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HIGHLIGHTS

e Novel analysis of ex-service fuel cladding by high-speed AFM and electron microscopy.
e M13Ce, sigma phase, NbC, and G phase precipitates identified in cladding material.

e High-speed AFM analysis of precipitates revealed surface textures unique to each type.
e Numerous nanometre-scale voids were observed across the surface by high-speed AFM.
e An association was found between void frequency and grain boundary type.
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Fuel cladding in advanced gas-cooled nuclear reactors is made of an austenitic stainless steel referred to as 20Cr/
25NiNb. This material can undergo microstructural changes in these extreme environments through a combi-
nation of thermal effects and radiation damage. In this work, the microstructures present in an ex-service irra-
diated 20Cr/25Ni-Nb sample are studied using correlated high-speed atomic force microscopy (HS-AFM) and
electron microscopy techniques for the first time. Correlated topographic, crystallographic, and chemical in-
formation from the sample surface enabled identification of secondary phase precipitates (SPPs) including
M33Cs, sigma phase, NbC, and G phase. These SPPs can have adverse effects on the material properties. HS-AFM
analysis showed surface textures unique to each SPP. Voids formed due to irradiation were also identified across
the surface by HS-AFM. These voids were found to be larger in size and depth along grain boundaries. Further
analysis identified a relationship between void size and frequency and grain boundary misorientation and SPP
presence.

thermal effects [1,7]. Historically, extensive research has been per-
formed on the microstructure and physical and corrosion properties of

1. Introduction

Fuel cladding in advanced gas-cooled reactors (AGRs) is composed of
20Cr/25Ni-Nb as it is capable of withstanding the extreme conditions of
the reactor environment [1-4]. This material also acts as the primary
containment for fuel during post-reactor storage, prior to the identifi-
cation of disposal routes, such as at a geological disposal facility [2-6].

Neutron irradiation in combination with high temperatures is known
to alter stainless steel microstructure through neutron damage and
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this clad material. However, AGR reactor conditions have changed
considerably since these studies, operating at higher burn-up as a result
of longer dwell times. There is a need for additional research to highlight
any differences in chemical composition and the microstructures
observed as a result of the current operating conditions. This is partic-
ularly important when identifying safe disposal routes and avoiding
localised corrosion processes such as stress corrosion cracking (SCC).
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20Cr/25Ni-Nb is a niobium-stabilised austenitic stainless steel, with
20 wt.% chromium and 25 wt.% nickel, a typical composition is given in
Table 1 [7]. Niobium is added to 20Cr/25Ni-Nb as it is a strong carbide
former and, following a prior stabilisation heat treatment, results in the
formation of niobium carbide (NbC) precipitates within the matrix [1].
The formation of NbC removes carbon from the metal matrix, impeding
the formation of chromium-rich carbides that can result in chromium
depletion at grain boundaries and susceptibility to localised corrosion
[1]. Despite this, chromium depletion along grain boundaries can still
occur as a result of prolonged exposure to high temperatures and
neutron fluxes [1,7,8].

Neutron irradiation during in-reactor service can induce changes in a
materials microstructure including radiation induced sensitisation (RIS)
[9-14], void/helium bubble formation [10,11], and the enhance-
ment/induction of secondary phase precipitate (SPP) formation [10,15,
16]. Non-irradiated 20Cr/25Ni-Nb is known to contain NbC pre-
cipitates, with other precipitates (such as sulphides and oxides)
appearing less frequently [6,17]. Upon ageing and irradiation, SPPs
commonly identified include: My3Cg precipitates (where M is principally
chromium), sigma phase (FeCr), and G phase (Ni;¢NbgSiz) [17,18].
These microstructural changes can be detrimental to the chemical and
mechanical properties of the steel which may impact corrosion behav-
iour during post-service storage. It is therefore important to perform
detailed analysis of ex-service specimens, and to identify techniques
which enable high throughput evaluation.

High-speed atomic force microscopy (HS-AFM) is capable of pro-
ducing high-resolution topographic maps of microstructures present on
the surface of a sample [19,20]. The contact mode HS-AFM used within
this work was developed at the University of Bristol and Bristol Nano
Dynamics Ltd. (UK). The high throughput of this technique allowed for
large area maps to be collected with nanometre lateral resolution and
subatomic height resolution. Data collected over large areas may then be
stitched to form a composite map of the region or used to build up
statistics about specific features across the surface, such as size and
distribution [21-24].

