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Abstract

Additively manufactured 316L components are known to exhibit complex three-dimensional
microstructures on multiple length-scales. The effect of heat treatment on the stability of
grains and dislocation cell structures within the microstructure has previously been
investigated but there are appreciable disagreements surrounding the nature of the texture
that is present in the specimens, and there is also limited published work on the
compositional homogeneity of specimens, particularly on the atomic scale, after heat
treatments.

In this study, we investigate the effect of applying two different heat treatments to 316L
components produced by laser powder bed fusion before characterising them using a
combination of electron microscopy and atom probe tomography. The importance of using
multiple characterisation techniques, which span from the nanometre to micrometre scale, in
addition to carefully and accurately describing analysis methods when investigating the
evolution of the microstructure of additively manufactured 316L steels is demonstrated.

Our EBSD (Electron Back Scatter Diffraction) results show the presence of a strong <110>
texture in the build direction of the samples, and a reduction in morphological texture as a
result of heat treatment. TEM (Transmission Electron Microscopy) results indicate a
dissolution of the dislocation cell structure that forms during solidification. Atom probe
tomography was used to investigate compositional homogeneity in the samples and
indicated that there are regions enriched in Cr, Mn, Mo, and Ni in the As-Printed samples
that are likely associated with the dislocation cell walls. The atom probe results also reveal
the presence of impurities, such as Co, which were not detected in the feedstock powder.

1. Introduction

Austenitic stainless steels, such as 316L, are commonly used for reactor internals in the
primary circuit of light water nuclear power plants (NPPs) due to their good creep resistance,
adequate mechanical properties at elevated temperatures and their satisfactory corrosion
resistance [1]. Austenitic steels are also proposed for use in fusion reactors [2] and several
advanced fission reactor designs [3].
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Many of the components made from 316L in NPPs are complex in shape and require
multistep manufacturing processes. Additive manufacture (AM) offers the opportunity to
create net-shape components without the need for further machining; this is beneficial as it
will reduce material waste and may also decrease manufacturing time and cost for bespoke
components [4—6].

AM has two primary potential applications within the nuclear industry. Firstly, AM could be
used to manufacture components in currently operational NPPs that need replacing but are
no longer commercially produced. This may lead to the extension of the safe operational
lifetime of ageing NPPs. Secondly, advanced reactor designs may rely on more complex
component geometries and AM may be able to produce prototypes of these components
more readily and at reduced cost than conventional processing methods.

However, highly complex microstructures across multiple length scales arise due to the rapid
heating and cooling experienced during AM processing [7-13]. The development of a
morphological and crystallographic texture during printing is well known in FCC materials,
although there is disagreement as to whether a <110> or <100> type crystallographic texture
dominates in the building direction [10,13-21]. Since many authors incompletely describe
how their Electron Back Scatter Diffraction (EBSD) data was analysed, it is difficult to
conclude from the literature whether this difference in build direction texture is due to
different printing parameters, or if it is a result of differences in data collection and analysis
methods. One critical factor, which is often not reported when analysing crystallographic
texture within EBSD data, is the choice of the direction for the inverse pole figure (IPF) when
compared to the reference coordinates of the sample [22]. Without this important information
it is not possible to verify in which direction crystallographic texture is present within samples
presented in the literature.

Post-printing heat treatments can be applied to relieve internal stresses and to homogenise
the microstructure of AM 316L components so that it is similar to wrought components [23].
However, this process adds to the manufacturing time and has an associated economic cost
that is related to the duration and temperature of the applied heat treatment. Studying the
effect of post-printing heat treatments on the microstructure and chemical homogeneity
within specimens is essential for determining if a heat treatment process will provide a
satisfactory microstructure and mechanical properties to the materials [14,15,24—-26].

In this paper, additively manufactured 316L samples subjected to two different post-print heat
treatments are characterised using electron microscopy and atom probe tomography. The
combination of techniques permits the structure and chemical distribution within the samples
to be studied from the micro- to the nano-scale and to be compared to an as-printed sample
that underwent no form of heat treatment. The importance of selecting suitable atom probe
experimental conditions and carefully describing EBSD data analysis decisions is discussed
at-length, and it is hoped that this article represents a guide as to how to employ
characterisation technigues that span several length scales to accurately characterise
microstructural changes in additively manufactured alloys subjected to various heat
treatments. It may also help to explain the origin of the differences in crystallographic texture
that are frequently reported in the literature.

