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ABSTRACT

The Euratom project NUCOBAM conducting during four years the required studies to develop a
gualification methodology for Laser Powder Bed Fusion (L-PBF) - in accordance with existing standard
and with level of safety required in nuclear codes and standards. A qualification methodology for L-PBF
has been developed and applied to the 316L stainless steel. This methodology covers the demonstration of
the process robustness and the achievement of required mechanical properties.

This paper is focusing on analysis of mechanical properties results between the manufacturing of 4 suppliers
and 4 post-processing heat treatments. CEA laboratory that produced one of the four AM material compares
its results with other Nucobam suppliers, but also previous samples providing in internal research to study
relations between process parameters, microstructures and properties obtained. All Nucobam samples allow
to reach at least the same mechanical properties as the conventional process- wrought Stainless steel, given
in RCC-MRXx standard.

Tensile properties can be easily achieved in a robust manner with low variation in a certain range of process
parameters. Anisotropy is much higher regarding toughness properties and fracture mechanisms are more
complex and combine more microstructural parameters such as nano-particles of oxydes and grain size.

INTRODUCTION

The main aim of NUCOBAM is to develop the qualification process allowing the use of such a metal
additively manufactured (AM) components in a nuclear installation. Introducing L-PBF material in nuclear
industry shall be done gradually, from the replacement of obsolete component in existing Nuclear Power
Plants (NPP) in order to continue safe operation and optimize maintenance, until optimize design for new
fuel components design based on improved performances and safety process-materials properties.

Among the different AM technologies that are currently available, NUCOBAM were focused on Laser
Powder Bed Fusion (L-PBF) technology in order to facilitate and accelerate the use of L-PBF components
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to replace conventional manufactured component in SS 316L. The best way to do that is to produce what

are missing for Engineers and regulatory bodies: the codification of this new process in the nuclear code
and standard.

The variability of the process is one challenge specific to the L-PBF process. For process
qualification, four partners have manufactured specimens and components as good as possible with their
internal know-how without communicating all parameters of their optimum process. Only global
parameters were required in similar range of values (see
Table 1). The global parameters were chosen mainly on the recommendations made by manufacturers of
additive manufacturing machine. In reality, global parameters and other setting parameters or hidden
parameters inherent in the machine version, will depend strongly on existing machines and equipment and
software upgrades available during production time. The gas flow is an example of an important parameter
but is very difficult to specify in terms of efficient operation. The purpose is to be in real industrial context.

An extensive mechanical test program was built on more than 800 L-PBF specimens: tensile tests, hardness,
toughness (Charpy tests), fracture toughness (ductile tearing tests on CT specimen), fatigue, inter-granular
corrosion, stress corrosion cracking (U-bend and Slow Strain Rate tests), creep. The objective is to compare
the austenitic stainless steel (SS 316L) obtained with L-PBF with conventional SS 316L and take into
account the heterogeneity of materials that may occur in a manufacturing and between manufacturers.

Table 1: Global process parameters in NUCOBAM project.

S4 | S2 | S1 |CEA

Laser power P (W) 200 | 235 | 200 | 200

Laser speed (mm/s) 800 | 700 | 652 | 800

Hatch spacing H (um) 120]120|110] 120

Layer thickness (um) 30 | 50 | 60 | 30
Volumetric energy density (JJmm3) | 69 | 56 | 46 | 69

NUCLEAR INDUSTRIAL POINT OF VIEW
Process Qualification Methodology

The project aims to recreate manufacturing conditions as real case of nuclear component by produced two
demonstrators corresponding to two type of application, in-core and ex-core. The first one is a debris filter
grid, exposing to neutrons irradiation but not very severe thermo-mechanical constraints at the difference
of the second one, a valve body operating in secondary and primary circuits and requiring also high level
of safety. The qualification methodology has been not only defined but applied directly in the project, on
the two demonstrators and on all specimens for extensive tests matrix in order to demonstrate all required
physical and mechanical properties are reached (at least the same level of SS 316L obtained by conventional
manufacturing as defined in the codes and standards).