In this work, a series of measurements are performed using HS-AFM
on ex-service AGR cladding samples in order to evaluate the micro-
structural changes caused by irradiation and heating. Additional mea-
surements are performed by complementary techniques, including
scanning electron microscopy (SEM) methods, such as electron back-
scatter diffraction (EBSD) to attain crystallographic information and
energy-dispersive X-ray spectroscopy (EDX) to map the elemental
composition. By correlating these techniques, this study also explores
the capabilities of HS-AFM to establish whether topographic measure-
ments may be used to evaluate SPP identification.

2. Materials and methods
2.1. Ex-service AGR fuel cladding

AGR fuel stringer assemblies contain 8 fuel elements, each contain-
ing 36 fuel pins, with the first fuel element located at the bottom of the
stringer [25]. The sample of ex-service AGR fuel cladding
(20Cr/25Ni-Nb, approximate composition given in Table 1) analysed in
this study was collected from a fuel pin in the sixth element of a stringer.
Over the course of operation, this element operated at a burnup of 34.5
GWd/tU and a temperature of approximately 735 °C. The estimated
dose of the analysed material is 7.2 dpa. Samples collected from this fuel
pin have been analysed previously by the UK’s National Nuclear Labo-
ratory (NNL).

Table 1
Elemental composition of AGR fuel cladding, given in weight %, from [7].

C Si Mn P S Cr Nb Ni Fe

0.062 0.58 0.79 0.014 0.019 19.33 0.56 24.05 Bal.
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The sample for analysis was produced by cutting out a 1 mm diam-
eter disc from a pin section using a punch. This disc was ground down
from both sides to a thickness of approximately 100 ym and mounted in
a gold washer before electropolishing in a solution of 5 % perchloric acid
in methanol at —50 °C to produce a smooth surface for HS-AFM and SEM
analysis.

2.2. High-speed atomic force microscopy (HS-AFM)

The contact-mode HS-AFM used within this work was a Vector Dy-
namic Scanning Probe Microscope (D-SPM) from Bristol Nano Dynamics
Ltd., UK. This instrument builds up topographic maps of a sample by
measuring the response of a probe at the end of a cantilever as it is
scanned across the surface. The HS-AFM uses Sharp Microlever (MSNL)
probes manufactured by Bruker from silicon nitride, with a silicon tip.
These probes are a type of contact-mode cantilever with a tip radius of
2-12 nm, a tip height of 2-8 ym, and a spring constant of 0.01 N m .
Within the set-up used in this work, cantilever displacement is measured
using an interferometric detection system which measures the z-
displacement of the cantilever to within +15pm.

Appropriate safety precautions were implemented during handling
and imaging of the irradiated stainless steel. A shield made of perspex
and lead layers was used in this work to protect the operator during
imaging and the HS-AFM was operated at a distance of approximately 4
m.

Topographic data was analysed post-collection using Gwyddion SPM
data processing software [26] to produce topographic maps. Bespoke
software was used for creating the large composite HS-AFM images [27].
Statistical analysis of the data was performed using Nanomapping
software from Bristol Nano Dynamics Ltd. (UK).

2.3. Scanning electron microscopy (SEM) techniques

SEM analysis was performed using a Zeiss XIGMA™ Variable Pres-
sure (VP) Field Emission SEM (Oberkochen, Germany. Serial: 03-72)
equipped with a Gemini™ electron source. EBSD instrumentation from
EDAX-AMETEK Inc. (Mahwah, NJ, USA) included a Digiview™ high-
speed digital camera.

EDX maps were collected at a constant beam voltage of 30 kV, an
aperture of 120 ym, and a 200 ms dwell time, and analysed using EDAX
TEAM software. EBSD analysis was carried out using a beam voltage of
30 kV, an aperture of 120 um, and a step size of 50 nm using OIM™ data
collection and analysis software. The data points were mapped in a
hexagonal grid pattern at 120 points per second (double-clock), using
the software’s 8 x 8 pixel binning setting. Following collection, raw data
was cleaned up by filtering points with a confidence index less than 0.1
and using confidence index standardisation.

3. Results
3.1. Large area surface analysis

The sample surface was first observed optically, as shown in Fig. 1a.
A number of large SPPs are observed across the surface as dark spots.
Fig. 1b shows a secondary electron (SE) image of the surface in which
numerous SPPs and grains are observed, these SPPs are primarily
observed to be intergranular.

