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3. Void swelling of 316L steel starts with cavities near grain boundaries

4. Stereomicroscopy is a powerful methodology for loop nature determination

5. Dislocation loops were found to be interstitial type loops
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Abstract

Additive manufacturing (AM) is a promising technology for the design of materials with complex geometries
with reduced cost and material waste. In order to be used in the nuclear industry, the capability of AM
materials, in term of radiation resistance must be compared with materials elaborated in conventional ways. In
this work, the radiation resistance of 316L austenitic stainless steels (ASSs) elaborated by AM is compared to
a solution-annealed 316L ASS after irradiation with 5 MeV Fe>* for 3 dpa at 550 °C (873 K). After irradiation,
cavities are mainly located near grain boundaries for all studied alloys. Intra-granular cavities are only found
in the AM material after heat treatment and are likely to be remaining porosity already present before
irradiation. No cavities in intra-granular position are found in the conventional 316L ASS or in the AM material
after hot isostatic pressing (HIP) at 1100 °C. It suggests that the void swelling ASSs starts by the formation of
cavities at grain boundaries followed by a formation of cavities in intra-granular position, conventionally
studied. Loops in the AM material with a hot treatment at 700°C are heterogeneously distributed due to a
bimodal distribution of grains in terms of intra-granular misorientation. The intra-granular misorientation
drastically reduces the loop density after irradiation. Frank and perfect loops are found to be only interstitial-
type loops. The larger cavities’ size and the more advanced dislocations network in the AM HIP sample
suggests a slightly reduced radiation swelling resistance for the AM material but further investigations at higher

irradiation dose have to be done.

1. Introduction

Additive manufacturing (AM) is a technology to fabricate objects based on a layer upon layer process. It is a
promising methodology for many industrial fields as it allows to create complex geometries with a significant
reduction in cost and material waste [1]. In particular, selective laser melting (SLM) gets a lot of attention by

researchers for metals and alloys [2,3].

Austenitic stainless steels (ASSs) are used as structural materials in nuclear power plants due to its good
corrosion resistance and mechanical properties [4]. AISI 316 ASSs constitute the baffle bolts in pressurized-
water reactor (PWR) and are subjected to a high neutron flux and temperature ranging from 280 °C to 370 °C
[5]. Advanced ASSs are also promising candidates for fuel cladding in GenlV fast neutron reactors operating
at higher temperatures (400 °C — 650 °C) [6]. The microstructural evolutions of ASSs have been widely studied
in the past after neutron [7-12], ion [5,13-15] and electron [16-18] irradiations at different temperatures with
a particular interest given to their swelling [19]. It turns out that the initial metallurgical state, i.e. the density
of dislocations induced by cold-working versus solution annealing, concentration in some addition elements
as P, Cr or Ti [20], may impact the swelling [21]. According to Garner et al. [22] an incubation period is

observed at low doses for which the microstructure evolves but the material does not swell. Thus the duration



of such period depends on the type of ASSs (metallurgical state, composition in addition elements). At higher

doses, the material begins to swell with a quasi-constant gradient of 1%/dpa, independently of the type of ASS

[6].

To date, quite little work has been done on irradiated 316L or 304L ASS materials fabricated by additive
manufacturing [23-31]. The segregation of point defect clusters (vacancies and interstitials) which can evolve
in dislocation loops and/or cavities affect the motion of dislocations. Their presence may impact the material’s
strength and ductility [32]. Moreover vacancies induced by irradiation may promote atomic diffusion behind
segregation induced by irradiation or/and new phase formation. Irradiation defects clusters as dislocation loops
and precipitates may contribute to the swelling of the steel under irradiation. Therefore the introduction of
sinks for mobile point defects may be a way to develop swelling-resistant materials [33,34] but it will also
affect the mechanical properties. Meric de Bellefon et al. showed that a high density of closely space twins
leads to a higher resistance to void swelling [33].

Previous works [35,36] have shown that AM fabricated alloys usually present an as-built anisotropic
microstructure with a high density of point defect sinks such as dislocations, solidification cells, grain
boundaries, amorphous precipitates and also porosity. It has also been shown the strong effect of precursor
material (composition of the powders...), but after irradiation samples with different composition evolve
toward a similar state [30]. Thermomechanical treatments such as hot isostatic pressing (HIP) erase the
porosity, reduce the columnar grains and solidification cells microstructure while they are preserved after
stress-relieved heat treatments (HT). However in HIP AM fabricated 316L ASS, more precipitation is observed
than in HT AM 316L ASS [36].