To reflect real conditions, from the purchase of powder until final post-treatment, four supplying were
simulated. Manufacturers and associated L-PBF machines are:

- AMRC, Renishaw AM250 single laser machine,

- CEA, SLM Solutions SLM280HL single laser,

- Engie Laborelec, SLM Solutions SLM500 quad laser,

- VTT, SLM Solutions SLM125HL single laser.
And the four different post-treatments investigated are:
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- SR: Stress Relief at 650°C Holding time 2h
- SA 1066: Solution Annealed, 1066°C Holding time 1h
- SA 1150: Solution Annealed, 1150°C Holding time 3h
- HIP: HIP treatment at 1150°C Holding time 3h and pressure higher than 100 MPa

The manufacturing plan is based on specific builds that supplier had to produce on devoted machine for
gualifying the L-PBF component. Some specific builds were defined to be representative of severe design
condition that can appear in real structure in order to catch the real variability of properties that can be
obtained in the completely built volume during the build of a L-PBF process component. The example in
Figure 1 for SLM 280illustrates the case of a large platform with a volume of 280mm x 280mm x 365mm.
The nominal cubes have all the same surface 12mm x12mm on the plateau for specimens along the z build
axis, and the height of specimens is defined to respect different nesting factors at Bottom, Middle and Top
of the Z volume. Nesting factors (density of samples in the plane XY) are the same for each manufacturer.
In the example, 20%, 10% and 5% respectively for the 3 levels of height.

Tensile and Charpy samples are also built to cover several orientation axis in the volume of the machine
capability. Characterizations are performed on Top and Bottom of highest manufactured blocs. All the four
manufacturing were analysed by CIEMAT in terms of hardness, density, tensile properties, Charpy test,
metallography and chemical composition.
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Figure 1 - L-PBF process: principle of SLM280HL® at CEA and example of two platforms dedicated to
the quality and robustness of the process: a) stability platform and b) qualification platform.

In the manufacturing plan, a first “stability platform” with drawing a) (see Figure 1) must be produced, a
second one for “repeatability” task and a last one “qualification platform” following drawing b) with several
built orientations and submitted to the same heat treated than the final component. Those three built
platforms are defined in the qualification process to demonstrate the stability, repeatability and
reproductively of the L-PBF process. Table 2 summarized experimental work performed in the project for
process qualification task. Some deviations are occurring during the project for CEA.

The microstructures of the material have been analysed: porosity, grains size, texture, dislocations
substructure and precipitations. The two suppliers S4 and CEA exhibits a maximum of 0.01% porosities
rate, whereas the porosities rate for two suppliers S1 and S2 are up to respectively 0.16% and 0.38%. These
two suppliers have the two lowest levels of energy density during process. This porosity can be attributed
to a lack of melting (Figure 2). In case of porosities after fusion the HIP conditions strongly reduces the
porosity rate. Grain size and morphology are similar between suppliers.

It is known that texture plays an important role in the plasticity of 316L processed by L-PBF. As a result of
rapid and directional solidification, the main microstructure features inherited are a strong texture (generally
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fibrous <110> paralleled to built axis Z; columnar grains elongated along the building direction; micro-
segregation inherited from solute partitioning during solidification, especially in Cr and Mo; and the
presence of Si, Mn rich oxides which are preferentially located in the intercellular spacing (L. Monier 2019).

Table 2: Experimental Program for process qualification

Platform Type Tests (number) S1| S2 | CEA |S4| Total
. Density 213 | 10 |10 52
Stability Platform Tensile 3| 2 8 3 18
2 tests: on bottom and top h
for full height samples Impact Toughness 8 | 19 10 5 42
Hardness 1] 11 18 |10 40
Chemical Composition 4 | 1 5 1 11

Repeatability Platform Same than above 18| - 53 |29
Qualification Platform Density 8| 8 8 |8 32
Samples built in Tensile 91 9 18 | 9 45
3 directions: Z, XY, 45° Impact Toughness 151 15 | 18 |15 63
Hardness 4| 4 4 4 16
Total of characterizations 721101 ] 150 |94 319
HT1 Stress relieved HT2 1066°C/ 1h HT3 1150°C/ 3h HT4 HIP 1150°C / 3h
a) B |
O L y
P 3
% 5 ; . .
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Figure 2: Microstructures versus heat treatments, Micrographs in XY plane for Z built samples, example
of suppliers a) S1 and b) CEA.

