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Abstract

This study was conducted on 316L material produced by additive manufac-
turing, laser powder bed fusion process, with four heat treatment conditions:
stress relief, low and high temperature solution annealing and hot isostatic press-
ing. The materials were neutron irradiated in the Belgian material testing re-
actor BR2 at 300 0C and with a dose up to about 4 dpa. Charpy impact and
tensile test results revealed that all materials gradually harden and loose ductil-
ity with increasing dose. At the highest dose, the decrease of absorbed energy
is the largest for the high temperature solution annealed sample, of about 60
% from its initial value, while the stress relieved material exhibits the smallest
reduction, of about 20 % from its initial value. Yield stress is observed to be
more sensitive to neutron dose than tensile stress. The bigger initial hardening,
the smaller irradiation hardening. In addition, all 316L additive manufactured
materials reach the same hardening level of about 600 MPa at a dose of about
4 dpa. Most probably, initial contribution to hardening, originating from dislo-
cation density differences between material batches, is gradually overtaken by
irradiation induced defect contribution that becomes the most dominant con-
tribution to hardening at 4 dpa and explains the convergence of yield stress
values. Depending of the dose and the heat treatment conditions, the yield
stress values of all batches lay below the material constitutive model of irra-
diated solution annealed 316L stainless steel. These results could potentially
indicate a beneficial effect of the additive manufacturing process to irradiation
hardening resistance of 316L stainless steel.
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1. Introduction

Rapid advancements in additive manufacturing (AM) technologies are driven
by the opportunity for industries to revolutionize the global part manufacturing
and supply chain landscape. They are now opening up opportunities for nu-
clear industry to build complex components while reducing cost, time, energy
consumption and carbon footprint [1, 2]. In that context, austenitic stainless
steels are one of the main target to be used for the reactor core and primary
coolant system components, since they offer a good combination of strength,
ductility, and toughness, together with low sensitivity to oxidation-corrosion
and superior irradiation resistance [3, 4]. Moreover, these steels produced by
Laser Powder Bed Fusion (L-PBF) process are considered to be suitable candi-
dates for the production of nuclear power plant (NPP) reactor core components
[5, 6, 7, 8]. One of the reasons for this interest is that L-PBF process prevents
the formation of excessive ferrite phase during rapid cooling, and that 316L
stainless steels produced by this process maintain their high oxidation resis-
tance, at an equivalent level or even better than their wrought counterpart [9].
The microstructure of 316L produced by LPBF process is different from that of
conventionally manufactured 316L steel, as a result of a specific layer-by-layer
construction, the use of a powder feedstock, local melting and rapid solidifica-
tion processes [1]. Specific microstructural features of AM 316L usually include
columnar grains elongated along the building direction, intragranular solidifica-
tion cells, dislocation substructures at cell boundaries, oxide nanoparticles and
increased porosity compared to wrought alloys [6, 7, 10]. The impact of these
microstructural features to tensile and fracture properties has been evaluated
in much detail in out-of-pile conditions [11, 12, 9, 13, 14, 8, 15, 16, 17]. Most of
the mechanical test results are observed to depend on the grain orientation and
porosity anisotropy, with some sensitivity to oxide nanoparticles coarsening and
grain boundary segregation. As compared to conventionally produced 316L, the
316L L-PBF offers, in as-built state, a very high strength ( 600 MPa) together
with high elongation values (> 20%) [18]. This tradeoff is dependant on the
size and orientation of the dislocation cell structures, but is mostly affected by
the post-build thermal treatment that could reduce or suppress these cells [18].
From Charpy impact tests, absorbed energy of 316L L-PBF is usually found to
be below the values typically observed for wrought 316L stainless steel [16, 17]
with a scatter that can be quite high (20 to 200 J) depending on the manu-
facturing process parameters [22]. For this alloy it was also demonstrated that
both fracture toughness at crack initiation and crack propagation rates can be
positively correlated to Charpy absorbed energies at crack initiation and crack
propagation (as assessed through instrumented Charpy testing), respectively,
indicating that the same physical mechanism is responsible for cracking in two
type of tests [17].
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Despite this significant progress, it is important to consider that in most
cases the replacement of standard NPP reactor core component manufactured
by the L-PBF technology should include a demonstration of the quality and
safety of the materials under representative NPP operating conditions (i.e. with
corrosive and irradiation environments) [23]. Literature already exists in an ir-
radiation context for 316L L-PBF, but it is usually focusing on swelling and
microstructural evolutions due to the type of particles used (ions or protons)
[24, 25, 26, 27]. These works highlight that the mechanisms in 316L L-PBF
are similar to the one in the wrought counterpart, but with some quantita-
tive variations due to the initial microstructure features. For example, during
swelling analysis, at temperatures above 300 0C, a comparable low rate between
wrought and L-PBF heat treated samples is observed, while suggesting a ten-
dency towards a reduction of the resistance to swelling when the microstructure
contained initial dislocation densities [27]. On the other hand, these microstruc-
tural investigations after ion irradiation up to 5 dpa indicate that dislocation
cellular wall structures may act as effective sinks for irradiation induced de-
fects and may reduce the final dislocation loop density induced by irradiation.
Essentially, no significant drawback regarding the use of 316L L-PBF materi-
als in nuclear environment were identified with these ions irradiation programs.
Despite the strong interest, these studies suffer from two disadvantages: (i) a
high amount of characterization are needed at the local scale to try to predict a
global (volume) property of the alloys, (ii) similarly, any bulk mechanical tests,
such tensile test, is inhibited by the local nature of these radiation tests.