The global evaluation of radiation resistance of AM 316L ASSs compared to the conventional 316L ASS is
complicated due to a large amount of metallurgical states studied in the literature (as built, thermally treated,
HIP, ...), with hardening effects depending on crystallographic anisotropic due to AM manufacturing process
[29]. Therefore, the capability of AM materials is still in debate in the literature [28] and the global
understanding of void swelling for AM materials is not yet completed. Depending on the studied AM materials
and its conventional reference (annealed, forged or cold worked), some AM ASSs seem to have a better
radiation resistance than conventional materials [23,31,37] and others lower [28]. For example, Shang, et al
and Li, et al. reported that an as-built AM 316L ASS exhibits a lower dislocation loops density than a 70%
cold worked 316L or a conventional coarse-grained 316L after irradiation in a temperature range from 450 °C
to 600 °C. If Hou, et al. [38] and Sun, et al. [24] reported a lower helium swelling rate for an as-built AM 304L
or an as-built AM 316L than conventional references (rolled 304L or forged 316L), Jiang et al. reported a
higher void swelling for all studied AM 316 L ASSs (as-built, HIP) than the cold-worked (10 to 40%
deformation) 316L materials studied [28]. Even if the cell structure dislocations induced by the AM process

can serve as defect sinks [25,39] (thanks to high-density dislocation at cellular walls absorbing irradiation-



induced dislocation loops), they seems to be less efficient to annihilate radiation defects than the dislocations

induced by the cold working [28].

The thermal treatment of AM materials after elaboration greatly influences the radiation tolerance of AM
ASSs. Most studies agreed that a thermal treatment over 1100 °C or a HIP of AM materials will provide a
better radiation resistance with a lower dislocation density and lower void swelling compared to the as-built
material [23,25,27,28].

In addition to the difficult evaluation of the global radiation resistance of AM materials, the loop nature formed
after irradiation (perfect and Franck loop nature, i.e. vacancy or interstitial) in AM 316L ASSs raises questions.
Indeed Shang, et al. recently reported the co-existence of vacancy and interstitial loops in a 316L ASS
irradiated with 3.5 MeV ions at 450°C [31] whereas Lin, et al. [26] reported only interstitial loops as usually
found in conventional ASSs [40].

Regarding these different results, the influence of the initial microstructural state of AM 316 ASSs on the
radiation damage needs some in-depth investigations such as the nature of the dislocation loops induced by
irradiation. The conventional reference should also be careful considered. As neutron irradiations are long,
costly and not easily accessible, ion irradiations are commonly used to screen the radiation resistance of

materials. They provide a good control of all irradiation parameters (temperatures, flux and fluences).

In this study, 316L-type ASS cubes were fabricated by SLM using a commercial 316L powder. The AM
fabricated materials were studied after: (i) a stress-relieved heat treatment (HT) and, (ii) a hot isostatic pressing
(HIP) at 1100 °C for 3 h. The aim of this study is to determine the influence of heat treatment and hot isostatic
pressure on the microstructure of AM fabricated 316L ASS after ion irradiation, for nuclear applications. The
AM fabricated samples are compared to a cold-rolled 316L ASS annealed at 1100 °C for 30 min followed by
guenching (SA 316L), which was subjected to the same ion irradiation. This paper is the first of a series that
will describe the global evolution of microstructure of AM fabricated 316L ASS after ion irradiation. It focuses
on the defects created by irradiation as dislocation loops and cavities, a second paper, for which analyses are
in progress, will focus on chemistry and in particular the evolution of precipitates and the phenomenon of
segregation under irradiation. Different techniques from transmission electron microscopy (TEM) were used
to characterize the HT, HIP and SA 316L ASS.

2. Experimental procedure

2.1. Raw material

Samples were prepared from a commercial 316L ASS powder supplied by Trumpf GmbH. More details about
the raw materials, the fabrication process and parameters and the heat treatments can be found elsewhere [36].
The reference is a cold-rolled, then solution annealed (SA) 316L ASS which was chosen for its close chemical

composition to the AM samples (Table 1). The heat treatments are summarized in Table 2



Table 1: Chemical composition of the 316L raw powder and of the SA plate (in wt. %).