The noticeable microstructure changes are for the two solution annealed treatments:
Solution annealed at 1066°C 1h:

- partially recrystallized

- high density of globular inclusion from 100 to 200 nm

- low density of nano precipitates from 20 to 50 nm
Solution annealed 1150°C 3h:

- fully recrystallized with some occasional recovery grains

- low density of globular inclusion from 300 to 500 nm

- low density of nano precipitates from 30 to 50 nm
Slight Mo enrichment segregation at grain boundaries and no segregation at subgrain boundary for both
treatment. All the suppliers have qualitatively the same features in their materials.
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Specification of powder acceptance criteria have been defined in terms of chemical composition, particle
size distribution (min/max), shape factor, static angle, Carney and Hall flow.

Several key performance indicators have been defined on manufactured materials to qualify the process on

the samples from the three different platforms, in terms of Archimede’ relative Density, Chemical

Composition. Mechanical properties values are given in Table 3. An acceptable scatter within the average

value £ 20% has been defined.

Table 3: Nucobam Mechanical properties on L-PBF SS 316L manufacturered for process qualification:
*Kv are in Joules and the criteria >30 is based on lateral expansion of 0,38mm (specimen of 0.8cm?)
** SA1066°C condition except SR for CEA.

SS Vertical Z Horizontal X At 45° from Z built axis
YS|UTS|A% | Kv* |HV | YS |UTS |A% | Kv [|HV | YS | UTS | A% | Kv* | HV
Standard for Stainless Steel 316L | 205| 515 | 30 | >30 205 | 515 | 30 |>30 205| 515 | 30 | >30
S1 392 | 612 | 49 | 137 396 | 644 | 43 | 104 403 | 633 | 47 | 124
S2 369 | 569 | 46 | 133 383 | 619 | 45 | 126 391| 626 | 47 | 132
CEA** 469 | 614 | 64 | 167 | 238|501 | 685 | 44 | 155|230 |488| 656 | 45 | 149 | 224
S4 393| 588 | 52 | 274 414 | 651 | 43 | 147 423 | 625 | 42 | 143

After qualification of each manufacturer, specimens have been provided for Work Package for the
demonstration that material requirements on physical and mechanical characterizations. Except for CEA
who build the stability and the qualification platform after, and with another powder batch than specific
Nucobam powder approval.

Tensile and impact toughness properties analysis in WP dedicated to L-PBF properties

Around 200 tensile tests were performed by CIEMAT to study the following material parameters: heat
treatment, printing orientation, rough or machined specimens, Room Temperature or 300°C, subsize
specimen. The effect of the heat treatment conditions is more evident for the Yield Strength than for the
Ultimate Tensile Strength values and elongations (Figure 3). Stress relieved material exhibit a higher yield
and Ultimate Strength compared to the solution annealed and HIP materials.
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Figure 3: Tensile properties versus heat treatments for all manufacturers (in blue) and CEA manufacturer
(in orange) at Room temperature, Z built axis: a) YS (MPa), b) UTS (MPa) and c) A%.

Some authors suggest that this high strength is attributed to the presence of a cellular dendritic substructure

as the dislocations could accumulate at boundaries of the cells, acting as strengthening sites, see Zhong, et
al. (2016). Annealing treatments could cause the growth of grain and cells and a decrease of dislocation
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density that confirms the decrease of the Yield Stress with the annealing temperature. Reijonen et al (2021)

quantify the differences on the mechanical properties of different heat treatments of 316L produced with

LPBF. Compared with other manufacturing, CEA material is in the middle-low range of tensile properties
(Figure 3) and high range regarding ductility and Charpy toughness (Figure 4).
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Figure 4: Properties for all manufacturers (in blue), CEA manufacturer (in orange) at Room temperature,
Z built axis: a) Tensile Z%. and Impact energy Kv (Joules/cmy) versus HT b), versus Supplier c).

