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Abstract

Proton- and neutron-irradiated Zircaloy-2 are compared in terms of the nano-scale chemical evolution
within second phase particles (SPPs) Zr(Fe,Cr), and Zr,(Fe ,Ni). This is accomplished through ultra-high
spatial resolution scanning transmission electron microscopy and the use of energy-dispersive X-ray
spectroscopic methods. Fe-depletion is observed from both SPP types after irradiation with both
irradiative species, but is heterogeneous in the case of Zr(Fe,r),, predominantly from the edge region,
and homogeneously in the case of Zr,(Fe,Ni). Further, there is evidence of a delay in the dissolution of
the Zr,(Fe,Ni) SPP with respect to the Zr(Fe,r),. As such, SPP dissolution results in matrix
supersaturation with solute under both irradiative species and proton irradiation is considered well suited
to emulate the effects of neutron irradiation in this context. The mechanisms of solute redistribution
processes from SPPs and the consequences for irradiation-induced growth phenomena are discussed.

1 Introduction

The use of Zr alloys as the structural
components of nuclear reactor cores is widespread
due to their low average neutron absorption cross
section and their retention of mechanical
properties and corrosion resistance at operating
temperatures [1]. Due to their limited solubility in
hcp a-Zr [2-4], the common alloying elements Fe,
Cr and Ni precipitate as thermodynamically stable
second phase particles (SPPs) in both the matrix
and at grain boundaries [5-8]. In Zircaloy-2, the
major intermetallic secondary phases are
Zr(Fe Cr), and Zr,(Fe ,Ni) with size ranges 20-170
nm for Fe-Cr SPPs and 30-650 nm for Fe-Ni SPPs
[9]. While Zr-Fe binary SPP intermetallics are
sometimes observed in Zircaloy-4 when the alloy
composition is Fe/Cr > 4 [3] and zirconium
silicides, phosphides and zirconium copper
sulphides have been observed in Zircaloy-2 [6,10],
their number densities are extremely low by
comparison to the Zr(Fe,Cr), and Zr,(Fe ,Ni) SPPs
and so will not be considered explicitly here. As

the stoichiometry of the SPPs is variable after
irradiation, the Zr(Fe,r), and Zr,(Fe,Ni) SPPs
will hereafter be referred to as Fe-Cr type and Fe-
Ni type, respectively. The type and morphology of
SPPs have been shown to be the principal factor
affecting in-reactor corrosion of the Zircaloys [11].
Better corrosion resistance, and hence reduced
hydrogen ingress, has recently been shown to
correlate  with decreased irradiation-induced
growth strain [12], a macroscopic deformation
process that is characterised in tube by axial
expansion and radial contraction. It is generally
accepted that growth strain is a result of an excess
of interstitials in prismatic planes and vacancies in
basal planes as a result of the diffusional
anisotropy of irradiation-induced point defects in
hcp systems [13-17]. The evolution of
intermetallic phases wunder irradiation is of
importance to the system as a whole, as
mechanical behaviour and corrosion properties are
intrinsically dependent on microstructural features.
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A comparison of  pre-breakaway
irradiation-induced growth strain at a given
fluence in the binary system Zr-1.5Sn (wt.%) at
280 °C [18] as compared with that of Zircaloy-2 at
~290 °C [19] shows that the latter, in which the
dominant microstructural difference is the
presence of SPPs and impurities, demonstrates a
reduced growth strain in comparison to the Zr-
1.5Sn (wt.%) alloy. As such, the behaviour of
impurities [23] and secondary phases under
irradiation in different alloy systems is of interest,
as are controlled studies that make use of electron,
proton and heavy ion irradiation to better
understand the mechanisms of SPP evolution. The
effect of chemistry on microstructural features that
are correlated to accelerated irradiation-induced
growth strain may then be studied systematically,
such as the density of c-component dislocations
[19] or c-loops [20]. For instance, a higher c-loop

density (Burgers Vector%(ZOZS), aligned parallel

to the trace of the basal plane [21,22]) has been
observed in the vicinity of partially dissolved Fe-
Cr SPPs in neutron-irradiated Zircaloy-4 in the
temperature range ~290-310 °C and proton-
irradiated Zircaloy-4 at 350 °C [23-25]. As such,
Fe is generally thought to have the effect of
stabilising the nucleation of the vacancy c-loops,
likely through an elastic interstitial (Fe)-vacancy
interaction or through stable, crystallographic Fe-
vacancy pairing [25]. There remains an
inconsistency that higher growth strains are
correlated to higher c-loop densities, higher c-loop
densities correlated to regions of high Fe content,
and that alloys of greater SPP and impurity
content correlated to reduced growth strain at
lower irradiation dose in the pre-breakaway
regime.

The aim of the present work is to assess
the nano-scale chemical evolution in Zircaloy-2
after proton irradiation at lower doses and after
and neutron irradiation at higher doses by taking
advantage of new developments in STEM-EDS.
Further, correlations and differences are
highlighted between the effects of the different
irradiative species in regards to the irradiation-
induced changes within SPPs and the gradual
supersaturation of the matrix with solute.

2 Experimental
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2.1 Material

The material under investigation is
Zircaloy-2, nominally Zr-1.5Sn-1.4Fe-0.1Cr-
0.06Ni (wt.%) [1], supplied by Westinghouse
Electric Company. The non-irradiated material
was fully recrystallised plate with equiaxed grains
of ~5-15 um diameter and a strong basal texture in
the normal direction, split + 30° in the transverse
direction. The plate was cut into bars of
dimensions 2 x 2 x 20 mm and mechanically
polished perpendicular to the normal direction
such that the flat surface provides a uniform
proton penetration depth. The polished surface of
the bars were then proton-irradiated at the
Michigan Ion Beam Laboratory’s 1.7 MeV
Tandertron accelerator facility at 2 MeV and 350
+9 °C to doses of 2.3, 4.7 and 7.0 displacements
per atom (dpa) at a current of ~0.2 pA mm?,
resulting in a damage rate ~6.7 x10° dpa s. The
proton irradiation dose (dpa) level was calculated
at 60% of the maximum proton penetration depth,
30 wm, calculated by the quick Kinchin-Pease
calculation in SRIM as recommended by Stoller et
al. [26]. As such, TEM foils were prepared for
examination at this depth by carefully grinding
from the non-irradiated face to a thickness of ~160
pum and then electropolishing using a twin-jet
Tenupol-5 electropolisher together with a Julabo
FP50 cooling unit. An electrolyte of 10%
perchloric acid and 20% 2-butoxyethanol in
ethanol [24] was used to electropolish ~12-15 um
from the irradiated face. Then, acid-resistant
varnish was used to protect the irradiated face
while electropolishing to perforation from the
non-irradiated face. The non-irradiated bulk
material was prepared by the same method.