2. Materials and Methods

The investigated materials were additively manufactured using laser powder bed fusion
(LPBF) with an EOS M 290 machine. Samples of size 10 mm x 10 mm x 15 mm were
printed using a feedstock powder provided by EOS that was sampled according to ASTM
B215 and had the composition given in Table 1. The nominal composition was determined



using a combination of inductively coupled plasma optical emission spectroscopy and
combustion and fusion-based chemical evaluation methods.

Table 1: Nominal composition (wt.%) of 316L powder used as feedstock to manufacture samples.

Element Fe Cr Ni Mo Mn Si Cu N C P

63.39- 17.12 | 13.30 | 2.64 | 1.55 | 0.3 | 0.03 | 0.07 | 0.02 | 0.009
Wt.% 64.77 5

17.72 | 14.03 | 2.82 | 1.68 0.04 | 0.08 0.013

The printing parameters employed to create the samples are presented in Table 2. A
rotation of 67° was applied to the laser scan direction for each successive layer. The selected
parameters are widely used in the AM industry and produce components with properties that
meet the requirements of ASTM F3184-16.

Table 2: Parameters used during additive manufacture process of samples.

Parameter Value Used
Average powder size 50 um

(diameter)

Layer thickness 40 ym

Sample size 10 mm x 10 mm x 15 mm
Laser spot size (diameter) 80 um

Pressure and gas in chamber | 0.7 bar of Argon
Core laser power 200-250 W

Core laser speed 900-1000 mm/s
Hatch Size 170 pm

Building Platform temperature | 80°C

Energy input 55 J/mm?3 - 60 J/mm?

After printing, one sample received a solution annealing heat treatment of 1150 “C for 90
minutes followed by quenching in water whilst a second sample was heat treated at 1066 °C
for 75 minutes before being slow-cooled at 10 “C/minute in argon gas. Henceforth, these will
be referred to as “1150 °C HT” and “1066 °C HT”, respectively. A third sample received no
post-printing heat treatment and will henceforth be referred to as “As-Printed”. The heat
treatment temperatures were selected since, at both temperatures, only austenite and the
MnCr204 spinel should be present in the equilibrium microstructure [15] and they should
therefore both be suitable for generating a recrystallised microstructure.

Due to the complex microstructural features that arise on a range of length scales from
additive manufacturing of metallic powders, it was necessary to use multiple technigues to
perform characterisation across a series of different length scales. Electron backscatter
diffraction (EBSD), transmission electron microscopy (TEM), and atom probe tomography
(APT) were used. Prior to EBSD characterisation, each sample was sectioned such that the
internal microstructure could be examined in the planes parallel and perpendicular to the
build direction (Figure 1). Each surface underwent mechanical grinding and polishing in
order to minimise any surface damage, with a final diamond suspension of size 0.1 ym used.
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Figure 1 Schematic diagram showing the different surfaces studied and their relationship to the build direction of
the sample.

2.1 Electron Backscatter Diffraction

Electron backscatter diffraction was performed using a JEOL 7900F scanning electron
microscope equipped with an EDAX Hikari Super EBSD Camera and EDAX APEX EBSD
v2.5.1 software. Accelerating voltages of 20 kV, currents of 1 nA — 2 nA, and spot sizes of
0.5 ym and 1 um were used. Post processing of the EBSD data was performed using EDAX
OIM Analysis v8.5.1002 with Neighbor CI Correlation was used to “cleanup” EBSD data.
Multiple EBSD scans were performed on each sample, with each individual scan covering an
area larger than ~ 0.25 mm?2.

2.2 Focused lon Beam Sample Preparation

Focused ion beam (FIB) was used to prepare TEM and APT samples. Standard procedures
using dual-beam FIB/SEMs - including a Zeiss XB-540 and a FEI Gallium Helios 5 UX - were
followed for preparing TEM foils [27] and APT needles [28-31]. After FIB thinning, a Gatan
Precision lon Polishing System Il (PIPS 1) was used for final thinning of the TEM samples
and to also remove any FIB-induced surface damage [32] using 0.5 keV Ar*ions. A final FIB
polishing stage was carried out on the APT specimens at 2 kV to minimise Ga* implantation
into the analysed volumes [31].