Cr Ni Mn Si Mo C N O S P Fe
Trumpf 316L

17.55 11.75 1.15 0.45 2 0.018 0.088 0.023 0.007 <0.001 Bal.
powder
316L SA 17.44 12.33 1.82 0.46 2.3 0.024 0.060 - 0.001 0.027 Bal.

Table 2: Manufacturing conditions and heat treatment of the 316L ASS materials.

Sample Manufacturing
. Heat treatment
references condition
SA Cold-rolled Solution annealed (1100 °C/30 min)
followed by quenching
AM-As-built AM None
Heat treatment
AM-HT AM
700°C hold for 1 h
AM-HIP AM Hot isostatic pressing

1100°C hold for 3 h at 1800 bars under argon
2.2. TEM Specimen preparation

Slices of the materials were mechanically thinned to approximately 100 pm using SiC grinding discs and 1 pm
diamond paste finish. 3-mm discs were punched from these slices and thinned to electron transparency using
a Tenupol-5 twin-jet electropolisher. The voltage for jet-polishing was set between 20-25 V, the electrolyte
was a solution of 10 vol.% perchloric acid and 20 vol.% ether 2-butoxyethanol in ethanol and the temperature

was maintained to 5°C.

2.1. TEM imaging

Microstructural examinations were performed using a Thermo Fischer Scientific Tecnai G20 transmission
electron microscope (TEM) equipped with a LaBs filament operated at 200 kV and a charged coupled device
camera for images and diffraction patterns acquisition. Samples thickness were measured using convergent-
beam electron diffraction methods (CBED) [41] to calculate the density of cavities and dislocations after

irradiation.

The cavities were observed in overfocused TEM micrographs. The micrographs were recorded for specimen
tilted out of a zone axis to minimize the diffraction contrast created by the high density of dislocation loops
and lines. The statistical analysis of the cavities and dislocation loops was determined by image analysis using

Thermo Fischer Scientific Visilog Software.



The dislocation loop nature of the two type of loops formed in FCC materials: perfect and Frank loops,
respectively with a Burgers vector of a/2<110> and a/3<111>, was identified using the classical inside-outside
method within the First-Start/Right-Hand (FS/RH) convention [42] and/or the stereomicroscopy technic [43].

2.2. EBSD analysis

Electron backscattered diffraction (EBSD) analysis were performed to determine the mean misorientation
inside the grains also called the Grain Orientation Spread (GOS). The GOS is the average of misorientation
angles to the grain mean orientation. EBSD analysis were carried out on a Zeiss Sigma HD scanning electron
microscope (SEM) operated at 20 kV equipped with a Bruker e-Flash HR detector. The step size was 0.47 pm.
Data were post treated using the Bruker software Esprit. The mechanically polished samples were
electropolished using a perchloric acid solution (70% ethanol, 20% ether-butoxyethanol, 10% perchloric acid)

to remove irregularities and any deformation layer from the surface.

2.3. Irradiation

lon irradiation were performed at the JANNuS-Saclay facility (Joint Accelerators for Nanoscience and Nuclear
Simulation) using a 3 MV Pelletron accelerator [44]. Thin foil samples were irradiated at 823 K by 5 MeV
Fe®* ions at a mean flux of 1.75+0.4 x 10% Fe>*.cm?.s™. A high temperature of irradiation was chosen to be
more representative of fast neutron reactors conditions. The fluence is estimated to be 1.3+0.3 x 10'¢ ions.cm
2, The implanted Fe® ion depth at 5 MeV and the damage profile of displacement per atom (dpa) were
calculated using Stopping and Range of lons in Materials (SRIM2013) [45]. The Kinchin - Pease model was
used for a quick damage estimate with a displacement threshold energy for Fe of 40 eV [ASTM E693]. The
damage and implanted ions profiles are given in

Figure 1. A damage of 3 dpa was therefore observed in the first 200 nm of the samples.
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Figure 1: Evolution of the damage and the Fe®* implantation depth, calculated using SRIM with Kinchin-

Pease model. The observed area after is framed in blue.



3. Results

3.1. Microstructure before irradiation

The materials were thoroughly characterized before irradiation. The AM materials, before and after HT,
present a strong epitaxial orientation in the <110> direction along the build direction (BD). The grains have
an internal sub-cell structure defined by a high density of tangled dislocations, which disappears after HIP
treatment. The EBSD maps reveal a stronger intra-granular misorientation for AM materials than SA ASS and
a bimodal distribution of grains for the AM-HT ASS (Figure 2). Some grains of the AM-HT ASS have a strong
intra-granular misorientation, higher than 20°, but most grains have a misorientation lower than 10°, such as
all the grains in the SA and the AM-HIP ASSs. More details about the samples microstructure in terms of

porosity and dislocation density before irradiation can be found elsewhere [36].
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Figure 2: EBSD maps of the misorientation inside the grains also called the Grain Orientation Spread (GOS) for: (a) the cold-rolled
SA, (b) the additive manufacturing 316L after heat treatment, AM-HT and (c) after hot isostatic pressure treatment, AM-HIP.