The neutron-irradiated material was
supplied by Westinghouse and Studsvik in the
form of electropolished TEM foils, which were
previously studied to investigate SPP chemical
evolution [12]. They are studied in the present
work for a direct comparison to the proton-
irradiated material. These samples were prepared
from cladding and channel material of a BWR
(280-330 °C [27]), irradiated to neutron fluences
between 8.7 and 14.7 x10” n m™® (E > 1 MeV)
~14.5 to 24.5 dpa, assuming a conversion of 0.6
x10” n m™” dpa™ [28]. As the damage rate in light
water reactors is ~6-1 x10'7 n m? s [28-30], the
BWR damage rate is ~1 x10”7 dpa s”'. As such, the
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proton irradiations in the present work incurred a
damage rate higher than that of the neutron-
irradiated material by a factor of ~70. To allow
more diffusion to occur under such a high damage
rate, a temperature shift [31] of 40 °C was applied
to the proton irradiation experiment, which was
performed at 350 °C as opposed to the average
310 °C in a BWR.

2.2 Microscopic analysis

All microscopy in the present work was performed
on a G2 80-200 kV spherical aberration-corrected
(single, probe) FEI Titan microscope operating at

200 kV in scanning mode with a current of 0.6 nA.

The microscope is equipped with a high brightness
X-FEG electron gun and the FEI ChemiSTEMTM
system, comprising four energy-dispersive X-ray
(EDS) detectors in close proximity to the sample,
resulting in a maximum collection angle of 0.7
srad. While the sample was loaded in a low-
background double-tilt holder, the determination
of chemistry may be considered to be semi-
quantitative as the Cliff-Lorimer approach was
used with calculated k-factors, assuming no
absorption and not accounting for Fe-scattering
from the pole piece. 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.

Second phase particles (SPPs) were
analysed for their chemical content at
magnifications high enough to produce a bright-
field STEM image in which the SPP constituted
~75% of the image (between 320k x and 640k x).
The semi-quantification of SPP chemistry was
consistently obtained from low symmetry
orientations to avoid electron-channelling
phenomena, and data were analysed within the
FEI ESPRIT software. While it has been
previously shown that it is necessary to subtract a
blank background due to emitting 95Nb radiation
from neutron-irradiated Zr-2.5wt.%Nb [32] and
ZIRLO™ [33], the Zircaloy-2 studied here was of
low enough activity for this to be unnecessary. In
order to observe crystallographic nano-clustering
in the matrix, it was necessary to obtain spectral
images from high symmetry orientations. Fe/X (X
= Cr, Ni, depending on SPP type) atomic ratio
maps from SPPs were obtained by quantifying the
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spectral image in terms of atomic per cent (at.%)
and dividing the Fe concentration within a pixel
by the concentration of alloying element X,
assuming that the concentration of Zr + Sn + Fe +
Cr + Ni = 100% and, as such, ignoring the
detection of impurity elements or thin foil surface
oxide. As the matrix is relatively low in Fe, Cr, Ni
the Fe/X ratio is thought to be representative of
the SPP given that analyses were obtained from
particles in thin regions with little matrix
contribution. The Fe/X ratio maps were calculated
after averaging 4 x 4 pixels, such that the spatial
resolution is a quarter that of the original spectral
image. All data for semi-quantification were
obtained for at least 30 minutes at an X-ray
detection rate of ~20 kcps such that error in
quantification of Fe/X is due largely to the
calculation of the k-factor and is considered as
+10% [34]. The average composition of an SPP
was obtained by selecting all pixels containing a
concentration above background (> ~1 at.%).

3 Results
3.1 SPP dissolution

Low magnification spectral imaging was
used as a diagnostic tool for identifying areas of
interest, as small regions of chemical segregation
are commonly overlooked by traditional bright
field imaging methods where irradiation-induced
dislocation strain in the matrix can cause second
phase particle (SPP) contrast to be masked. An
overview of SPPs in a typical sample of non-
irradiated Zircaloy-2 is provided in Figure 1, in
which the dark central grain has its surface normal
parallel to the direction. The different size and
number densities observed for Fe-Cr and Fe-Ni
type SPPs are immediately obvious, the latter
being larger and in fewer number. There is no
obvious relationship between SPP shape and
matrix orientation when spectral imaging is
performed from the (1120) and (0001) matrix
orientations, only the former of which is shown
here. Electropolishing-induced hydrides can be
seen nucleating parallel to the basal plane
(vertically) in Figure 1a, highlighted by depletions
in contrast within the Zr map. Interestingly, the
electropolishing-induced hydrides nucleate
preferentially at the a-Zr grain boundaries and at
the Fe-Ni SPP-matrix interfacial region, but rarely
at the Fe-Cr SPP-matrix interfacial region.
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Figure 1 A typical grain shown in the BF STEM image of a) is at the (1120) orientation, the (1100) direction vertical and the
<0001> horizontal. The corresponding chemical maps are shown for Zr, Sn, Fe, Cr and Ni in b)-f), respectively. Each chemical
map is displayed in raw counts and is individually scaled with no background subtraction.

A higher magnification (320kx) BF-STEM image
of a typical Fe-Cr SPP in non-irradiated Zircaloy-
2 is shown in Figure 2 together with the relevant
chemical maps. The maps are quantified in terms
of atomic per cent (at.%) and are plotted on
individual colour scales to reveal various details.
For instance, the Zr map indicates the projected
shape of the SPP in the third spatial dimension, a
detail usually lost in transmission techniques
without tomographic reconstruction. The Sn map
also reflects the SPP shape but levels of Sn should
only be considered qualitative due to the
absorption of the low energy Sn Lo X-ray.
Interestingly, the Fe and Cr maps demonstrate
spatial differences in their distribution, even
before irradiation. A small amount of Ni was
detected in all non-irradiated Fe-Cr SPPs studied.
In Figure 2f, the location of the Ni is coincident
with the region of higher Fe concentration relative
to Cr.