To go beyond investigations based on ion irradiation and to provide quan-
titative assessment of bulk properties, neutron irradiation are required. Such
kind of irradiation and post irradiation examinations (PIE) are scarce and only
limited information is provided [28, 29, 4]. Byun et .al . [4], conducted neutron
irradiation at 300 0C and 600 0C with dose levels of 0.2 and 2 dpa. Concerning
irradiation at 300 0C temperature, the radiation hardening was observed to be
lower in as-build and stress-relieved L-PBF stainless steels than in the weaker
solution-annealed L-PBF and the reference wrought steel [4]. Despite signifi-
cant ductility drop in the sample with as-built condition, no embrittlement (i.e.
failure before yielding) was observed within the irradiations conditions explored
by the authors, suggesting good applicability of 316L L-PBFfor in-core reactor
applications [4]. The present work, executed within the NUCOBAM EU pro-
gram [30] is, in a way, a continuation of Byun’s et .al . investigation [4], as it is
providing new bulk mechanical results to evaluate the ability of 316L L-PBF to
withstand neutron irradiation. In this study, in addition to stress relieve and
low-temperature annealed samples, the high temperature annealed and HIP-ed
samples are also investigated, complementing the previous works.

Post-built stress relieve, solution annealing and high temperature HIP treat-
ments of the L-PBF samples are selected for neutron irradiation and post irradi-
ation examination in order to provide additional information on the irradiation
sensitivity to the initial L-PBF microstrures. As described in the next sessions,
by reaching several fluence levels in the range of 0.5 to 4 dpa, this work brings
additional insight on the damage kinetics in 316L L-PBF stainless steel.
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element (wt.%) C Si P S Cr Mn Ni Co Mo O N Fe
316L ss reference 0.044 0.53 0.022 0.009 17.0 1.79 12.8 0.07 2.68 bal
316L ss powder 0.02 1 0.01 0.004 17.8 0.8 12.6 0.03 2.30 0.09 0.02 bal

Table 1: Nominal composition of the 316 stainless steel reference and the 316L powder used
in this study.

Batch Process Post-built treatment Metallurgical state Porosity Direction
AM316-SR L-PBF 650 (0 C) As-build AM < 1% Z ⊥building platform

AM316-SA1066 L-PBF 1066 (0C) Annealed, partially recrystallized < 1% Z ⊥ building platform
AM316-SA1150 L-PBF 1150 (0C) Fully recrystallized < 1% Z ⊥ building platform
AM316-HIP L-PBF 1150(0C), P > 100 MPa Fully recrystallized < 1% Z ⊥ building platform
Reference Cold worked bar Cold-worked No longitudinal

Table 2: Materials and metallurgical conditions.