Topographic measurements by HS-AFM were collected from the re-
gion outlined in red (approximately 60 ym x 60 uym) in Fig. la. Indi-
vidual frames were stitched together to form composite images, shown
in Fig. 2a. Large SPPs are highlighted as white features distributed across
the image. These features have a high aspect ratio and result in the
immediate surrounding areas to exhibit image artefacts due to flattening
post-processing. A number of grain boundaries are also observed within
the region, some appearing darker than the bulk indicating that they
have been preferentially etched during sample preparation. Slip bands
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Fig. 1. Images showing the sample surface: a) an optical image with the region of analysis outlined in red, b) an SE image collected at 30 kV from a region containing

the area outlined in red.

Large SPPs

Fig. 2. a) A large area composite HS-AFM topographic map with two smaller composite maps from the regionsoutlined in blue, where: b) highlights a region of a
concentration of voids, and c) highlights a region of smaller SPPs. Examples of key microstructural features including SPPs, voids, slip bands and grain boundaries

(GBs) are labelled.

are present across the surface indicating that the sample has been
plastically stressed. This is likely the result of unintentional bending of
the sample during preparation or handling. Fig. 2b and 2c show two
smaller composite HS-AFM images, from the regions outlined within the
larger composite topographic map. Fig. 2b shows a region containing
numerous grain boundaries and a region of a concentration of voids
formed due to irradiation. The voids vary in depth, with more frequent
and deeper voids appearing to concentrate at the grain boundaries.
Fig. 2c¢ shows a region containing a number of smaller SPPs, primarily
intragranular.

Correlated EBSD and EDX measurements were performed from a
region on the sample surface containing the area analysed by HS-AFM.
For direct comparison between maps collected from each technique,
Fig. 3 contains rotated and cropped versions of the EBSD and EDX maps
such that they coincide with the composite HS-AFM topographic map
shown in Fig. 2a.

Inverse pole figure (IPF), phase, and misorientation maps collected
by EBSD analysis (Fig. 3c—e, respectively) confirm the intergranular
nature of the larger SPPs. Phase information collected in this region was
mapped to 3 phases that were expected to be present within the mate-
rial: face-centred cubic (FCC), sigma phase, and body-centred cubic

(BCC). The sample bulk was mapped to FCC (austenite). The majority of
large SPPs were identified as FCC, others were identified as BCC or
sigma phase. However, measurements performed on SPPs were at a
much lower confidence index due to their small size and non-flat sur-
face. Furthermore, the high aspect ratio of the SPPs resulted in a shad-
owing effect observed as a white (non-indexed) edge in Fig. 3d. In the
grain boundary misorientation map (Fig. 3e) each grain boundary was
classified as either low-angle grain boundaries (LAGBs), high-angle
grain boundaries (HAGBs), or twin boundaries. Grain boundaries with
misorientation values < 5° are considered to be sub-GBs (i.e. within a
grain). Other types of coincident-site lattice (CSL) grain boundaries were
not considered within this work. A high proportion of twin boundaries
are observed.

EDX analysis (Fig. 3f) shows that the SPPs contain differing ratios of
elements, with some appearing to have a compositionally different shell,
or altered bulk composition immediately adjacent to where they have
formed. Fig. 4 shows the element specific EDX maps for the same region,
such that each element may be considered separately. SPPs are consid-
ered in more detail in the following section.
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Fig. 3. Large area maps collected from the sample surface rotated and cropped to coincide with the area analysed by HS-AFM: a) HS-AFM topographic map, b) SE
image, c) IPF IQ map with inset legend, d) phase map (where red is face-centred cubic (FCC), green is body-centred cubic (BCC), and yellow is sigma phase), ) grain
boundary misorientation map (grain boundary misorientation values in the range 5°—15° are indicated in blue, 15°—62.8° in red, and 60° with misorientation axis (
111 ) in green), and f) EDX elemental composition map with inset legend (individual element maps are given in Fig. 4).

Fig. 4. The first image shows an SE image of the area analysed, the following images show element specific EDX maps collected from the sample surface, where
brighter areas contain a higher concentration of the given element, and dark areas contain a lower concentration. Individual element maps are overlayed in Fig. 3f.