In a similar manner to that in Figure 2,
Figure 3 provides a BF-STEM image and the

relevant chemical maps for a typical Fe-Ni SPP in
non-irradiated Zircaloy-2. No Cr was detected
within any of the Fe-Ni SPPs studied. Furthermore,
the regions of highest concentration in Fe and Ni
seem to be coincident.

To more easily compare Fe and Cr
distributions within Fe-Cr SPPs, Fe/Cr maps were
calculated such that the Fe or Cr content in a pixel
must be = 1 at.% for the Fe/Cr ratio to be
displayed. The Fe/Cr ratio maps in Figure 4a-d,
show a change in the distribution of Fe relative to
Cr in the non-irradiated state and after proton-
irradiation to 2.3, 4.7 and 7.0 dpa, respectively.
The reader should note that the colour scale has
been adjusted for the different SPPs to highlight
details. A core-edge structure is formed in the Fe-
Cr SPPs during proton irradiation. The initial
development of this can be seen in Figure 4b,
which increases in clarity at the higher dose levels.
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Figure 2 A single Fe-Cr Laves phase SPP in non-irradiated Zircaloy-2 is displayed in terms of its chemistry, each chemical
map having its own colour scale indicating atomic per cent (at.%) concentration. The BF STEM image is shown in a). The Zr,
Sn, Fe, Cr and Ni maps are shown in b)-f), respectively.
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Figure 3 A single Fe-Ni SPP in non-irradiated Zircaloy-2 is displayed in terms of its chemistry, each chemical map having its
own colour scale indicating atomic per cent (at.%) concentration. The BF STEM image is shown in a). The Zr, Sn, Fe, Cr and

Ni maps are shown in b)-f), respectively.
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Line scans quantified in terms of at.% are
shown in Figure 4f-h which indicate that this edge
region occurs due to a decrease in the Fe content
relative to the Cr. Despite this observed depletion
of Fe, all Fe-Cr SPPs at all proton dose levels
were fully crystalline and no amorphisation was
observed in the Fe-depleted edge regions.

In a similar manner to that in Figure 4,
Figure 5 demonstrates typical Fe/Ni ratio maps for
the Fe-Ni type SPP after proton-irradiation to O,
2.3,4.7 and 7.0 dpa. Unlike the Fe-Cr type SPPs,
the Fe-Ni type does not show a clear edge-core
structure. While the very periphery of the
irradiated Fe-Ni SPPs seem to have a higher Fe/Ni
ratio than the rest of the SPP, there is no
significant Fe peak at the interface and the counts
in this region are very low. The shape of the Fe-Ni
SPPs are irregular at proton irradiation doses 4.7
and 7.0 dpa. Interestingly, at the highest proton
dose a channel of Fe/Ni ~1 is observed close to
the edge of the SPP, Figure 5d, while most of the
inner part of this SPP has a much lower ratio. All
Fe-Ni SPPs at all doses in the proton-irradiated
material were fully crystalline.

a) Fe/Cr Ratio Distribution, Fe-Cr SPP
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The data in Figure 6 presents a summary
of the maps in Figure 4a-d and Figure 5a-d on the
same spatial and Fe/X (X = Cr, Ni) scales. The
figure contains the eight histograms of the Fe/X
ratios in the previous two figures, which have each
been plotted as a line graphic for a greater ease of
comparison, binned in Fe/X increments of 0.05.
The evolution towards a bimodality of the Fe/Cr
ratio is clear from this data, as is the lack of such a
feature in the Fe/Ni ratio. The Fe/Cr bimodality
values remain almost the same between 4.7 and
7.0 dpa.

b) Fe/Ni Ratio Distribution, Fe-Ni SPP
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Figure 6 A histogram of the area in Figure 4 a)-d) and Figure 5 a)-d), displayed in a) and b), respectively, to act as a
summary of those previous figures. The histograms are displayed as a line graphic for ease of comparison, binned in Fe/X
(X = Cr, Ni) increments of 0.05, corresponding to 0, 2.3, 4.7 and 7.0 dpa. The differences in the area under each curve are

due to differences in SPP size.
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Figure 7 The zone axis (1 120) BF STEM image and Zr, Sn, Fe, Cr and Ni chemical maps are displayed in a)-f), receptively
for an dissolving SPP with both Fe-Cr and Fe-Ni SPP regions, irradiated in a BWR clad to a fluence of 14.7 x10” n m? ~24.5
dpa. The red box in a) indicates the region for higher magnification chemical mapping in Figure 8.

A similar analysis has been performed for
the neutron-irradiated material, but the semi-
quantification performed for the proton-irradiated
material proved unsuitable due to the higher dose
of the material (> 8.7 x10® n m” ~ 14.5 dpa) and
the correspondingly lower concentration of
alloying elements within SPPs. Alternatively,
Figure 7 displays a partially dissolved SPP with
both Fe-Cr and Fe-Ni regions in Zircaloy-2,
neutron-irradiated to the highest fluence in this
study, 14.7 x10® n m™> ~24.5 dpa. The figure
shows the BF STEM image from the direction in
Figure 7a and the Zr, Sn, Fe, Cr and Ni maps in
parts b-f, respectively, as raw images displaying
X-ray counts, individually scaled. The BF STEM
image in Figure 7a shows c-component
dislocation loops (c-loops) lying parallel to the
trace of the basal plane (horizontal). While the
SPP shape is difficult to discern from the BF
STEM image due to the c-loop strain contrast, the
chemical maps reveal the SPP shape clearly. The
Fe-Ni SPP is of an irregular shape, whilst the Fe-
Cr SPP retains spheroidal character but with
uneven peripheries. Some alignment of Sn, Fe, Cr

and Ni can be seen parallel to the trace of the basal
plane in the matrix, but this is more evident for Cr
in close proximity to the SPP (Figure 7e), where
segregation to c-loop positions is observed. While
the Sn map demonstrates depletion in a region
larger than the size of the dissolving SPP, the Zr
map is almost perfectly anti-correlated with the
sum of the Fe, Cr and Ni maps.