2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) and Scanning TEM (STEM) analysis was
conducted using a double corrected (probe and image CEOS correctors) JEOL-ARM200CF
microscope, equipped with a cold field emission gun (FEG) and operating at 200 kV. Energy
Dispersive Spectroscopy (EDS) was carried out using a single JEOL Centurio EDS 2300T
silicon drift detector (SDD) with Analysis Station v 3.8 software. The solid collection angle for
the EDS detector is 1 steradian (sr).

2.4 Atom Probe Tomography

Atom probe tomography (APT) specimens were analysed with a LEAP 5000XR in the
GENESIS facility. Whilst the majority of experiments were conducted in voltage-pulsing
mode, some others were conducted in laser-pulsing mode so that the effect of analysis
conditions on data quality could be investigated. For voltage-mode experiments, a pulse
fraction of 20 % was used, whilst the laser energy for individual laser-pulsing experiments
was set between 20 pJ and 80 pJ so that the effect of varying laser pulse energy could be
investigated. Analysis temperatures varied between 50 K — 60 K. A pulse frequency of 200
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kHz was used for all experiments but detection rates varied between 0.002 and 0.005 ions
per pulse.

Reconstructions were performed using Cameca’s integrated visualisation and analysis
software (IVAS) 3.8.16. Compositional calculations were performed using AtomProbeLab
due to its ability solve peak overlaps within the mass spectra and to quantify compositional
measurement uncertainty [33,34]. Further analyses, including image generation, were
performed using GPM 3DSAT software

(CNRS IDDN: IDDN.FR.001.430017.000.S.P.2020.000.10000).

3. Results & Discussion

3.1 Electron Backscatter Diffraction

EBSD maps for the As-Printed, 1066 ‘C HT, and 1150 ‘C HT samples are presented in
Figure 2. The building direction is indicated for each micrograph. The inverse pole figure
(IPF) has been orientated parallel to the building direction so that crystallographic texture in
this direction can be visualised in the IPF maps and further investigated.
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Figure 2 EBSD maps for the three samples analysed in this study. The IPF direction is along the building
direction such that the crystallographic texture in these directions can be seen. BD indicates the build/printing
direction of the samples.

3.1.2 Crystallographic Texture
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Figure 3 Corresponding inverse pole figures for the maps in Figure 2, showing the dominant crystallographic
direction in the building direction for each of the samples.
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The As-Printed sample has a <110> texture in the building direction. This crystallographic
texture strengthens after applying heat treatments at 1066 °C or 1150 °C (Figure 2 and
Figure 3), which is consistent with previous work by Kong et al. [35].

Whilst some studies report the absence of any crystallographic texture in additively
manufactured FCC materials [35—41], the presence of a microscopic crystallographic texture
is frequently described elsewhere in the literature. However, the preferred orientation of this
crystallographic texture is sometimes reported as strongly favoured <110> with respect to the
building direction [10,13-17,42-51], whilst others state the dominance of a <100> texture in
the building direction [18-21,52-57]. The source of the discrepancy between <100> and
<110> growth dominating in the building direction has been rationalised as arising due to the
implementation of different parameters during the printing process [21,42,48,49,58—60].
During the solidification of FCC metals, growth of <100> orientated grains along the
maximum heat flow direction will dominate [60]. Since the variation of printing process
parameters will impact the magnitude of thermal gradients, and their orientation with respect
to the building and laser scanning direction, the direction of <100> dominant growth within
the samples will vary as a result. This can lead to the development of a {110}<001> Goss
texture along the laser scan direction [16,17]. Sun et al. state that “a long, shallow melt pool
promotes the formation of <001> texture, whereas a short, deep melt pool favours the
occurrence of <011> texture” in the building direction [49].

However, a major difficulty in interpreting the relationship between build direction and
crystallographic texture is that published literature often fails to specify the relationship
between the IPF direction and the build direction of specimens, despite the known
importance of accurately defining the sample reference frame when studying crystallographic
texture [22]. This is particularly pertinent when studying additively manufactured specimens,
since different crystallographic textures may arise in different directions within the sample
due to varying heating and cooling profiles in the laser scan and build directions. In order to
correctly identify the crystallographic texture in the building direction it is hecessary to
examine IPF maps with the IPF direction orientated in the building direction of the
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specimens. Figure 4 demonstrates the effect of changing the IPF direction on the observed
crystallographic texture in the 1066 ‘C HT sample. It can be seen that orientating the IPF
direction along the specimen build direction leads to the identification of a <101> type
crystallographic texture. Meanwhile, if the IPF direction is orientated in the specimen x or
specimen y direction, <111> and <001> crystallographic textures are more apparent. This
highlights the critical importance of correctly orientating the IPF when performing
crystallographic texture analyses in AM materials, and of reporting this orientation with
respect to the sample coordinates.
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Figure 4 Effect of changing IPF direction on apparent crystallographic texture for 7066 ‘C HT sample (map plane
parallel to build direction). (a) IPF orientation maps and (b) Inverse pole figures showing the distribution of
crystallographic orientations in each of the maps from (a).