3.2. Secondary phase precipitates (SPPs)

3.2.1. Identification of SPPs

Whilst EDX analysis is not of sufficient resolution to allow for ac-
curate identification of SPPs, it may instead be used as an indication of
chemical composition and distributions allowing for sufficient

confidence when identifying SPPs known to be present. The SPPs ex-
pected to be present within the material analysed (M23Cs, sigma phase,
NbC and G phase) are compositionally distinct and so may be tentatively
identified using the EDX maps shown in Figs. 3 and 4. Additional EDX
spot analysis was performed at the positions shown in Fig. 5 and the
measured elemental compositions are given in Table 2.
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Fig. 5. A reference map showing the locations of EDX spot analysis on the
sample surface, measured compositions are given in Table 2.

Table 2
A table of weight% as measured by spot EDX for the positions shown in Fig. 5.

Si Cr Fe Ni Nb Identification

Spot 1 0.02 70.95 20.21 8.04 0.77 M23C6

Spot 2 9.79 8.20 21.45 40.32 20.24 NbC with G Phase Shell
Spot 3 3.55 5.31 12.07 26.30 52.77 NbC

Spot 4 8.13 7.80 20.17 34.58 29.32 G Phase shell

Spot 5 4.99 15.67 42.22 28.84 8.29 G Phase

Spot 6 0.39 20.35 55.92 22.77 0.56 Bulk

M23Cs, sigma phase, NbC and G phase were all identified within the
sample analysed. SPPs identified as M23Cg carbides were typically larger
(up to 4 um), angular in shape, and intergranular. Spot EDX collected at
an My3Cg carbide is labelled as Spot 1 in Fig. 5, additionally an EDX line
scan collected across one of these SPPs is shown in Fig. 6a and b. Moving
from the bulk to SPP, chromium concentration is observed to increase

ROI Counts

ROI Counts
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considerably, iron and nickel are seen to decrease in concentration, and
niobium and silicon are unchanged.

Sigma phase was identified initially within the EBSD phase map
(Fig. 3d). By comparing this map to the EDX maps (Fig. 4), it can be seen
that these SPPs have a high concentration of chromium and an iron
concentration comparable to the bulk material, consistent with sigma
phase.

The majority of SPPs within the region analysed were identified as
NbC and G phase. G phase is known to be primarily composed of nickel,
niobium, and silicon, and can therefore be observed within the EDX
maps as regions in which these elements are coincident. However,
identification of NbC is often complicated by the occurrence of a G phase
shell. This phenomenon is demonstrated in Fig. 6¢ and 6d in which an
EDX line scan was collected across an NbC with a G phase shell. The G
phase shell was enriched in nickel, silicon, and niobium, and depleted in
iron and chromium, with respect to bulk measurements. The NbC core
was found to contain an increased concentration of niobium as expected,
as well as silicon to some extent, and was depleted in iron and chro-
mium, again, with respect to bulk measurements. Increased silicon is
likely due to an overlap in the measurements of NbC and the sur-
rounding G phase shell. Through analysis of the EDX maps combined
with EDX spot measurements (Spots 2 and 3 in Fig. 5), it was tentatively
concluded that the majority of larger NbC precipitates were observed to
have a G phase shell. However, a number of smaller SPPs can be
observed in the niobium EDX map which are expected to be NbC prior to
the formation of a G phase shell.

3.2.2. HS-AFM analysis of SPPs

Following identification of the SPPs in the analysed sample surface
area, HS-AFM measurements of each type of SPP were compared in
order to ascertain whether HS-AFM topographic analysis would be suf-
ficient for SPP identification under the conditions explored. Fig. 7 shows
examples of topographic maps containing SPPs identified as My3Ce,
sigma phase, G phase, and NbC (with a G phase shell). This figure also
shows a selection of topographic maps containing various SPPs that have
been cropped such that only the surface textures are within the frame,
additional detail was attained by altering the z-scale start and end
values.

CrkK

[ Fek
INiK
P NbK

119

o119
Distance (um)

Fig. 6. a) A secondary electron image showing a M,3Cs carbide indicated in orange, b) an EDX line scan collected across the orange line, ¢) a secondary electron
image showing an NbC with a G phase shell indicated in purple, and d) an EDX line scan collected across the purple line.
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Fig. 7. Images showing HS-AFM 3D topographic maps of regions on the sample surface containing SPPs where a dotted orange line denotes an My3Cg (seen in a, e
and h), a solid blue line denotes sigma phase (seen in c and j), a dotted purple line denotes NbC with a G phase shell (seen in f and j), and a dashed green line denotes
G phase (seen in e, h, and j). Also shown are cropped topographic maps of the textures observed on the surface of various SPPs: b) M»3C¢ carbide, d) sigma phase, g)

NbC (with a G phase shell), and i) G phase.