A quantification was attempted of the
small region highlighted by the red square in
Figure 7a so that an Fe/Cr map could be calculated.
The raw images displaying X-ray counts,
individually scaled, are presented in Figure 8a and
b, in which the Fe and Cr maps are shown,
respectively, and the quantified Fe/Cr atomic ratio
map is given in Figure 8c. The segregation of Fe
and Cr to the c-loops surrounding the SPP is
discontinuous when observed from the zone axis,
forming what seems to be nano-clusters or nano-
precipitates. As a crystallographic analysis was
not performed on this segregation, it shall be
referred to as nano-clustering. The Fe/Cr map
demonstrates that both the SPP and the nano-
clustering close to the SPP are severely depleted
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in Fe relative to Cr. However, Cr does not extend
far into the matrix and so the nano-clusters
become depleted in Cr at a distance of 30-50 nm.
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Figure 8 The Fe and Cr maps are shown in a) and b), respectively, for the region highlighted by a red square in Figure 7a at the
same matrix orientation (1120). Each chemical map is displayed in raw counts and is individually scaled. These maps were
quantified in at.% and the atomic fraction Fe/Cr map in c) was calculated.
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Figure 9 The variation with irradiation dose in the Fe/Cr and the Fe/Ni ratio for Fe-Cr and Fe-Ni SPPs is shown in a) and b),
respectively, with “*’ indicating the present study. All literature values are taken from BWR-irradiated Zircaloy-2 with the
exception of Cockeram 2013 from a test HFIR reactor. Literature values were obtained by STEM EDS by [9], [35] for a-
annealed and B-treated material as squares and triangles, respectively, [10], [42], [49] and [12] , and analysis by atom probe
tomography by [69].
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Although quantification maps in the
neutron-irradiated material demonstrated a lot of
noise due to low concentrations in the
transmission direction, obtaining the average
concentration of all pixels with an alloying
element concentration above background (> ~1
at.%) at high magnification after long counting
times (> 30 minutes at 20 kcps) gave reliable Fe/X
(X = Cr, Ni) ratios. This was accomplished for
both proton- and neutron-irradiated material by
selecting all pixels corresponding to Fe, Cr or Ni
concentrations above background (> ~1 at.%). The
variation in the Fe/X atomic ratio with increasing
proton and neutron dose can be seen in Figure 9a
and b, in which the individual SPPs are shown to
display the scatter in the data. In total, 97 Fe-Cr
SPPs and 64 Fe-Ni SPPs were analysed in this
way. There is a general decrease in the Fe/Cr ratio
with increasing proton dose, the mean values for
which are given in Table 1. This decreasing trend
is continued in the higher dose neutron-irradiated
SPPs. In a similar manner to the Fe/Cr data,
Figure 9b displays a general decrease in Fe/Ni
ratio with increasing proton and neutron dose.
However, the trend is not continuous between the
proton- and neutron-irradiated material as in the
Fe/Cr. The mean Fe/Ni ratios for the various
proton and neutron dose levels are also given in
Table 1.

Table 1 The mean Fe/Cr and Fe/Ni atomic ratios for Fe-Cr
and Fe-Ni SPPs after proton irradiation between 2.3 and 7.0
dpa at 350 °C and for neutron irradiation between ~14.5 and
~24.5 dpa (8.7 to 14.7 x10® n m?) in a BWR. The error
given is a single standard deviation from the mean. The
number in parentheses is the number of SPPs studied.

Dose [dpa] Mean Fe/Cr Mean Fe/Ni

0 0.86+0.07 (8) 1.19%0.12 (9)
2.3 0.68+0.01 (10) 1.19+0.17 (12)
4.7 0.48+0.13 (13) 0.70+0.13 (12)
7.0 0.49+0.18 (15) 0.76+0.18 (12)
14.5 0.22+0.05 (6) 1.70+0.18 (3)
15.8 0.07+0.01 (6) 1.07x0.52 (4)
16.2 0.14+0.04 (13) 155042 (4)
18.3 0.24+0.10 (16) 0.66+0.14 (5)
24.5 0.09+0.02 (10) 0.65+0.07 (3)
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There 1is considerable scatter in the
measurements presented here for Fe/Cr and Fe/Ni
in the proton-irradiated Zircaloy-2, although most
measurements agree with the neutron-irradiated
measurements from the literature included in
Figure 9 for the low fluence levels. All literature
data points are from Zircaloy-2 irradiated in a
BWR at nominally ~300 °C with the exception of
those from Cockeram et al., which were irradiated
in neutron test reactor HFIR at ~358 °C [35]. First
we will consider the Fe-Cr system. The scatter in
the Fe/Cr measurements may be explained by
consideration of the size and chemistry of the Fe-
depleted edge region of the Fe-Cr SPP and with
reference to Figure 10. It can be seen from Figure
10a that the Fe/Cr in the edge region is positively
correlated with the Fe/Cr in the core region of the
SPP, and it can be seen from Figure 10b that the
size of the edge region is positively correlated
with the size of the whole SPP. With reference to
Figure 10a, the ratio of (Fe/Cr edge) : (Fe/Cr core)
is ~1.01 at 2.3 dpa, ~0.74 at 4.7 dpa and ~0.75 at
7.0 dpa. With reference to Figure 10b, the fraction
of the edge width with respect to the whole SPP
radius increases from ~0.42 at 2.3 dpa to ~0.49 at
4.7 dpa and ~0.73 at 7.0 dpa. In comparing Figure
10a and b, the most significant amount of Fe
depletion occurs between 2.3 and 4.7 dpa but an
acceleration in edge size occurs between 4.7 and
7.0 dpa. The scatter in the average SPP Fe/Cr
measurements in Figure 9a can be explained by
the variable SPP size in the non-irradiated
material; large SPPs at 7.0 dpa are able to retain a
core region of sufficient size to give an Fe/Cr
averaged over he whole SPP that is similar to that
observed in the non-irradiated state.