3.1.1 Morphological Changes After Heat Treatment

In the plane perpendicular to the build direction, circular regions with an average diameter of
85 uym = 10 um can be seen in the As-Printed sample (Figure 2). These features are less
visible after the heat treatment at 1066 °C and cannot be discerned after the 1150 °C heat
treatment. Both applied heat treatments are above the recrystallisation temperature of 316L,
with recrystallisation in additively manufactured 316L samples previously observed above
1000 °C [15], and twins are clearly visible in the microstructure of the heat-treated samples
(Figure 2). The fraction of recrystallised grains is expected to increase at longer heat
treatment times, with more than 90 % of the sample recrystallised observed after 500
minutes heat treatment at 1150 “C compared to around 45 % after 15 minutes of ageing at
the same temperature [13].



In the As-Printed and 1066 °C HT samples, melt pools are visible in the plane parallel to the
building direction. These melt pools are no longer present after the 1150 °C heat treatment,
although there is a preference for grains to be elongated in the build direction in the 1150 °C
HT sample (Figure 5 (a)). This morphological texture suggests that the melt pools influence
grain growth during heat treatment. Previously, applying a heat treatment at 1150 °C for 2
hours was observed to lead to a “more isotropic configuration” of grains, although there was
no discussion of any relationship between their major axis and the building direction [23].
Our results in Figure 2 and Figure 5 (a) indicate that the grains are indeed elongated in the
build direction after heat treatment at 1150 °C; the average aspect ratio between the minor
and major axis is around 0.5, indicating that grains are approximately twice as long in the
build direction as they are in the transverse directions (Figure 5 (b)). The inhomogeneity of
grain size in different orientations within the sample is likely to lead to anisotropic mechanical
properties, such as a lower tensile strength in the building direction.

(a) (b)
0.08 0.20
0.06 o 015
g 8
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Q —
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= 3,
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L
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0.021 Z 0.051 I
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Misorientation of Grain Major Axis Grain Shape Aspect Ratio

From Build Direction (°)

Figure 5 (a) Distribution of the grain major axis orientations and (b) Grain shape aspect ratio between length of
minor and major axes for grains in the plane parallel to the building direction for the 1150 °C heat-treated sample.
N.B. 0° of orientation indicates major grain axis is aligned with build direction of the sample.

3.2 Transmission Electron Microscopy

Dendrites and dislocation cell structures are commonly observed in additively manufactured
materials. The high density of dislocations at the cell walls is believed to arise due to
residual stresses that occur during thermal expansion/shrinkage during solidification
[12,61,62]. Figure 6 shows the presence of dislocation cell structures in the As-Printed
sample. The cells were 400 nm — 500 nm in width and segregation of Mn, Cr, and Mo to the
cell boundaries was observed, which is consistent with studies on other additively
manufactured austenitic stainless steels [37,38,61,62]. Quantitative STEM-EDS analysis
indicated that Cr, Mn, and Mo were present in higher concentrations in the cell walls, as
shown in Table 3. Figure 6 shows that the Mn-enrichment at the boundaries was less
uniform than that of Cr and Mo. The segregation of Si to the boundaries was not strongly
visible in the STEM-EDS data, although there are some small circular regions of higher
silicon intensity associated with triple points between the cells as indicated by the arrows and
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circles in Figure 6 (g); similar local regions of enrichment have been previously observed
[37]. The micrographs in Figure 6 were taken along a [100] zone axis and it is reasonable to
assume the alignment of the cells along the <100> directions as has been shown by Berstch
et al. [61].

Cr

Figure 6 (a) and (b) Bright-field and (c) LAADF STEM images of dislocation cell structures in the As-Printed
sample. STEM-EDS maps show segregation of (d) Mn (e) Cr (f) Mo and (g) Si to the cell boundaries in (b) and
(c). Images were collected on the [001] zone axis with a probe size of 6C and a camera length of 8 cm. The
electron current for the EDS maps was 15.2 uA.