When comparing My3Cg carbides and sigma phase a difference in
height is observed as well as differences in surface texture (Fig. 7).
M23Cg carbides are observed to be around 250 nm in height, with a sharp
step height at the edge of the SPP. Sigma phase on the other hand was
around 120 nm in height and observed to have smooth edge step to the
bulk. Fig. 7b and d show that both M33Cg and sigma phase have patterns
of negative features on their surface. Generally, the features present on
M23Ce are much smaller and more frequent than those observed on
sigma phase. The negative features observed on the sigma phase are
similar to the voids observed across the bulk of the sample.

A comparison between G phase and NbC with a G phase shell reveals
little topographic difference (Fig. 7). Both SPPs are of comparable shape
and topographic height, with similar surface textures. The surface tex-
tures on NbC (with a G phase shell) and G phase are shown in Fig. 7g and
i, respectively. Both SPPs have a dotted pattern of positive features on
their surface.

A number of smaller SPPs were also observed by HS-AFM, some of
these SPPs are shown in Fig. 8. By comparing the HS-AFM maps and the
EDX niobium map (Fig. 4), these features may be identified as NbC SPPs.
In contrast with larger NbC precipitates, these smaller NbC were intra-
granular, circular, and bowed in the centre.

3.3. Voids

3.3.1. Large area statistical analysis of void distribution
From initial observations of the surface by HS-AFM, voids were
observed to concentrate along or near certain grain boundaries. Analysis

of the distribution of voids present across the surface was performed
using bespoke software (Nanomapper - Bristol Nano Dynamics Ltd. UK).
The data used for this analysis is the same data collected for the large
area composite HS-AFM map shown in Fig. 2a. As a result, analysed
frames will overlap with one another, and features will be counted more
than once, these data should therefore be considered as indicative of the
patterns and relative frequencies of void size and distribution.

Within this analysis, a feature was identified as a void if it was a
negative feature (in the z-direction) with a bounding rectangle width of
1-500 nm and length of 1-500 nm, and a ratio of ellipse axes between
0.5 and 3. HS-AFM data used within this analysis was first processed to
allow for clearer images of voids, this is particularly important for re-
gions surrounding high features such as large SPPs. The data was pro-
cessed through a frequency filter and a relative standard deviation of 2.5
was applied. This resulted in the thresholding of negative features with
depth greater than 2.5 relative standard deviation, in order to differ-
entiate between voids and other surface height changes. This data was
used to plot a histogram of the void size, shown in Fig. 9a. The voids
were found to have a mean void diameter of 75 nm, with a mode of 66
nm. The distribution was found to follow a long-tailed distribution and
so a log-normal fit was performed in Origin software, shown in red in
Fig. 9a. The log-normal fit had a peak at 64 nm. A heat map of features
identified as voids is shown in Fig. 9b. This map indicates an inhomo-
geneous distribution of voids, with regions of high and low concentra-
tions of voids.

Fig. 8. a)-c) 3D HS-AFM topographic maps of smaller SPPs identified at NbC on the sample surface.
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Fig. 9. a)A histogram showing the major axis length of the voids measured by
HS-AFM, with a log-normal fit shown in red. Inset b) shows a heat map for the
region on the sample surface analysed by HS-AFM, where lighter areas have a
higher number density of features identified as voids, and darker areas have a
lower number density.

3.3.2. Analysis of individual HS-AFM frames

HS-AFM data was analysed frame by frame to build up a database of
images containing HAGBs, LAGBs, and twin boundaries, as identified by
EBSD (Fig. 3e). Example topographic maps are given in Fig. 10a, d, g,
and j. It can be seen that HAGBs are clearest within HS-AFM topographic
maps, with LAGBs appearing much less prominently. This is in part due
to HAGBs appearing darker (i.e. lower topographically) but also due to
the presence of dislocations across the surface, as the dislocation di-
rection varies from grain to grain either side of HAGBs. In contrast,
dislocations are able to move through LAGBs, making them more diffi-
cult to observe topographically, as observed in Fig. 10d and j.