3.2. Microstructure after ion irradiation

3.2.1. Cavities

Voids are observed in all of the irradiated 316L and are heterogeneously distributed in the samples (Figure 3).
Figure 4 shows the relative frequency of the cavities’ apparent diameter and the mean diameter and density

are summarized in Table 3.

Heterogeneous segregation of the cavities at grains boundaries (GBs), cell boundaries and around precipitates
is observed in the three samples, as shown in Figure 3 (a, b and c¢). Almost no cavity is seen away from these
sinks in the SA and HIP samples contrary to the HT sample where some cavities are seen inside the grains. In
the reference SA sample, the apparent diameter of the cavities ranges between 2-34 nm, and 81 % of the
cavities are smaller than 10 nm. The HT sample exhibits a high population of cavities smaller than 5 nm, as
opposed to the SA and HIP samples. Those small cavities are segregated at grain and cell boundaries, and

aligned along dislocation lines. Larger cavities (diameter > 40 nm) are also observed in the HT sample in



intragranular position and are likely to be remaining porosity that were already present before irradiation [32].
It has to be noted that they are facetted.

The HIP sample, which did not present any porosity before irradiation [36], presents cavities’ size ranging
between 2-20 nm. As opposed to the HT sample, no cavities with a diameter larger than 20 nm were observed
and the cavities are heterogeneously distributed in the sample. In fact, they were only observed at grain

boundaries, and none were observed within the grains or at twin boundaries.

316L Austentitic stainless steels
Ion irradiation at 550°C up to 1.3+0.3x101¢ Fe5*/cm?

SA AM-HT AM-HIP

Figure 3: TEM micrographs of: (a, d) SA, (b, €) AM-HT, (c, f) AM-HIP 316L materials after 3 dpa irradiation, showing segregation

of cavities at grain boundaries (a-c) and dislocation lines and loops (d-f).
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Figure 4: Relative frequency of the cavities diameter in AM 316L (HT and HIP) and SA specimen irradiated at 3 dpa.

Table 3: Mean apparent diameter (d) and density of the cavities, <111> dislocation loops and dislocation lines in 316L samples before
[36] and after irradiation at 3 dpa. *After irradiation, the formation of cavities is very heterogeneous: they are located inside the grain
boundaries; therefore the calculated density is the one near grain boundaries. Within the grains, the density would be near 0.

Before irradiation 3 dpa
Cavities Lines Cavities Loops <111> Lines
d p (102m™3) p (10*2m2) d p (102 m3) d p (10%m3) p (10m™2)
SA not observed <1 92+04 06x0.1* 734 0.17+0.01 7.9
AMHT 29+1 0.12 £0.06 ~10 7.1+0.2 10x03 1209 0.03+0.01 50-67
AM HIP not observed 1.3 123+03 05%+01* 110%7 0.10 £0.03 100

3.2.2. Dislocations

Before irradiation, only a few dislocation lines were observed in the SA 316L ASS, some remained in the not
re-crystallised grains in the HIP sample, and all grains in the HT sample contained a high density of tangled

dislocations [36].

After irradiation, a high density of dislocation lines and loops are observed. In all studied materials, both
perfect loops with a Burgers vectors ¥%<110> and Frank loops with a Burgers vectors of 1/3<111> are

observed. Frank loops (Figure 3 d-e-f) exhibit a fault contrast in their habit plane with a diffraction vector

9



{200} whereas perfect loops do not. Dislocation loops size and density are summarized in Table 3. Loops and
lines are homogenously distributed in both SA 316L ASS and the AM HIP but they are heterogeneously
distributed in the AM HT sample. Indeed some grains have almost no dislocation loops whereas other have a
dislocation density comparable to the two others as one can see on Figure 5.