Table 3 STEM-EDS composition (at.%) of the cell cores and the cell walls in the As-Printed sample.

Element Cell Core | Cell Wall
(at.%) (at.%)

Cr 18.1+0.1 18.91£0.1

Fe 62.9+0.0 61.3+£0.1
Mn 1.7+£0.0 1.8+£0.0
Mo 2.1+£0.0 2.6£0.0

Ni 14.6+0.1 14.7 £ 0.0
Si 0.5+0.0 0.5+£0.0

TEM investigations of the 1066 °C HT and 1150 “C HT samples revealed that the dendrite
cell structure was no longer present and STEM-EDS maps indicated that the solutes did not
segregate to any linear features (Supplementary Figure 1). This is consistent with previous
reports that state the cellular microstructure is stable up to 873 K (600 °C) [39], and
disappears entirely at higher annealing temperatures [35,63,64].

3.3 Atom Probe Tomography

Multiple APT analyses were conducted for each specimen. All elements were randomly
distributed within the APT volumes for each of the three samples, as shown by the atom
maps in Figure 7. It is important to note that APT samples volumes are very small compared
to the size of the specimens and also to the areas that can be mapped by STEM-EDS.
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The fact that no segregation was observed in individual As-Printed APT samples does not
necessarily mean that no cell walls were analysed via APT or that there is no segregation of
certain elements to the cell walls, as has been previously reported [56]. Chen et al.
conducted correlative TEM/APT and observed no segregation in their APT data, although
they also observed no segregation to the cell walls in their STEM-EDS data [56].

Indeed, the lack of segregation detected within individual APT datasets in this study could be
due to multiple factors. Firstly, the APT volumes in the As-Printed specimen may have only
sampled volumes from within the cell cores, as has been observed within additively
manufactured Ni alloys [65] and would be unsurprising given that the STEM-EDS data in
Figure 6 indicates that the cell walls make up a small fraction of the total sample volume.
Secondly, it could be that the segregation of elements to the cell walls is fairly diffuse on the
length-scale of APT and is not highly concentrated versus the composition of the matrix; for
example, Figure 6 shows that there is some element enrichment at the cell walls, but this
enrichment is not particularly strong and appears diffuse over 50 — 100 nm, which is on the
same order of size as an entire APT volume.

To investigate which of the above options was most likely, the composition of individual
datasets in the As-Printed samples was investigated and compared to the compositions of
the heat-treated datasets. The vast majority of datasets had very similar compositions with
one another. However, there were some As-Printed datasets that had slightly higher levels
of Cr, Mn, V, and Mo within them (Figure 8), and we propose that it is likely that these
datasets sampled a cell wall or a region near to one. Interestingly, the distribution of
elements within these datasets appeared to be uniform, indicating that the enrichment of
segregating elements at cells walls may be quite diffuse. Whilst the measured composition
of the cell cores and cell walls are slightly different to those measured by STEM-EDS (Table
3), the trend for Mo, Cr, and Mn enrichment is consistent between both techniques.

When the average composition of the remaining As-Printed APT datasets, which we assume
are the cell interiors, was compared to the heat-treated samples, it is interesting to note that
the compositional measurement information presented in Figure 8 indicates there is no
appreciable difference in the average measured compositions. Since STEM-EDS observes
the dissolution of the cell structure after heat treatment and the redistribution of solute
elements, it may be expected that the heat-treated samples analysed by APT would contain
higher levels of Ni, Mo, and Si than the APT analyses of the cell cores in the As-Printed
samples. However, the small volume fraction of the cell walls in the sample and the only
slight enrichment of elements at them may explain why this is not observed.
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Figure 7 Representative atom maps showing the random distribution of Fe, Si, Mn, Ni, Mo, and Cr atoms in the
As-Printed, 1066 °C HT and 1150 °C HT samples.
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Figure 8 Plot showing how the mean composition measured by APT varies between the As-Printed — Cell Core
and Cell Wall, 1066 °C HT and 1150 ‘C HT samples. N.B. only voltage-mode experiments performed at or below
55 K were included in these compositional analyses.