Fig. 10 show that voids concentrate along grain boundaries. Topo-
graphic line scans were performed across more than 100 individual
voids, these measurements are summarised in Table 3. Voids were found
to be more densely distributed, deeper, and have a larger diameter at

A
B9 v
[ ‘s .

—um |
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Table 3

Measured void diameters and depths for different regions on the surface (bulk
and grain boundaries), and different grain boundary types. Averages were
calculated from 85 line scans across voids in the bulk, 73 line scans across voids
on HAGBs, 14 on LAGBs, and 15 twin boundaries.

Region Void Diameter (nm) Void Depth (nm) No. of Voids

Type Mean Range Mean Range Measured

Grain 134 60 - 270 6.1 0.9-20 102
Boundary

Bulk 100 50 - 200 2.2 0.4-8 85

Grain Void Diameter Void Depth No. of
Boundary (nm) (nm) Voids
Type Mean Range Mean Range Measured

HAGB 143 70 - 270 7.2 1-20 73

LAGB 108 65 - 200 2.9 0.9-10 14

Twin 113 60 - 180 3.4 0.9-9.5 15

HAGBs when compared to LAGBs or twin boundaries. Fig. 10j contains a
concentration of voids that appear to bridge from one HAGB to another.
By comparing the known location at which this map was collected with
the EBSD maps collected from the region, these two grain boundaries are
either side of a thin cross section of a grain.

Voids measured along twin boundaries were varied, but were typi-
cally smaller in diameter than for HAGBs, and less frequent, as observed
in Fig. 10a, g, and j. Fig. 10a contains a twin boundary with non-
coherent twin steps. In this case, voids were located in such a way
that they appeared to pin the grain boundary at the turning point.
Fig. 10d and j contain LAGBs. Again, voids were observed to line-up
along these grain boundaries, these voids were often shallow. Voids
were also aligned along slip dislocations; in turn these voids must also
align along crystallographic planes in the material. Some voids, how-
ever, do not appear to follow any clear pattern.

4. Discussion

Measurements performed on a sample of ex-service AGR cladding
focussed on analysis of surface microstructures by HS-AFM and other
correlative techniques including EBSD and EDX. Analysis by HS-AFM
has not been performed on ex-service AGR cladding prior to this work

Fig. 10. a, d, g, and j) A series of HS-AFM topographic maps showing grain boundaries with, b, e, h, and k) EBSD misorientation maps with HS-AFM map location
outlined in yellow, and c, f, i, and 1) copies of HS-AFM maps with labelled HAGBs (in red), LAGBs (in blue), and twin boundaries (dotted in green).
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and so offers an opportunity for novel characterisation. Large area
analysis by HS-AFM and SEM techniques revealed widespread precipi-
tation in the region analysed. Due to the large height of the SPPs across
the surface HS-AFM images collected in the vicinity of SPPs exhibited
imaging artefacts. This also affected EBSD images, where shadowing
was observed. It is expected that this effect would be reduced if the
samples were mechanically polished. HS-AFM analysis also revealed
numerous voids across the surface. These features are discussed in
greater detail in the following sections. Analysis of the microstructure by
EBSD found the grain size (diameter) varied from approximately 0.1 ym
to 30.8 um, with an average diameter of 1.4 ym and a standard deviation
of 3.9 um.

4.1. Secondary phase precipitates

Numerous SPPs with varying morphologies were observed across the
sample surface during large area mapping (Figs. 1-4). Larger SPPs were
primarily intergranular, including some appearing on twin boundaries.
These SPPs were identified by cross analysing the large area maps
(Fig. 3), performing additional spot EDX analysis, and comparing to
literature. The larger SPPs were identified as M23Ce, sigma phase, NbC
(with G phase shell), and G phase. HS-AFM analysis revealed numerous
smaller SPPs present across the sample, identified as NbC. These SPPs,
with the exception of NbC, are known to form as a result of prolonged in-
service conditions and are not present in non-irradiated 20Cr/25Ni-Nb
(see Supplementary Information for additional analysis collected from
a non-irradiated specimen of AGR cladding material) [6,17,18].