The average effect of SPP size on the
change in Fe/Cr ratio is shown in Figure 11a and b.
These figures display the Fe/Cr averaged over the
whole SPP and its variation with the effective SPP
radius, r = (A/m)0.5, where A is the SPP area as
determined by EDS spectral imaging. The mean
Fe/Cr ratios in the core and edge regions are given
in Table 2 in addition to the mean core and edge
sizes at each proton dose level. While no variation
in the Fe/Cr ratio was observed with SPP size in
the non-irradiated material, the Fe/Cr in the core
region alone is shown to increase with SPP size at
all dose levels indicating that although Fe-
depletion is occurring from the edge preferentially,
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Table 2 The edge and core properties of Fe-Cr SPPs after proton irradiation to 2.3,4.7 and 7.0 dpa are detailed with variation
given as + a single standard deviation from the mean. The non-irradiated SPP has a mean Fe/Cr ratio of 0.86 +0.07 with no
edge structure. The edge radius varies linearly with the radius of the whole SPP and the relationship is given by the ratio

Edge/Whole.
Mean Radius Fe/Cr Ratio
Proton Dose [dpa] Edge/Whole Edge [nm] Core/Edge Core Edge
2.3 0.42 13 +8 ~1 0.68 +0.12 0.69 +0.07
4.7 0.49 16 +5 1.35 0.59 +0.15 0.43 +0.11
7.0 0.73 2212 1.30 0.49 +0.18 0.38+0.10

there is some dissolution from the core region. In
support of this, the decrease in the Fe/Cr ratio with
respect to proton dose is larger in the edge region
than in the core. This effect is smaller as the SPP
size increases. Unfortunately, in the neutron-
irradiated material, due to the higher dose levels
and consistently low Fe/Cr throughout the whole
SPP, such an analysis with respect to SPP size was
not possible.

As no clear edge-core structure was
observed for the Fe-Ni SPPs, such an analysis
cannot be used to explain the scatter in the Fe/Ni
measurements displayed in Figure 9. However, the
Fe/Ni has been plotted as a function of the
effective SPP radius in Figure 1lc and d.
Interestingly, all Fe-Ni SPPs at all proton dose
levels show a similar decrease in the Fe/Ni atomic
ratio with increasing SPP size.

4 Discussion
4.1 SPP dissolution
4.1.1 Internal SPP diffusional capacity and
homogeneity

In comparing the chemical maps of the
non-irradiated Fe-Cr and Fe-Ni SPPs in Figure 2
and Figure 3, respectfully, one may draw
conclusions about the self-diffusivity of
components within the different SPP types. While
stereomicroscopy and elemental mapping as a
function of tilt angle would provide more
quantitative information on the 3D nature of any
chemical heterogeneity, the Zr map in Figure 2b
provides information about the shape of the Fe-Cr
SPP in the transmission direction and so any other
map with similar contouring might be considered
to be homogeneous within the SPP. As the Fe map
in Figure 2d displays similar contouring to the Zr,
one might suggest that Fe is evenly distributed

throughout the SPP. Conversely, as the Cr map in
Figure 2e does not follow the Zr contouring, it is
unevenly distributed within the SPP. An
explanation for this may be found in the Ni map of
Figure 2e, which is coincident with Fe and may
result in some partitioning of the Cr. In support of
this, Fe-Cr type and Fe-Ni type SPPs are
commonly observed in Zircaloy-2, but Cr and Ni
are never the dominating constituents. Instead, Fe-
Cr and Fe-Ni SPP clusters are known to form with
orientation relationship (110)ge—n;|[(1011)pe—cr
and (002)e_nil|(2110)ze_c, [36], and have
indeed been found in the present work, e.g. in
Figure 7, although such orientation relationships
have not been determined here. The Fe-Ni regions
are frequently the larger of the two within an SPP
cluster, suggesting that Fe-Ni SPPs act as
nucleation sites for Fe-Cr SPPs. This is supported
by the respective diffusivities of the elements in
a-Zr Fe > Ni >> Cr [37] such that Fe-Ni SPPs
nucleate first. All of the Fe-Ni SPPs studied in the
present work contained no Cr, suggesting more
chemical homogeneity in Fe-Ni in contrast to Fe-
Cr SPPs. Such a property may be important with
respect to behaviour under irradiation, as chemical
mixing is thought to be the primary form of
disorder in intermetallic systems [38]. Brimhall et
al. have argued that a tendency for increased self-
solubility or greater stoichiometric range is a
deciding factor in regards to resistance to
irradiation-induced amorphisation [39]. It is well-
known that Fe-Ni SPPs resist amorphisation under
neutron irradiations at intermediate temperatures,
whereas Fe-Cr SPPs do not [40]. Chemical
homogeneity as a property correlated to irradiation
damage resistance is shown in the lack of
amorphisation in relatively pure or solid solution
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phases, such as in the o-Zr matrix or the 3-Nb
phase in Zr-Nb-type alloy systems [28]. The
chemical homogeneity of the Fe-Ni SPPs in
comparison to the Fe-Cr SPP, may suggest
increased diffusional capacity within the Fe-Ni
SPP. This homogeneity may be related to its
resistance to irradiation-induced amorphisation at
irradiation temperatures 280-330 °C [40].

The Fe-Cr SPP is known to become
partially amorphous at typical BWR irradiation
temperatures [6,40—42]. This amorphous region
starts at the matrix-SPP interfacial region and
progresses inwards radially at a rate ~10-13 nm
per neutron fluence 1 x10” n m™ under normal
power reactor operating conditions [40,43,44], but
at higher rates under higher fluxes and at lower
temperatures [45]. This amorphous zone is known
to be depleted in Fe relative to the crystalline SPP
core [6,40—42.46], and so Fe depletion from the
edge region into the surrounding matrix is thought
to be responsible for the amorphous
transformation.

4.1.2 SPP dissolution and amorphisation

While no amorphisation was observed in
any SPP studied in the present work, Fe depletion
from the edge region of Fe-Cr SPPs is evident
from the Fe/Cr ratio maps and line scans of Figure
4. Further, Fe depletion from Fe-Ni SPPs is
evidenced similarly in Figure 5. As there is Fe, Cr
and Ni in the Zr matrix below the detectable limit,
the Fe/X ratio is reliable within the SPP itself as it
changes drastically towards the very interface,
after which it becomes unreliable, and has been
removed from the maps with the condition that for
display the Fe, Cr, Ni concentration must be > 1
at.%. As no amorphisation has been observed in
the proton irradiation of the present work, thermal
recovery  mechanisms at the irradiation
temperature of 350 °C are therefore thought to be
sufficient such that the rate of annealing is equal
to or greater than the rate of damage accumulation
in order to avoid irradiation-induced
amorphisation [38]. Zu et al. have studied proton
irradiation damage in Zircaloy-4 under a similar
damage rate and have demonstrated an amorphous
rim in Fe-Cr SPPs at an irradiation temperature of
310 °C but not at 350 °C [47]. This suggests that
the critical temperature for amorphisation for the
Fe-Cr SPP (T,;), above which no amorphisation