Co was detected in all the volumes analysed by APT. The presence of Co is notable despite
the fact that it is in low concentration and is unlikely to have any major impact on the
mechanical properties of the additively manufactured components. Co is known to
transmute into ®°Co as a result of exposure to neutrons. %°Co has high radiation activity
levels after exposure to neutrons and, whilst it is present as an impurity in many alloys used
in the nuclear industry, the IAEA state that levels of Co should be minimised [66]. Since
some additively manufactured 316L components are proposed for use in the nuclear
industry, it is important that the Co levels within them are known and controlled and that the
origin of the Co is known. The APT results here demonstrate the importance of testing for
Co within the feedstock powder when it is sampled prior to the manufacture of components,
and also in ensuring that LPBF units that are used to print multiple alloys are thoroughly
cleaned between each batch to avoid Co contamination.

3.3.1 Effect of Analysis Conditions

The effect of APT analysis conditions on the quality of the data was investigated by varying
the operating temperature, laser pulsing energy, and using voltage-pulsing mode. No
surface migration [67] of any species was observed in voltage-pulsing mode whilst using
laser energies of 20 pJ was found to lead to the surface migration of P and Si atoms to
crystallographic poles. Figure 9 shows that the magnitude of this effect increased with
increasing laser pulse energy, which is consistent with the results of Hyde et al. when
analysing ferritic reactor pressure vessel steels [68]. Therefore the use of laser mode,
especially at higher laser energies, will reduce the spatial resolution of APT when studying
the distribution of Si and P atoms in 316L steels and should be avoided where possible.
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Figure 9 Increased surface migration of Si and P observed in the As-Printed sample with increasing laser energy
from a) voltage pulsing at 55 K to b) laser pulsing 20 pJ at 55 K to c) laser pusling 80 pJ at 50 K.

4. Conclusions

The results presented here demonstrate the importance of employing a range of
characterisation techniques across multiple length-scales in order to observe the complex
three-dimensional structures that arise in additively manufactured materials, and to study
their evolution under different heat treatments. For each technique used, it is crucial that
users are aware of how analysis conditions and data analysis decisions can impact their
observations. Specifically, APT data should be acquired under a range of experimental
conditions to determine which are most suitable, and variations in measurements between
datasets should be carefully interpreted. Meanwhile, EBSD data must always be presented
and described with reference to co-ordinate system of the printing direction — this is of
particular significance when performing texture analyses with respect to the printing or laser
scan directions in AM alloys.

Our EBSD results showed that applying heat treatment at higher temperature led to a greater
reduction in the morphological texture of the components, with melt pools and features due
to the powders/laser spot becoming less pronounced. However, grains in the 1150 °C heat-
treated sample were shown to be elongated in the build direction of the samples when
compared to the transverse directions; this is likely to lead to non-uniform mechanical
properties of the components. Heat treatments also led to the development of some twins
within the samples and appeared to strongly promote a crystallographic texture that favoured
<110> type directions in the build direction of the specimens.

Applying heat treatments at 1066 °C and 1150 °C lead to TEM observations of the dissolution
of the cellular microstructure and a more homogeneous distribution of solute atoms within the
material. APT revealed that segregation to the cell walls in the As-Printed samples may be
fairly diffuse, with only slight increases in the measured levels of Mo, Cr, Ni, and Mn; these
elements did not appear to show strong segregation behaviour to any particular feature in the
APT datasets, which may have contained a cell wall or may have been in close proximity to a
cell wall. This demonstrates the benefits of performing APT analysis on multiple volumes
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from different areas of an individual specimen, and the insights that can be made by carefully
comparing them with one another. Despite the dissolution of the cell structure as a result of
heat treatments, APT revealed no change in the atomic distribution of solutes within the
matrix. The application of APT did reveal the presence of Co in trace levels within the
material and highlights the importance of ensuring that feedstock materials and powders, and
printing units are free from impurities when producing components for nuclear applications.
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6. Appendix
Supplementary Figure 1

-

Supplementary Figure 1: (a) and (b) Bright-field images of 1066 ‘C HT sample. STEM-EDS maps of (d) Mn (d) Cr
(e) Mo and (f) Si demonstrating that there is no cell structure present. Images were collected on the [001] zone
axis with a probe size of 6C and a camera length of 8 cm. The electron current for the EDS maps was 15.2 A

7. Data Availability

The raw/processed data required to reproduce these findings cannot be shared at this time
as the data also forms part of an ongoing study.
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