AM-HT AM-HT
Z=[101], g=(020) Z=[013], g=(200)

A

Figure 5: TEM micrographs of the AM-HT 316L alloy after 3 dpa ion-irradiation at 550 °C showing the heterogeneity of dislocation
loop distribution between grains. Images are taken in Kinematic Bright Field conditions near the [101] zone axis and along the (020)
diffraction vector (left) or near a [013] zone axis along the (200) (right). The first grain on the left exhibits only one dislocation loop
and the second grain, on the right, has a higher dislocation density. The diffraction patterns of the micrographs are on the top corner

for both images.

As the dislocation loop’s nature in austenitic steels after ion-irradiation raises some questions in the literature,
the nature of both perfect and Frank loops was identified using the stereomicroscopy technic with the First-
Start/Right-Hand (FS/RH) convention in all samples [42].

The determination of the loop nature using the stereomicroscopy technic gives the same result as the
conventional one as illustrated for the Frank loop circled in blue in Figure 6. The determination of loop nature
by stereomicroscopy does not involve Burgers vector and the habit plane but only 2 parameters: the loop
inclination versus the diffraction vector and the loop contrast (inside or outside). The loop inclination is
identified by comparing the size of the loop in 2 TEM images taken with the same loop contrast for two foil

inclinations.

The loop nature determination for both Frank loops and perfect loops for the SA 316L ASS is illustrated in
Figure 6. The Frank loop circled in blue in Figure 6 (a) is out of contrast for the diffraction vectors (202),
(022) and (220) so its Burgers vector is +1/3[111]. As it has an inside contrast for g=(020) (Figure 6 (a))
and outside contrast for (020) (Figure 6 (e)), the scalar product g.b is negative (<0) for g=(020) so its Burgers

10



vector is 1/3[111] in FSRH convention. As a Frank loop has always its normal to its habit plane (n) collinear
to its Burgers vector, the sign of the scalar product g.n is the same as g.Z (with Z zone axis) and is positive.
As g.n>0, in FSRH convention, the Frank loop is an interstitial type. The same nature is found using the
stereomicroscopy technics [43]. By comparing the width of the blue loop between in Figure 6 (a) and (b),
where it has an inside contrast, with respectively Figure 6 (e) and (f), where the loop has an outside contrast,
the blue loop is larger for the lowest alpha tilt ((b) and (f)). Considering the rotation sense of alpha between
the two images (indicated at the top of Figure 6), the orientation of the blue loop can be deduced and is
illustrated in Figure 6 (a) and (i). For g=(020), the blue loop has an inside contrast so g.b<0. Considering, the
loop orientation and the sense of the diffraction vectors, the Burgers vectors is pointing in the same direction
as the normal to its habit plane (b.n>0). The blue loop is therefore an interstitial type. The same analysis can
be done for the perfect loop circled in red in Figure 6 (a). As the red loop is larger is Figure 6 (a) and Figure 6
(e) thanin Figure 6 (b) and Figure 6 (f), the right side of the loop is higher than the left size. The loop orientation
is illustrated is Figure 6 (a) and (j). As the red loop has an outside contrast for g=(020), g.b>0 and the burgers
vectors is pointing in the same direction as its normal to its habit plane. The perfect loop is therefore interstitial.
The loop nature determination was run on dozens of loops and always gave the same result: both Frank loops
and perfect loops are interstitial-type loops.
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316L Austentitic stainless steel (SA)
HT 1000°C-30min - 1.3+£0.3x101° Fe>*/cm? - 550°C
a) Z=[101],g=(020) b) Z=[121],g=(111) ¢) Z=[101],g=(202) d) Z=[101],g=(111)

a=11°, B=-3° a=-44°, B=9° a=1,42°, B=3° a=5°, B=0°
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Figure 6: TEM micrographs of the SA 316L ASS after 3 dpa ion-irradiation at 550°C taking in weak beam dark field conditions for (a-
b), (d-f) or kinematics bright field mode for (c), (g-h) in different diffraction conditions indicated above micrographs. The dark arrows
on images (a-h) show the sense of diffraction vector selected for the micrographs and the diffraction patterns are in the corner of all
images. The rotation sense of alpha tilt (when alpha increases) around the x axis for all micrographs is indicated above the micrograph
(a). The schematic representation of a Frank loop circled in blue and perfect loop in red in (a) and (b) is superposed on image (a). The
determination of the two loops’ nature using stereomicroscopy in FSRH convention is illustrated in (i) and (j). (k) Table of Frank loops
visibility for the used g of micrographs (a-h). (i) Determination of the nature of the Frank loop circled in blue in (a), using the convention

method (Burgers vector determination and inside-outside contrast) in the FSRH convention.