crit
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occurs, is between 310°C and 350 °C. This is in
agreement with the observations presented here
and similar to that under neutron irradiation at
power reactor fluxes T, ~330-360 °C [4048].
While Griffiths et al. have suggested that the
amorphisation rate in Zircaloy-2 Fe-Cr SPPs may
be greater than that in Zircaloy-4 Fe-Cr SPPs due
to the higher Fe/Cr in the SPPs of the latter [40],
this conclusion was drawn from materials
experiencing very different neutron fluxes. Other
studies have shown the rate of amorphous ingress
to be similar for Zircaloy-2 Fe-Cr SPPs at ~10 per
1 x10” n m? under BWR conditions [49]. In this
regard, proton irradiation has greater similarity to
neutron irradiation in comparison to electron or
heavy ion irradiation, for which T is equal to
~30 °C [50] and ~380-580 °C [50,51], respectfully,
depending of course on particle flux and type of
heavy ion. The reason for such discrepancies may
be deduced from a consideration of the various
damage rates and the nature of the damage created.
Under neutron irradiation, the damage rate is
equal to ~0.7-1 x107 dpa s’ [28,30]. Electron
irradiation may be performed at damage rates
higher than neutron irradiations by a factor of ~10°
[25], but the damage is in the form of isolated
Frenkel pairs [52] which will not require
significant thermal agitation to annihilate.
Irradiation by heavy ions produces damage
cascades smaller than that of neutron-induced
cascades, and those of proton irradiations are
smaller still [53]. However, the damage rate of
heavy ion irradiation is higher than neutron
irradiation by a factor of ~10* [47,54] and proton
irradiation damage rates are higher by a factor of
~10% [47], accounting for the relative values of T
for the Fe-Cr SPP.

While Zu et al. reported no chemical
variation within the Fe-Cr SPPs of Zircaloy-4
after proton irradiation at 350 °C up to a dose of 7
dpa [47], Fe depletion from such particles is
evident in the present work under almost identical
irradiation conditions and is shown as a function
of dose in Figure 6. As such, we conclude that
amorphisation is not a necessary requirement for
Fe-depletion under the conditions presented here.
In order to elucidate the mechanism(s) involved in
amorphisation and/or dissolution, one must
calculate the diffusion coefficients of the
contributing species in the defective SPP state

crit
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though simulation, which is beyond the scope of
the present work, and, indeed, is only beginning to
be addressed in the community [55-57]. We may,
however, consider the spatial distribution of
chemistry as a function of dose. The histogram
presented in Figure 6a demonstrates the bimodal
distribution of Fe/Cr ratios at 4.7 and 7.0 dpa.
Interestingly, the two Fe/Cr modal values do not
change significantly between 4.7 and 7.0 dpa,
suggesting an equilibrium Fe/Cr ratio in the edge
region that is suitable for the temperature and
which may prevent the amorphous transformation
from occurring. In Figure 6b, the Fe/Ni histograms
again show little difference in the ratio between
4.7 and 7.0 dpa. At 2.3 dpa, the very edge of the
Fe/Ni SPPs seems to have greater Ni depletion
relative to Fe, resulting in a slight skew to the
right for the histograms of Figure 6b. This is
unexpected as the diffusivity of Fe is slightly
greater than that of Ni in a-Zr [37]. However, at
higher irradiation doses 4.7 and 7.0 dpa, the Fe/Ni
at the periphery approaches unity, supporting the
similar matrix diffusivities of Fe and Ni and
suggesting that their diffusivity within the Fe-Ni
SPP is not the same as that in a-Zr. As the Fe/Ni
largely decreases towards the SPP edge with
increasing dose, we believe that the solute is being
dispersed into the matrix. While Zu et al. did not
demonstrate chemical evolution within SPPs in
Zircaloy-4, this could be due to either a better
stability because of the higher Fe/Cr ratio in
Zircaloy-2 Fe-Cr SPPs [5,6,41,50,58] or due to the
limitations associated with single-point EDS
sampling or line scans. However, the authors
presented energy-filtered TEM, which suggested
the possibility of post-irradiation Fe segregation to
the matrix-SPP interfacial region for an Fe-Cr SPP
and to that of a small SPP the authors referred to
as ZrFe, [47]. One must be careful with respect to
the interpretation of both observations, as the Fe-
Cr SPP in question was located at a grain
boundary [47] which may act as a solute pathway,
and the determination of ‘ZrFe,” stoichiometry is
difficult given the matrix contribution to the signal
from such a small SPP and given that zirconium
silicides are known to be coated in Fe and Ni,
segregated to their interface with the matrix after
neutron irradiation [59,60]; impurity elements