The majority of the larger SPPs were identified as G phase, as evident
from the silicon and nickel EDX maps in Fig. 4. G phase is not expected to
have a significant effect on the corrosion susceptibility of the material,
however nickel-rich SPPs such as G phase may result in local instabilities
of the austenite [17]. G phase can also lead to hardening, which in turn
affects mechanical aspects of SCC susceptibility and behaviour. NbC
observed within the analysed sample varied in shape and size. Smaller
NbC observed by HS-AFM were primarily intragranular, circular in cross
section and up to 1 ym in diameter. Large NbC was intergranular and
irregular in shape, with some appearing globular, plate-like, or some-
times elongated. Niobium is added to 20Cr/25Ni-Nb as a stabiliser to
deter chromium-rich carbide precipitate formation by preferentially
forming NbC. The presence of NbC is therefore considered as beneficial
for the corrosion properties of the material. However, recent works have
found that NbC may act as initiation sites for localised corrosion pro-
cesses such as pitting, as they are cathodically active leading to adjacent
anodic dissolution [6]. Larger NbC precipitates were found to contain a
shell of a phase identified as G phase. This suggests that G phase for-
mation had nucleated on the NbC precipitate, and that this evolution
had initiated at the outer layers. This phenomenon has been reported in
previous works using proton irradiated samples [1].

A number of chromium-rich phases were identified as M33Cg and
sigma phase. My3Cg observed within the sample were located along
grain boundaries, with the largest precipitates appearing on the same
scale as grains (Fig. 3). Ma3Ce precipitates varied in shape, with some
appearing plate-like and others appearing more globular. M33Cg pre-
cipitates are known to form readily within austenitic stainless steels.
These precipitates were often associated with G phase, as is expected
from previous studies [17]. This is thought to be due to a local
enhancement of carbon (and nitrogen) following the formation of G
phase from NbC, discussed previously [17]. The presence of
chromium-rich precipitates, such as My3Cg, may adversely influence
corrosion behaviour and lower resistance to IGSCC [28,29]. M23Cg
formation has also been associated with loss of ductility and toughness
[28].

Large sigma phase precipitates appeared plate-like in shape. Sigma
phase is known to primarily form along grain boundaries but can be
found within the grain for samples at longer ageing times [17,28]. Sigma
phase is known to form preferentially at ferritic regions [30,31]. Sigma
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phase formation is therefore promoted by the formation of G phase
through destabilising the austenite, hence an association exists between
the two phases, as observed within this work [17]. The presence of
sigma phase can result in embrittlement of the metal [30,31]. Whilst this
would be an issue for primary structural components, this is generally
less impactful for fuel cladding due to the lower associated stress re-
quirements. However, sigma phase precipitation can also result in
chromium-depleted regions in the adjacent matrix, leading to local
corrosion susceptibility and associated risk of cracking at much lower
stress levels [28,30,31].

4.1.1. HS-AFM analysis of SPPs

HS-AFM analysis of SPPs found that the heights and surface topog-
raphies varied with each type of SPP. M23Cg and sigma phase contained
varying patterns of negative features across their surface, with differ-
ences in size and number density. Both of these SPPs are chromium-rich,
and so may result in similar responses to the electrolytic etch. The
negative features observed on the sigma phase were similar to the voids
observed in the sample bulk, indicating that such features may have
formed in service rather than as a result of sample preparation.

The negative features present on both Mj3Ce and sigma phase
contrast the positive features present on NbC and G phase. The dotted
texture of positive features may be the result of atomic clustering on the
surface of the SPP. The similar appearance in NbC and G phase is likely
the result of a G phase shell surrounding the NbC, as identified by EDX
measurements. This is not expected to be the case if the sample were
mechanically polished to produce a genuine cross section, however this
surface was electrolytically etched and will differ as a result [32]. Pos-
itive features present on NbC with a G phase shell is more densely
patterned than that observed on the surface of G phase. This may give
insight into the method of formation and growth as the G phase shell
evolves.

From this analysis it is envisioned that measurements collected by
HS-AFM may give an indication of the SPPs present, by topography and
surface texture. These topographies and textures are affected by surface
preparation methods, the resultant surface will be a convolution of the
surface microstructure and their respective responses to the etch con-
ditions. Resultant topographies are expected to also be affected by
thermal history and irradiation conditions. As an extension to this work,
different etch conditions and sample preparation methods could be
explored.