Some loop nature determinations for the AM HT 316L ASS are illustrated for 4 Frank loops in Figure 7 and
for two other loops in Figure 8. On the dozen of loops analysed, only one loop was found to be vacancy type.
This loop is circled in green in Figure 8. In the Figure 8, the loops circled in blue and in green have both a

12



larger projection perpendicularly to the y axis for the highest B tilt (TEM micrograph in the middle). Their
orientation towards the diffraction vector selected (020) is therefore identical. Nevertheless their inside-outside
behaviour for g=(020) and (020) is the opposite. The loop circled in blue has an inside contrast for g=(020)
(9.b>0) and is therefore an interstitial-type loop (b.n>0) and the loop is green has an outside contrast for
g=(020) (g.b<0) and is therefore a vacancy-type loop.

316L Austentitic stainless steel -Additive manufacturing (HT)
AM-HT 700°C-1h - 1.3%£0.3x10'¢ Fe5*/cm? - 550°C
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Figure 7: TEM micrographs of the AM HT 316L ASS after 3 dpa ion-irradiation at 550 °C taken in weak beam dark field conditions

for (020) (a, a1, az, as, b, by, bz, bs) and (020) (c, c1, Cz, c3) either close to a [101] or a [001] zone axis as indicated above the micrographs.
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Images xu, X2, X3 are enlargements of images x (x=a, b, ¢)- The dark arrows on images show the sense of diffraction vector and the
diffraction patterns are in the corner of images (a), (b), (c). The rotation sense of the a tilt (when a increases) and the rotation sense of
the 3 tilt are indicated in (d) and (e). The determination of loop nature for 3 Frank loops circled in green, blue and red in figures (a, b)
is illustrated in (f), (g), (h). The loop inclination and the direction of the diffraction vector are deduced from image (ax) and (bx).

316L Austentitic stainless steel- Additive manufacturing (HT)
AM-HT 700°C-1h - 1.3%£0.3x10'¢ Fe5*/cm? - 550°C

g=(020), a= -15°, B=9° g=(020), a= -27°, p=8°

Figure 8: TEM micrographs of the AM HT 316L ASS after 3 dpa ion-irradiation at 550 °C taking in kinematic bright field conditions
for (020) and (020). The white arrows on the images show the sense of diffraction vector and the diffraction patterns are in the corner
of images. The rotation sense of the a tilt (when a increases) and the rotation sense of the B tilt are indicated below TEM images. The

orientation and nature of the two loops circled in blue and green are illustrated below the TEM images. The loop circled in blue is an

interstitial type loop and the one circled in green is a vacancy-type loop.
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The loop nature determination for the AM HIP 316L ASS is illustrated for 2 Frank loops and 2 perfect loops
in Figure 9. The orientation of each 4 loops is deduced from the images (c) and (d) by comparing their size
perpendicularly to the p tilt axis (vertical size) considering the sense of 3 rotation indicated in Figure 9 (f). The
orientations of the 4 loops are indicated schematically in Figure 9 (g to j). The Burgers vector of the loops
circled in blue and orange can even be deduced from their orientation and the stereogram in Figure 9(0).

Indeed, their contrast in Figure 9(a) indicated that they are Frank loop with a §<111> type Burgers vector. Due

to their orientation, the loop circled in orange has a Burgers vector of % [111] and the one in blue %[11 1]. The

nature of the four loops is deduced from their orientation versus the diffraction vector and their inside-outside

contrast. Each loop are interstitial-type loop as shown in Figure 9 (k to p).

316L Austentitic stainless steel - Additive manufacturing (HIP)
AM-HIP 1100°C-3h- > 1.3+0.3x10'6 Fe5*/cm? - 550°C

Z=[101], g=020 =020 g=-1-11 g=-1-11

_[0.4.01
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[114) [1.1,1]

0.1 [1L30]

k
r101) ooy phy 87 g

e L)
. 0-1,1] (1-10)
[-1-1.1] H11)

e
[0.-1,0]

Loo, b Contrast for gb
P direction g=(020) for g=(020)

b Nature

Orange  [111] Inside <0 a/3[111] Interstitial
Blue [111] Outside >0 a/3[111] Interstitial

Inside contrast

Figure 9: TEM micrographs of the AM HIP 316L ASS after 3 dpa ion-irradiation at 550 °C taking in kinematic bright field conditions
(c and d) and weak beam dark field conditions (a, b, g-j) for (020) (a, g-j), (020) (b), (111) (c and d). The white arrows on the images
show the sense of diffraction vector and the diffraction patterns are in the corner of the images. The rotation sense of the a tilt (when o
increases) and the rotation sense of the B tilt are indicated in (e and f). The stereogram of Ni in the [101] zone axis allowing to deduced
the Burgers vector of the loops circled in blue and orange in (a). Table (p) indicates the nature of the loops circled in blue and orange

taking into account their Burgers vector and their inside-outside behaviours.