such as Si may be easily overlooked if unexpected.
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The lack in bimodality for the Fe-Ni SPP
in Figure 6 suggests that it has better internal
diffusion in comparison to the Fe-Cr SPP. While
this is supported in the literature by the resistance
to amorphisation of Fe-Ni SPPs, commonly
explained by the relative diffusivities of Fe, Ni
and Cr in o-Zr, there is little work published
regarding self-diffusion in the defective Fe-Cr or
Fe-Ni structure. Recent calculations have provided
the point defect formation energies in the hcp C14
ZrCr, and the bct C16 Zr,Ni systems [57,61]. In
the ZrCr, system, the vacancy-type defects are the
least energetically favourable and antisite defects,
where Zr substitutes onto a Cr site (ZrCr) or Cr
onto a Zr site (CrZr), are more likely [61].
Therefore, a defective state may be made up of
more chemical disorder than of vacancies and
interstitials. In the Zr,Ni system, the vacancy and
antisite defects are on average lower in formation
energy than in the ZrCr, system [57]. This may
suggest that if both systems had an equal number
of such defects then the Zr,Ni would be in a lower
free energy state. Although this could account for
why the Fe-Ni SPPs recover irradiation damage
more effectively than the Fe-Cr, arguments
towards free energy are not strictly valid when one
considers the dynamic and localised nature of
ballistic collision cascades [38]. Interestingly,
vacancy migration in the Zr,Ni system was
determined to be anisotropic with a preference in
the [001] direction [57], which will of course have
a profound effect on point defect interactions and
larger, extended defects and their evolution,
especially in regard to SPP clusters containing
both Fe-Cr and Fe-Ni regions. The Fe-Ni system
does indeed become defective under neutron
irradiation, as Kuri et al. have demonstrated by
comparing the EXAFS and XANES with and
without neutron irradiation in a BWR [62]. The
degree of disorder is, however, difficult to discern
and although Kuri et al. described a lack in post-
irradiation long-range order, the spectra show
signs of local order that may exceed that of an
amorphous system. Of course, verification by
TEM would be beneficial, but such fine detail is
not always possible to observe in the microscope
when stoichiometry is variable and antisite defects
probable, even in the non-irradiated state.
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While such a detailed analysis of
segregation within SPPs is not provided here for
the neutron-irradiated material, due to the higher
irradiation doses and correspondingly lower
concentration of Fe, Cr and Ni in the transmission
direction  causing  significant noise  in
quantifications, spectral imaging to extracts maps
such as those in Figure 7 may still provide useful
information. For instance, the SPP shape is
difficult to discern from the BF STEM image but
is clear from the Fe, Cr and Ni maps. Interestingly,
the Fe-Ni part of the SPP cluster has an unusual
shape in comparison to the Fe-Cr part; the former
has a more irregular morphology and the latter is
predominantly spheroid with irregular peripheries.
This trend is also observed in the proton-irradiated
material when comparing Figure 4 and Figure 5.
Etoh and Shimada et al. have noted the more
irregular morphology of dissolving Fe-Ni SPPs in
comparison to the Fe-Cr, as have other authors
[9,12,42.63]. However, the neutron fluence onset
of this morphological irregularity has not been
reported. In the present work, the irregular shape
of the Fe-Ni type SPP is also observed after
proton irradiation at 4.7 and 7.0 dpa dose levels,
accentuated at the highest proton dose levels by
channelling phenomena. As there is no irregularity
in the Fe-Ni type SPPs at 2.3 dpa (see Figure 5), it
may be the case that there is a delay in the
dissolution of the Fe-Ni intermetallic phases to
between 2.3 and 4.7 dpa. Huang et al. have noted
that the Fe/Ni ratio remains constant for longer
than the Fe/Cr in the early stages of neutron
irradiation at ~290 °C, which means that either the
Fe-Ni SPP resists dissolution for longer or that Fe
and Ni are dissolving at the same rate [49]. An
assessment of SPP morphology may allude as to
which.

Evidence toward the mechanism for
dissolution of SPPs may be deduced from Figure 7
and Figure 8, in the directional segregation of Fe,
Cr, and to some extent of Ni, to the trace of the
basal plane (horizontal). The segregation is
coincident with dislocation positions, which has
been shown for Fe and Cr segregation in the
vicinity of Fe-Cr type SPPs at similar distances
from the SPPs to those presented here [12,64].
Recent calculations have shown that Fe, Cr and Ni
diffusion is anisotropic with a preference in the
(0001) direction [65], the diffusion of Zr self
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interstitials (SIAs) is anisotropic with preferable
diffusion in the basal plane and the diffusion of
vacancies is only weakly anisotropic [14,66]. As
such, the segregation of Fe, Cr and Ni to basal
planes in Figure 7 and Figure 8 cannot be a result
of their individual diffusion anisotropy but is
likely due to the diffusion of SIAs in the basal
plane toward SPPs and the resulting back
diffusion of alloying elements in the reverse
direction. The role of SPPs as sinks for SIAs has
been discussed previously [43] and is supported
by a lack in SPP dissolution in the neutron
irradiation of 20% cold worked Zircaloy-2 [40].
This behaviour was attributed to network
dislocations hindering outward diffusion, but it
may be more likely that the network dislocations
become the dominant sink for SIAs and SIA
clusters, which would serve as indirect evidence
for SPPs as SIA sinks in fully recrystallised
systems. Further, the close anti-correlation of Zr
with that of Fe, Cr and Ni in Figure 7 may be
evidence of Zr SIAs preferentially dissolving the
SPP; the fact that Sn does not follow this same
anti-correlation indicates that the SPP dissolution
is not simply a result of ballistic mixing.

4.1.3 Chemical quantification

The average Fe/X (X = Cr, Ni) ratio over
the whole SPP displayed in Figure 9 gives an idea
of the scatter in measurement; the mean and
standard deviations are given in Table 1. Both the
proton- and neutron-irradiated Fe/Cr data
presented in Figure 9a fit well with data in the
literature and describe a decrease in the average
Fe/Cr with respect to dose. This is expected from
the depletion of Fe from SPP edge regions,
exemplified in Figure 4. In Figure 9b, the Fe/Ni
ratio is displayed in a similar manner. The proton-
irradiated data fits reasonably well with that in the
literature and displays a retention of the mean
Fe/Ni ratio between 0 and 2.3 dpa, agreeing with
the observation of Etoh and Shimada that Fe/Ni
remains constant for longer than Fe/Cr at low dose
neutron irradiation [42]. This supports the SPP
morphology evolution in Figure 5 that suggests a
resistance to irradiation-induced dissolution within
the Fe-Ni SPP until between 2.3 and 4.7 dpa. The
trend between the Fe/Ni for the proton and
neutron-irradiated material presented here is not,
however, as continuous as for the Fe/Cr. The



17 A. Harte et al., Nano-scale chemical evolution in a proton- and neutron-irradiated Zr alloy

reader is reminded that the non- and proton-
irradiated material was Zircaloy-2 plate and the
neutron-irradiated cladding or channel material.
As such, the Fe/X ratios of SPPs in the starting
material may be different. This potential
difference in chemistry 1is possibly more
significant for Fe-Ni than for Fe-Cr SPPs, as Yang
has reported that aging of Zircaloy-2 in the high
o-phase temperature range caused an increase in
the Fe/Ni of Fe-Ni SPPs from 0.9 to ~1.1, but did
not cause any change in the Fe/Cr ratio of the Fe-
Cr phase [6]. This observation suggests a higher
degree of flexibility in the Fe/X stoichiometry of
the Fe-Ni type than the Fe-Cr type SPP. It should
be noted that similar neutron-irradiated material
was recently studied in regard to SPP chemistry
by Valizadeh et al. [12] and the results from the
present work are in good agreement. As such, a
wider stoichiometric range of Fe-Ni SPPs may be
of significance both before and after neutron
irradiation. Indeed, the range given by Valizadeh
for the non-irradiated state is larger for the Fe-Ni
system (Fe/Ni = 1.6-2.1) than for the Fe-Cr (Fe/Cr
= 0.7-1.1) and larger than the Fe/Ni range for the
non-irradiated plate presented here. The mean
Fe/Ni at the highest proton dose is similar to the
Fe/Ni at the highest neutron dose, which may
suggest that a stable Fe/Ni is eventually reached
under both irradiative species at Fe/Ni ~0.7.