4.2. Voids

HS-AFM analysis revealed numerous features across the surface
which may be identified as plastic voids, helium bubbles, or cavities
[10]. These features are referred to as voids. These voids were circular in
cross section and varied in size and depth. In previous studies these
features have only been observed in transmission electron microscopy
(TEM) analysis. Irradiation can result in the void formation through the
production of helium from neutron induced transmutation of nickel and
subsequent decay chain [33]. Helium then stabilises vacancy clusters,
forming void cavities [11,33]. These voids are not present in
non-irradiated 20Cr/25Ni-Nb and therefore are attributed to the ther-
mal and irradiation conditions in-reactor (see Supplementary
Information).

Voids were found to concentrate along the grain boundaries where
they were wider (mean diameter 34 nm larger) and deeper (mean depth
3.9 nm larger), in some cases coalescing to form concentrated clusters
(Fig. 2b). This may be explained as the grain boundary acts as a defect
sink and so voids formed as crystal defects (i.e. vacancies) may migrate
towards grain boundaries [1,10,11]. Differences in size and depth were
observed when comparing HAGBs, LAGBs, and twin boundaries (Fig. 10
and summarised in Table 3). Larger and deeper voids were often located
along HAGBs. In some cases, the severity of this effect was such that the
grain boundary appeared almost perforated. In Fig. 10j numerous voids
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were observed between two HAGBs. This was found to be the result of a
thin grain cross section at the surface. This is a rare insight into how the
voids are distributed throughout a grain boundary in 3D. In comparison,
voids observed along coherent twin boundaries or LAGBs were smaller
and shallower, likely due to these grain boundary types acting as less
efficient sinks [1,8,34]. Voids were also observed to align along slip
dislocations, therefore following the crystallographic planes in the ma-
terial. Nevertheless, some voids did not appear to follow any clear or
obvious pattern.

By comparing the heat map (Fig. 9b) to the large area analysis shown
in Fig. 3, a possible association with SPPs is observed. Such features are
known to act as alternative defect sinks [1]. Generally, areas of high
numbers of voids also aligned well with HAGBs. An area sparse in voids
is seen in the bottom right hand quarter. This area aligned well with a
region of twin boundaries and a lack of large SPPs.

The formation of inter- and intragranular voids can lead to adverse
phenomena, such as embrittlement [10,11]. Large agglomerations of
bubbles/voids may also result in swelling and local stresses [16]. As
larger voids were located along grain boundaries, this may have an
adverse effect on IGSCC susceptibility [11,16]. The results described in
this work demonstrate the applicability of HS-AFM in the study of the
effects of combined high-temperature and neutron irradiation condi-
tions experienced in-reactor. The analysis performed offers new insight
in the distribution of void size and frequency in relation to other
microstructural features such as SPPs, LAGBs, HAGBs and twin bound-
aries, in an ex-service specimen.

5. Conclusions

A study of irradiated microstructure in a sample of ex-service irra-
diated AGR fuel cladding was performed using a variety of comple-
mentary techniques. Large area analysis of ex-service AGR fuel cladding
by HS-AFM, EBSD, and EDX provided correlated topographic, crystal-
lographic, and chemical information from the sample surface. This
allowed for identification of SPPs and analysis of irradiated micro-
structure. Further HS-AFM analysis of SPPs and voids was performed to
assess the information attainable through topographic analysis for the
first time.

The analysis performed in this study offers new insights into the
microstructural changes effecting AGR cladding material following the
high temperature neutron irradiation conditions experienced in-reactor.
The following conclusions are drawn from this work:

e Large area analysis of a sample of ex-service AGR fuel cladding
revealed numerous large SPPs including: My3Ce, sigma phase, NbC,
and G phase. These precipitates were primarily intergranular.
Numerous smaller NbC were found to be primarily intragranular.

e HS-AFM analysis of SPPs revealed surface textures unique to each
SPP type, with the exception of NbC due to the presence of a G phase
shell. This study introduced the potential of SPP identification by
HSAFM due to chemically induced topography. This may be
extended to alternative electrolytic etch recipes for comparative
studies with the potential to probe the chemical behaviours of the
surface microstructural features by performing numerous subse-
quent etches.

e Numerous nm-scale voids were observed across the surface by HS-
AFM, with intergranular voids appearing larger in size and depth.
These voids had previously only been observed by TEM. The high
throughput of HS-AFM allowed for large area analysis providing
various surface statistics such as void size and variation. Voids were
found to be larger and deeper at grain boundaries, particularly
HAGBs. An association was also noted between increased void fre-
quency and SPPs.
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