To summarize, the interstitial nature of both perfect and Frank loops was identified by the First-Start/Right-
Hand (FS/RH) method using stereomicroscopy technic in all samples. Only one vacancy-type loop was
detected in the HT sample near an interstitial-type loop and is not representative of the global loop nature.

Dislocation loops size and density are summarized in Table 3.
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4. Discussions

4.1. Cavities

Interestingly, the average diameter of the cavities formed in our samples is significantly larger than the one
reported for conventional 316L irradiated at the same temperature (550°C) and for approximately the same
dose[14]. Jublot-Leclerc et al. reported a diameter around 2.5 nm for a 316L irradiated at 550°C and 4 dpa
with 4 MeV Au?* [14]. Here the average diameter of the cavities has a comparable size to the one reported in
other AM 316L specimens irradiated at 500 °C but for higher doses [25,28]. Indeed, Meric De Bellefon et al.
and Jiang et al. reported a size of cavities around 15 nm for a fully recrystallized sample [25] or a HIP sample
[28] irradiated at 50 and 100 dpa. One can wonder why the studied samples here have such large cavities for
such a low fluence (3 dpa). One explanation is the localization of the studied cavities: they are located at point
defects’ sinks (GBs, precipitates and dislocation walls). In the literature the studied cavities are in intra-
granular position contrary to this study where almost no cavity are seen inside the grains (except for the AM
HT sample). Few studies in the literature mentioned cavities at GBs [5,12,46] or near GBs [47] in austenitic
steels. Sometimes these inter-granular cavities/porosities are considered to be sample preparation artefacts and
are attributed to intergranular precipitates/oxides that were removed during electropolishing [12]. Here as the
samples were irradiated as thin foils and had not intergranular cavities prior to irradiation, the cavities can not
be considered as sample preparation artefact.

Interestingly, Ayanoglu et al. claimed that cavities should form preferentially in the vicinity of grain boundary
[46]. Our results suggest that cavities first formed at sinks (GBs, dislocation and precipitates) before forming
inside the grains. The size of the cavities at grain boundaries in other studies should be significantly larger than
the one reported. The theory of cavity growth sits on the segregation of vacancies. The absorption energy of
vacancies and interstitials by a cavity is identical. Therefore for cavities to grow, the absorption of interstitials
towards other sinks than cavities, has to be stronger than the one of vacancies, which is the case for dislocation
lines and loops. As grain boundaries (GBs) are a powerful sink for point defects, a large amount of vacancies
are driven towards GBs. This might explain the formation of cavities in a first step at GBs followed by a

formation in intra-granular position which are accounting for void swelling.

The only sample with intra-granular cavities is the AM HT sample. These intra-granular cavities are four times
larger than the ones along GBs (average diameter of 30 nm compared to 7.2 nm) which is contrary to a two
steps mechanism of cavity formation. Nevertheless, the cavities are likely to be the ones already present before
irradiation [36]. They can either be induced by the SLM process or by the sample preparation (oxides falling
out of the thin foil).

If we compare the SA and the AM HIP samples, the localization of the cavities is the same. The cavities are

slightly larger in the AM HIP sample presuming a larger void swelling at higher dose that has to be confirmed
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with future irradiation. One reason could be some argon trapping during the AM process that enhanced the

cavity formation during irradiation.

4.2. Dislocation loops

A high density of dislocation loops and lines in the samples after irradiation are observed. Both faulted
1/3<111> Frank loops and 1/2<110> perfect loops are formed under irradiation at 550°C.