Strength and ductility are usually considered mutually exclusive: a gain of strength is usually accompanied
by a sacrifice of ductility, resulting in a strength—ductility trade-off. An extensive compilation of literature
data on different materials fabricated by different additive manufacturing techniques is performed by
DebRoy et al. (2018). In the case of 316L, the author confirms that the high strengths in AM components
can be attributed to a combined effect of refined grain features due to rapid solidification, dendritic and
cellular structures as well as a potentially high dislocation density due to rapid solidification and residual
stresses. The low elongation in these materials is also a combination of factors, including the general trade-
off between strength and ductility, higher dislocation density in AM, finer grain features leading to
dislocation pileup at grain boundaries or internal defects such as sharp lack-of-fusion defects, which act as
stress risers under tensile loading
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Figure 5: Comparison with literature DebRoy et al. (2018): Tensile Properties for Nucobam project all data
(in green), at room temperature & Z axis without ageing (in blue), CEA manufacturer (in orange).
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Nucobam data show much higher values of ductility with a range values from 44 to 89% (compared to a
max of 17%) compiled in DebRoy et al. (2018). Nucobam values of ultimate tensile strength are relative
high range of values from 565 to 645 MPa compared to the L-PBF range of (317 to 760 MPa) in DebRoy
et al. (2018).

CEA deviated from the initial manufacturing plan, but also it makes the opportunity to study others
parameters (powder approval & human factor). The second supplying of powder was for CEA-2 and used
for qualification task (see

Table 4). This second manufacturing (with right formation of human operator) is more in the average level
compared with other suppliers (light blue compared with dark blue in Figure 6).

Table 4: Chemical composition.

Powder (weight %) Fe |Creqg/Nieq| Cr | Ni {Mn| Mo | Si 0} N C
CEA powder Nucobam | Bal. 1,29 178(126|08 | 2,3 | 0,67|0,02|0,09 | 0,02
CEA powder 2 Bal. 1,33 17,812,608 | 2,35 0,64|0,03|0,08 |0,016
AM Material
CEA-1 Nucobam Bal. 1,34 17,6 (125|0,7 | 2,3 | 0,68 0,02 | 0,08 | 0,017
CEA-2 Nucobam Bal. 1,59 18213308 | 25 |0,72| - - -
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Figure 6: Scattering of CEA manufacturing: Mechanical properties versus heat treatments for all
Nucobam manufacturers (in dark blue), CEA-1 (in orange) and CEA-2 (in light blue).
CEA-A (in yellow) are the material in Monier 2023 and E. De Sonis 2023.

SCIENTIFIC POINT OF VIEW

During the last decay, Mechanical properties of Stainless Steel additively manufactured were studied at
CEA in several laboratories, one can cited PhD thesis works of L. Monier (2023), A. Chniouel (2019) and
E. De Sony (2024). The promises to create and optimize nuclear parts with complex geometries that is
impossible to design with conventional processes and with the possibility to “tuned” solidification
parameters (using in particular SLM Selective Laser Melting) enhance research attractively in that area.

This chapter refers to those scientific studies made by LISL laboratory with exactly the same global
parameters than in Nucobam Project (see
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Table 1), but not the same Chemical Composition powder and not the same Machine : Trumpf TruPrint
Série 1000. The chemical composition of the different production are mentioned previously in

Table 4 and Table 5. The batch powder A is very similar to Nucobam powder.

Table 5: Chemical composition.

Powder Fe | Creg/Nieq| Cr | Ni |Mn|Mo| Si| O N C | Ti| Gas Atomization
CEA-Steel A - powder A | Bal. 1,33 17,71119(08| 2,4 |0,4 |0,03 0,090,019 Azote (Trump)
CEA-Steel B - powder B | Bal. 1,54 16,6 | 12 [1,2|2,6|0,6|0,08|0,01|0,004 | X | Argon (Praxair)

Effect of process parameters on microstructure and tensile properties (see L. Monier (2023) and A.
Chniouel (2019)).