2. Experimental

2.1. Materials

Four identical platforms containing different test specimens were printed us-
ing SLM Solutions 125HL LPBF machine using standard 316L scanning strategy
and process parameters defined by the machine manufacturer for 30 µm layer
thickness. Argon was used as a shielding gas for the duration of the manufac-
turing process. Chemical composition of the used powder is given in Table 1.
The machine was operated under nominal parameters to get (i) a porosity level
lower than 1% [31], (ii) and an as-built microstructure typical of 316L described
in the literature [9, 18]. Each set of manufactured samples was subjected to a
different heat treatment cycle: 1) stress relief at 650 0C (batch AM316-SR), 2)
solution anneal at 1066 0C (batch AM316-SA1066), 3) solution anneal at 1150
0C (batch AM316-SA1150) and 4) hot isostatic pressing treatment with pres-
sure > 100 MPa (batch AM316-HIP). An additional batch, from a conventional
cold-worked 316L material bar, was also selected for comparison purposes, see
Table 1.

From these batches, three kinds of samples were extracted by conventional
machining: (1) Sub-sized (3x4x27 mm) Charpy samples, for tests at room tem-
perature according to ISO 14556 standard [32], (2) flat mini tensile test samples
(1.5x4.2x18 mm3) for tensile tests at 300 0C according to ASTM E21 standard
[33], and (3) transmission electron microscopy samples in the form of thin plates
(0.5 mm thickness).

2.2. BR2 irradiation

The goal of NUCOBAM irradiation program is to study bulk properties of
L-PBF 316L materials in representative reactor conditions. For that purpose
neutron irradiation was performed in the BR2 materials testing reactor of SCK-
CEN at 300 0C. The samples were placed in the standard aluminium capsule,
with a total length of 80 mm. Each capsule accommodated two identical sam-
ple sets (two batches and the reference samples) in two floor layout, see Fig.
1. Each capsule floor contains: Two mini-Charpy AM specimens, four tensile
specimens and two TEM plates of AM material. In addition, besides standard
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Figure 1: Drawing of the BAMI capsule.

capsule inner parts, fillers and spacers are introduced in the capsule to reduce
the open space and to improve thermal conductivity. The capsules with samples
were loaded in an un-instrumented basket for material irradiation (BAMI) that
is positioned inside six-plate fuel element.

This irradiation condition provides neutron flux up to 2.5 × 1014n/cm2s
(E > 1MeV), and enables to reach neutron dose of about 0.7 dpa within one
BR2 cycle (typically 4 week long). The capsules were gas filled and sealed, in
which case the irradiation temperature is determined by neutron heat contribu-
tion at specific irradiation position, the mass of the samples, the composition
of the gas as well as the spacing between the samples and the cold wall of the
capsule. Maximum two capsules per channel were irradiated at flat neutron flux
position (around mid-plane), allowing stable and uniform irradiation tempera-
ture. Total neutron fluence is obtained from the Fe dosimeter prepared from
certified reference material IRMM-524A. Each capsule contained two dosime-
ters in the form of circular disk, positioned at the top and at the bottom of the
capsule.

The summary of the NUCOBAM irradiation conditions is presented in Table
3.
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Capsule Materials No. of cycles Irr. T (0C) Dose (dpa)
NU01 AM 316-SR, AM 316-SA 1066, CW 316-Ref.A 1 317 ± 40 0.84
NU02 AM 316-SA 1150, AM 316-HIP, CW 316-Ref.B 1 280 ± 25 0.56
NU03 AM 316-SR, AM 316-SA 1066, CW 316-Ref.A 3 303 ± 21 2.2
NU04 AM 316-SA 1150, AM 316-HIP, CW 316-Ref.B 3 307 ± 14 2.3
NU05 AM 316-SR, AM 316-SA 1066, CW 316-Ref.A 6 300 ± 29 4.2
NU06 AM3 16-SA 1150, AM 316-HIP, CW 316-Ref.B 6 291 ± 35 3.8
NU07 AM 316-SR, AM 316-SA 1066, CW 316-Ref.A 4 309 ± 42 3.0
NU08 AM316-SA 1150, AM 316-HIP, CW 316-Ref.B 4 297 ± 36 2.9

Table 3: NUCOBAM irradiation conditions
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Figure 2: Typical result of an instrumented Charpy impact test, showing load vs time and
absorbed energy of NUCOBAM AM 316 solution annealed at 1066 0C specimen irradiated to
3 dpa.