Under irradiation, the microstructure of FCC materials evolves, different type of defects are reported. At low
dose, black dots appear and grow. The nature of these dots raise questions in the literature as they are too small
to be clearly identified as loop [14]. Once these black dots have a certain size they are identified as Frank
loops. Frank loops grow and unfault into perfect loops. As perfect loops can glide, they interact with other
dislocation loops to formed dislocation lines and a network [6,19,48,49]. Once the network is formed the size
and density of loops slightly reduce [50]. Void swelling of austenitic steels starts after a threshold dose at
which the dislocation network reaches saturation [6,49]. Therefore, even if void swelling is related to cavity
formation, it is also indirectly strongly linked to the formation of dislocations at low dose. For a same
composition, a delay in the formation of dislocation loops and in the dislocation network might imply a delay
in the cavity formation. Here, the lower density of Frank loops combined with a higher density of dislocation
lines in the AM HIP sample compared to the SA sample seems to indicate a more advanced microstructure
evolution for the HIP sample. It could be the sign that the radiation resistance of HIP sample is lower than the
one of SA sample. Assuming the AM HIP and the SA samples would have the same density of saturation for
the dislocation network, a more advanced dislocation network in the AM HIP sample would imply a lower
threshold dose for void swelling for the AM HIP sample than the SA sample. This assumption has to be

confirmed with a higher dose irradiation.

The low <111> dislocation loops’ density of the AM HT material compared to AM-HIP and SA samples raises
guestions. It could be the sign of a low nucleation rate of <111> loops due to the high proportion of dislocation

lines’ density before irradiation. Low dose irradiations should be performed to check this hypothesis.

It is interesting to note that the distribution of loops in the AM HT sample is very heterogeneous. Indeed some
grains exhibit a density of loops comparable to the AM HIP and SA samples whereas others have almost no
loops (Figure 5). This strong heterogeneity can be understood considering the EBSD maps of the intra-granular
misorientation and the fact that an initial dislocation network induced a lack of Frank loops after irradiation
[48,51-53]. The dislocation network is a powerful sink for irradiation defects and enhanced their
recombination. As a result, the initial dislocation network recovers [51-54] and the formation of Frank loops
is inhibited up to dozens of dpa [51,52]. In this study, the EBSD maps of the AM-HT ASS in Figure 2 highlights
the co-existence of two types of grains. One has an intra-granular misorientation lower than 10°, like AM -

HIP and SA grains, and other with a strong intra-granular misorientation higher than 10°. As an intra-granular
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misorientation is related to the density of dislocation lines/network [55-58], the low intra-granular
misorientation grains behave like the HIP and the SA samples, i.e. they exhibit some dislocation loops. The
high intra-granular misorientation grains with a high density of dislocation line induced by the AM process
have almost no loops after irradiation. It is likely that the intra-granular misorientation enhanced the defect

recombination. .

In all samples, dislocation loops are interstitial-type loops as predicted by the rate theory [59]. Only one
vacancy type loop was found in the periphery of an interstitial-type loop. Urban et al. previously observed this
phenomenon in irradiated nickel and supposed a stabilization of vacancy-type loops due to the compression

induced by the interstitial-type loops [60].

5. Conclusions

316L ASS fabricated by additive manufacturing (AM) were ion irradiated at 550 °C up to 3 dpa and compared
to a solution annealed 316L ASS. We found that in terms of cavity mean size, density and distribution, the HIP
AM 316L presents very similar results to the SA 316L ASS material. The cavities were located at grain
boundaries indicating the internal void swelling commonly studied in the literature did not start yet. Both of
those samples were free of pores and presented similar grain size prior irradiation. On the other hand, the HT
AM ASS sample shows a high density of cavities, mostly located at grain boundaries with a range of size from

2 to 80 nm but also inter-granular cavities likely to be the porosities already present before irradiation.

Our observations of cavities at grain boundaries and not inside grains for the AM HIP and SA 316L ASSs
suggest that the void swelling of ASS starts by the formation of cavities at grain boundaries followed by a

formation of cavities in intra-granular position.

In all samples, dislocation loops were found to be interstitial type loops. Considering the formation of <110>
and <111> dislocation loops, it was found that the AM samples present similar densities as the reference
sample after irradiation. However, the AM HIP material exhibits larger <111> dislocation loops and lines
density than the reference sample. The more advanced dislocation network in the AM HIP sample suggests a

slightly reduced radiation swelling resistance.

The AM HT microstructure is highly heterogeneously contrary to the SA and the AM HIP coming from a
strong intra-granular misorientation heterogeneity. Grains with a high intra-granular misorientation seems to

have very few dislocation lines and loops.

Further studies are required to understand the effect of those defects on mechanical properties, as well as the

influence of precipitations formed under irradiation, which will be the purpose of a second paper in preparation.
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