop positions, parallel to the basal plane trace. Sn may
act as a barrier to defect formation, encouraging a-loop align-
ment and then c-loop nucleation, which is an essential phe-
nomenon in accelerated rates of IIG.

As such, this work demonstrates the mechanistic insight that is
possible when undertaking advanced microscopic techniques in
order to highlight chemical-structural relationships in defective
materials.
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