In comparing the composition of SPP
cores and edges towards the interface, it should be
noted that electropolishing can result in
preferential ~dissolution of precipitate/matrix
interfaces as the difference in internal potential
between the two phases can cause one to be
anodic with respect to another [67]. However,
such an artefact should not affect Fe/X ratios (X =
Cr, Ni) and any effect will likely be the same in
the irradiated and non-irradiated conditions. In an
analysis of the chemical composition of the Fe-Cr
SPP Fe-depleted edge region with respect to its
core, Figure 10a suggests that the greatest change
in Fe-depletion occurs between 2.3 and 4.7 dpa,
after which there is little change in the relative
chemistry between the two regions. Further, in an
analysis of the size of the Fe-Cr SPP Fe-depleted
edge region with respect to its core, Figure 10b
suggests that the greatest increase in edge size
occurs between 4.7 and 7.0 dpa, before which
there is relatively little increase in edge size.
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Figure 10 suggests that the degree of Fe-depletion
is directly proportional to the surface area of the
SPP and hence there is preferential dissolution
from the edge. As the SPP volume : surface area
ratio decreases with increasing SPP size, Fe-
depletion from the core must be limited. This is
reflected in the mean Fe/Cr values for the core and
edge regions with respect to dose in Table 2. An
analogy from the literature is that of the Fe-
depleted amorphous rim in neutron-irradiated Fe-
Cr SPPs irradiated at ~300 °C, which is known to
ingress towards the crystalline core [40,43.44].
However, the rate of amorphous rim ingress in
neutron-irradiated material is reported to be linear
and independent of SPP size. As a linear rate of
ingress of the edge region was not observed in the
present work, it may be the case that a stable and
equilibrium chemistry is first formed by Fe-
depletion in the edge region between 2.3 and 4.7
dpa, after which this equilibrium defective region
may ingress towards the central SPP core at a
faster rate. The reason for an acceleration in edge
ingress rate may be due to either reaching an
equilibrium Fe/Cr ratio or due to the nucleation of
c-loops in the matrix after ~4.5 dpa proton
irradiation at 350 °C [68], which may act as a
strong Fe sink. The large decrease in Fe/Cr
between 2.3 and 4.7 dpa could result in matrix
segregation that creates c-loop nucleation sites, as
could the large decrease in Fe/Ni.

SPP edge and core size effects, coupled
with a variable SPP size prior to irradiation,
contributes to an explanation of scatter in Figure 9.
The average over the whole SPP is displayed in
Figure 11 for both the Fe-Cr and Fe-Ni SPPs. As
has been already mentioned, Fe/Ni stoichiometry
is known to be variable prior to irradiation [12]
and variable with respect to heat treatment
parameters [6]. Further, with reference to Figure
11c and d, there seems to be a decrease in the
Fe/Ni stoichiometry with Fe-Ni SPP size that is
retained throughout irradiation to 7.0 dpa, again
suggesting good diffusional capacity within Fe-Ni
type SPPs. In Figure 11c and d, the gradient of the
line of best fit is similar at all dose levels and this
slope is also present in the non-irradiated case.
Therefore, it may be the case that relationship
between Fe-Ni SPP chemistry and size is not an
irradiation-induced ~ phenomenon  but  one
pertaining to the thermomechanical history and
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alloy heat treatment prior to irradiation. In the
present work and within these final two figures,
we demonstrate the better self-diffusion within the
defective state of Fe-Ni SPPs in comparison to
that in Fe-Cr SPPs. This may lend itself in
explanation of the SPPs’ relative amorphisation
behaviour under neutron irradiation.

5 Conclusions

The irradiation-induced dissolution of SPPs, Fe-Cr
and Fe-Ni type, has been exemplified in the
present work for both proton- and neutron-
irradiated  Zircaloy-2. The development of
transmission electron microscopy in its high
spatial resolution through aberration-corrected
probes and the development of EDS detectors of
large total solid angles, have been essential in
obtaining such measurements. The following is a
summary of the main conclusions:

* Fe-Cr SPPs are heterogeneous before
irradiation and contain Ni, whereas Fe-Ni
SPPs are homogeneous and contain no Cr.

* Neutron irradiation results in Fe-depletion
from both Fe-Cr and Fe-Ni SPPs, the

former incurs an amorphous
transformation and the latter remains
crystalline.

* Proton irradiation at 350 °C resulted in no
amorphisation for either the Fe-Cr or Fe-
Ni SPPs.

* Proton irradiation results in a core-edge
structure for Fe-Cr SPPs. The edge region
is Fe-depleted with a composition and size
directly proportional to that of the non-
irradiated SPP.

* Proton irradiation results in Fe-depletion
from the whole of Fe-Ni SPPs, suggesting
better self-diffusion in the defective phase
in comparison to the Fe-Cr SPP. Larger
SPPs have lower Fe contents, likely due to
pre-irradiation  thermomechanical heat
treatment parameters.

*  Under both proton and neutron irradiation,
Fe-Ni  SPPs  evolve to irregular
morphologies whereas Fe-Cr SPPs remain
spheroid, albeit with irregular edges. The
delay in the Fe-Ni morphological change
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and the delay in the decrease in the
average Fe/Ni ratio is evidence of better
irradiation resistance in comparison to the
Fe-Cr SPP.

Preliminary work by the present authors in grain
boundary chemistry shows a depletion of Fe and
Ni and the segregation of Sn to all boundaries
after irradiation by protons and neutrons. As such,
a supersaturation of the matrix with solute is
indirectly  evident and irradiation-induced
precipitation or clustering, either during
irradiation or upon cooling, is expected. This has
been observed in the present work close to
partially dissolved SPPs in neutron-irradiated
Zircaloy-2 and an assessment of solute
segregation and its interaction with other defect
structures is underway. The diffusivity and self-
solubility of Fe, Cr and Ni within the defective
SPP structures are scarcely-studied but likely
mechanisms by which different SPPs respond
differently to both proton and neutron irradiation,
as is the initial heterogeneity in the Fe-Cr type
SPP and its increase in heterogeneity during
irradiation.
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