L-PBF process parameters effect has been studied by A. Chniouel (2019). For studied machine Trumpf
TruPrint Série 1000, the parametric study is summarized in

Figure 7.
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Figure 7: Impact of process parameters on mechanical properties, fixed Layer thickness 20 um : a) YS
and UTS versus energy density. b) Elongation to fracture versus texture intensity <110>// Z built axis.

For studied machine Trumpf TruPrint Série 1000, the power range to get the required relative density about
99% is between 125 W and 200 W. The material density is maximum with scan speed around 700mm/s.
The grains size of the material increases with an increase of power or hatch distance, or a decrease of scan
speed (see Figure 8). The cells size increases with an increase of power or a decrease of hatch distance or
scan speed. Intensity of crystallographic texture <110> along built direction can be control by power, scan
speed and hatch distance.

On graph b) the decrease of yield stress with energy density cannot be explain only by the decrease of grain
size (Hall Petch law) but also by the density of nano-oxydes.

The plastic strain by dislocations motion is favourably activated during the mechanical load for specimens
built in z axis. For bcc structure, the slip system are (111) <110>. In our material, Schmid factor is 0.4 and
maximal when crystallographic direction <110> is alighed with tensile axis.
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Except for low power 75 W (presence of porosity due to a lack of fusion), parametric study on L-PBF
process show robustness regarding tensile properties. The variation of Power, Scan Speed, or Hatch distance
parameters does not significantly modify the alloy tensile properties.
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Figure 8: Microstructure function of process parameters: a) Archimed density measurements vs power b)
Vs scan speed, ¢) grains size in um vs power d) vs scan speed —width (red) and length (black).

Study of fracture toughness and microstructure, E. De Sonis (2023)

The evolution of the microstructure of the two alloy CEA-A and CEA-B have been studied in detail in De
Sonis (2022). Both powder have the same particule zize (d <50 pum), follow the same Chemical Composition
recommendation. Powder A has been atomized under Azote Gas, and powder B containing more Titanium
under Argon gas. The result is for powder B, a high density of nano particles rich in Si, Mn, Al, Ti, at the
difference of the powder A containing a Iow density of nano partlcles rich in Mn et Si.
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Figure 9: Respectively for CEA- A and CEA-B L-PBF SS 316L material: ¢) & d) EBSD-IPF maps, (110)
Pole figures for, €) & f) Grain boundary maps, X3, and X9 boundaries are highlighted respectively in red
and blue, and g) & h) graphs for fraction of grain boundaries versus misorientation angle
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Two very different microstructures have been observed with the same set of processing parameters using
the same L-PBF machine. The microstructure of the material obtained with the second powder is different
from what is usually reported in the literature: it shows finer grains with a more isotropic morphology, a
less pronounced < 110 > texture, and an unexpectedly high fraction of £3 boundaries (see Figure 8).

The impact toughness at room temperature show in both material whatever the HT, ductile fracture
behaviour resulting from decohesion at the matrix/oxide interfaces. After a stress-relief heat treatment,
Charpy absorbed energy are 170-250 J/cm2. Recrystallization (SA 1200°C) decreases the impact toughness
by up to 25%, due to synergistic effects between recrystallization and oxide particle coarsening, resulting
in coarse oxides located along recrystallized grain boundaries that facilitated ductile cracking.

The material CEA-A shows properties similar to those CEA-2 manufactured for Nucobam project.

CONCLUSION

The final deliverable at the end of NUCOBAM project is the Qualification methodology for nuclear-grade
L-PBF SS 316L materials & components. This document is public and provides requirements for all aspects
for producing a safety-classified component via L-PBF. The properties of AM materials fulfil the standards
requirements to replace obsolete component in conventional manufactured SS 316L. In order to optimise
design, it is possible to tuned properties of L-PBF material, but if equiaxed fine grain structure exhibit very
good tensile properties, UTS and A%, the higher thoughness properties after Solution Annealed treatment
is not obtained for that structure. A compromise and the knowledge of physical phenomenon is necessary
to find good compromise in mechanical properties.
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