2.3. Mechanical tests

Charpy impact tests were performed with aWolpert PW5 test setup, equipped
with ISO instrumented 10 kN tup, with available energy of 25 J, and the speed
of 3.83 m/s to produces results according to ISO 14556 standard [32]. This
instrument utilizes sub-sized Charpy sample with a notch of 1 mm through the
specimen width, which is broken in three-point bending mode. The fracture
energy is determined from instrumented impact measurements of the load-time
record, recorded at room temperature.

Typical extracted parameters are presented in Fig. 2. They are: (i) The on-
set of the general yield load (Fgy), (ii) the maximum load (Fm), associated to the
macroscopic crack initiation, and (iii) the force needed for instable crack propa-
gation (Ff ). From this information the energy can be partitioned between pre-
and post-maximum load energies (including shear lip formation energy) that
represents initiation and propagation energies. For each experimental condi-
tion, two Charpy specimens were tested. An error bar of extracted absorbed
energy is estimated to be of about 0.25 J.

After the test, an image of the broken specimen is taken, and the lateral
expansion is measured by caliper. The amount by which the specimen deforms
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after the Charpy impact test is measured and expressed as millimeters of lateral
expansion. The bigger the lateral expansion, the higher the ductility of the
specimen.

Tensile tests were performed in an Instron 1341 machine, with a constant
crosshead speed of 0.1 mm·min−1, which corresponds to a strain rate of 1.4
x 10−4 s−1. The flat tensile specimens were 18 mm long, with a rectangular
gauge section of 1.5 mm x 1.6 mm, and 7.2 mm in length. The tensile test results
of AM L-PBF samples and the reference samples were obtained by averaging
two and four measurement results, respectively. Typically, the error bar of the
tensile test in the machine used is about 6 %. However, since the tests were
performed on small flat specimens, the error bar of was estimated to be the
largest difference between the results of different tests which were performed on
the same material and under the same conditions (if larger than 6 %).

2.4. Scanning electron and transmission electron microscopy

Scanning electron microscopy (SEM) examination of the fracture surfaces
is performed with a JEOL 7100 field emission gun instrument working in both
secondary electron and backscattering electron imaging mode. This instrument
is placed in the hot cell and it is equipped with a Bruker energy dispersive
X-ray detection system (EDX). Transmission electron microscopy (TEM) was
performed on 300 keV JEOL JEM-ARM300F2 instrument, equipped with scan-
ning detection mode. TEM images were taken in both TEM and STEM imaging
modes and chemical mapping is obtained using energy dispersive spectrometry
(EDS) JEOL DUAL DRY SD 320. TEM samples are produced by standard
electro-polishing technique and are used to check the consistency of initial sam-
ple microstructure with the literature [18].

3. Results and discussion

3.1. TEM of unirradiated alloys

Microstructure features of 316L L-PBF samples and that of the reference
sample taken under the low and high magnification conditions are shown in
Fig. 3. AM 316-SR material contains numerous sub-grain features composed
mainly of cellular structures formed by dislocations and precipitates. These sub-
structures are clearly distinguishable from the characteristic microstructure of
the reference material (cast cold-work 316L stainless steel), which consists of a
high dislocation density and twins. The cellular dislocation structure is in a very
good agreement with previous reports [18, 19]. The cellular structures gradually
disappear in AM 316-SA 1066 and dislocation annealing increases in the AM316
SA 1150 material, which is qualitatively consistent with the work of Salman et.al.
[20]. The AM 316 HIP material only contains dislocations at sites where the
dislocation movement is blocked, like grain boundaries and precipitates. The
high density of tangled dislocations inside the cell walls of AM316-SR sample is
found to provide a strong contribution to hardening, explaining at least in part
the high yield strength of this material, see section 3.3. Thermal annealing at
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Figure 3: STEM images of unirradiated additive manufacture materials and that of the ref-
erence sample taken with low (top row) and high magnification (bottom row).
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Figure 4: Chemical mapping by TEM-EDX of AM 316-SR and AM 316-SA 1150 samples.
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high temperature in the AM 316-SA 1066 and AM 316-SA 1150 samples causes
a gradual disappearance of dislocations, leading to a drop in yield strength and
increase of the ductility.

Besides dislocations, an analysis of the precipitates has been performed in
AM 316-SR and AM 316-SA 1150 samples. In AM 316-SR, numerous small
Si-O precipitates are observed, see Fig. 4. They have an average diameter
of about 20 nm and the number density of the order of 5 × 1020m−3 (these
values need to be taken as being very approximate because there is insufficient
statistics and the sample thickness was only estimated to be 100nm based on the
absorption contrast). Chemical mapping indicates that these small precipitates
are mainly located at the dislocation cell boundaries. In AM 316-SA 1150, Si-O
precipitates grew, most probably as a consequence of thermal treatment. They
reach an average size of the order of 300 nm and their number density decreases
to about 1 × 1019m−3. Besides Si-O precipitates, small precipitates composed
of Cr, Mn, Ti, Al, O elements are also observed. These results are also in an
excellent agreement with previous findings [21].

3.2. Charpy impact test results

The evolution of absorbed energy with the irradiation dose of 316L LPB sam-
ples are shown in Fig. 5a). The data are normalized to unirradiated values. For
each experimental condition two Charpy specimens were tested. For both unir-
radiated and neutron irradiated specimens, load vs time of the same specimen
condition almost overlap, demonstrating excellent reproducibility. Absorbed
energy gradually decreases with increasing dose, indicating gradual loss of duc-
tility in all samples. At the highest dose of about 4 dpa, the relative decrease
of absorbed energy is the largest for AM316-SA1150 material. Absorbed energy
reduces to about 60 % from its initial value. AM316-SR material exhibits the
smallest reduction, of about 20 % from its initial value. AM316-SA1066 and
AM316-HIP materials exhibit an intermediate behavior, with AM316-SA1066
and AM316-SA1150 energies being similar to AM316-SR and AM316-SA1150,
respectively.

Lateral expansion of all tested Charpy samples versus neutron dose is pre-
sented in Fig. 5b). Lateral expansion values decrease by increasing neutron
dose in all batches, which indicates the loss of ductility due to accumulation of
the material damage. Overall trend is similar to the absorbed impact energy
measured from the Charpy impact test.

SEM images of the fracture surface fragments taken from the highest dose
Charpy samples are presented in Fig. 6. The reduction of lateral expansion
is accompanied with the increase of fracture surface flatness. In all samples,
dimple structures are clearly observed, indicating ductile fracture. From the
images taken under low magnification conditions, it appears that grain boundary
failure start to contribute in the samples having low absorbed energy, namely
AM316-SA1150 and AM316-HIP samples. However, ductile - grain boundary
fracture appearance is also observed in unirradiated alloys and was previously
reported in the literature as being the consequence of preferential localization of
oxide particles at grain boundaries after recrystallization annealing [16]. Finally,
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Figure 6: SEM images of the fracture surface of high dose irradiated M316L L-PBF samples
after Charpy impact test.

the average size of dimple craters is observed to be the largest in AM316-HIP,
most probably due to its large precipitates acting as preferential sites for crack
initiation and microvoid nucleation.

3.3. Tensile test results

Concerning tensile tests, load versus displacement curves, which were ob-
tained at 300 0C from both unirradiated and neutron irradiated specimens, are
presented in Fig. 7. The results from 316L L-PBF specimens from four different
batches, as well as that of the reference material are shown in Fig. 7. Stress
versus strain curves are used to extract the standard tensile parameters such
as yield stress, ultimate tensile stress, fracture stress, uniform elongation and
total elongation. Yield stress and ultimate tensile stress values of all investi-
gated alloys are presented in Fig. 8a) and b), respectively. Neutron irradiation
causes hardening in all investigated alloys including the reference. Yield stress
is observed to be more sensitive to neutron dose in comparison to tensile stress,
Fig. 8. The bigger initial hardening, the smaller irradiation hardening. Inter-
estingly, all 316L L-PBF alloys reach the same yield strength of about 600 MPa
at the highest irradiation dose of about 4 dpa. This result suggests that neutron
induced defects provide the most dominant contribution to hardening at 4 dpa.
Most probably, initial contribution to hardening, originating from dislocation
density differences between 316L L-PBF alloys is gradually overtaken by irradi-
ation induced defect. The evolution of yield stress with dose for all investigated
alloys are is presented in Fig. 9 to highlight this convergence.
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Figure 7: Load versus displacement from tensile tests of 316L L-PBF and CW 316L reference
samples
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To start analyzing the tensile 316L L-PBF data obtained in this study, the
yield stress (YS) of the reference sample is plotted and compared to the material
constitutive model of irradiated 316 cold work stainless steel, following EPRI
material reliability program MRP-135 [34]. An exponential equation with the
form Y S = A0+A1(1−e−A2∗d) is used, where d is a dose in dpa and coefficients
are defined in Tables 3-6 and 3-7 of Ref.[34] for cold-worked 316L and solution
annealed 316L, respectively. All experimental points from our reference material
agree with the EPRI model within the error bar. This proves that irradiation
was successfully conduced at irradiation temperature close to the 300 0C target.
By increasing the dose, all 316L L-PBF materials gradually harden and the ini-
tial difference in strength vanishes at about 4 dpa. Hardening values at about 1
and 2 dpa are found to be in a very good agreement with previous measurements
from Byun et .al . for comparable heat treatment conditions [4]. Above about
1 dpa, yield stress values of all 316L L-PBF batches lay below the constitutive
model for irradiated 316 solution annealed stainless steel. These results possibly
indicate the existence of beneficial effect of additive manufacturing to 316L ma-
terial resistance to irradiation induced hardening. This conclusion is consistent
with the arguments provided by Shang et .al . [18]. They observed a significant
reduction of dislocation loop density in 316L L-PBF sample as compared to
conventional coarse grain microstructure and argue that the cellular walls (with
high dislocations density) tend to absorb irradiation-induced dislocation loops
serving as effective defect sinks.

Similarly to the yield stress, elongation at fracture is also converging to a
comparable deformation levels at 4 dpa, suggesting that the initial microstruc-
ture has a limited effect on the ductility drop at that level of irradiation. Surpris-
ingly, the ductility effects are somewhat different from impact toughness test
results, as the decrease in absorbed energy is significantly larger for samples
which were post-treated at high temperature (AM316-1150 and AM316-HIP,
see Fig. 5). Such behavior could be the consequence of a coarser precipitate
size, induced by high temperature annealing treatments, see Fig. 4. Indeed,
the large precipitates may act as advert crack initiation points that may be not
activated during static tensile tests.

4. Conclusions

An irradiation campaign was performed in the framework of the EU project
NUCOBAM on 316L stainless steel produced by laser powder bed fusion. These
experiments were designed in order (i) to investigate the mechanical bulk prop-
erties of the austenitic 316L stainless steel after neutron irradiation, (ii) to study
the defect evolution with post-manufacturing heat treatment, (iii) and to dis-
cuss the concomitant loss of ductility and hardening with neutron irradiation.
Neutron irradiation experiments where performed in the material testing re-
actor BR2 of SCK CEN, utilizing the BAMI capsules that integrated several
sample batches, including a cold-work reference. Pre- and post-irradiation ex-
periments were performed, including Charpy impact and tensile tests as well as
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the microstructural investigations based on scanning electron microscopy and
transmission electron microscopy. The main findings are:

• No sample suffered from any embrittlement effects i.e. fracture in the elas-
tic domain. Concerning ductility the first observation is that, consistently
to tensile strength, the elongation tends to converge to a point similar to
the cold-worked wrought alloy. In all Charpy 316L L-PBF samples, the
increase of neutron dose caused gradual decrease of absorbed energy : at
the highest dose of about 4 dpa, the relative decrease of absorbed energy
is the largest for recrystallized material batch.

• Despite variation between initial conditions in terms of microstructure
and yield stress, neutron irradiation causes hardening in all investigated
alloys, with a converging yield stress for all alloys of about 600 MPa after 4
dpa. By increasing the dose, all 316L L-PBF materials gradually harden.
Above about 1 dpa, yield stress values of all 316L L-PBF batches lay
below MRP-135 constitutive model for irradiated 316 solution annealed
stainless steel. These results could potentially indicate a beneficial effect
of the additive manufacturing process to irradiation hardening resistance
of 316L stainless steel, consistently with literature hypothesis on sinks
effects produced by L-PBF microstructure.

• This study does not highlight the positive impact of HIP treatment re-
garding in-pile mechanical properties, since no significant difference is ob-
served between AM316-SA1150 and AM316-HIP samples (no impact of
the porosity difference).
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