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1.List of abbreviations

AM Additive Manufacturing

AMS Aerospace Material Specifications

ASME American Society of Mechanical Engineering
ASTM American Society for Testing and Materials
BD Building Direction

BOP Blow Out Preventer

BSD Backscatter Detector

DLD Direct Laser Deposition

DSM Double Stagger Melt

EBSD Electron Backscatter Diffraction

EDM Electrical Discharge Machining

EDS Energy Dispersive Spectroscopy

GB Grain Boundary

GMA Gas Metal Arc

GND Geometrically Necessary Dislocations

HAADF High-Angle Annular Dark Field
HAGB High Angle Grain Boundaries
HB Hardness Brinell

HRTEM | High Resolution Transmission Electron Microscopy

IN Inconel

IPF Inverse Pole Figure

IQ Image Quiality

KAM Kernel Average Misorientation
LAGB Low Angle Grain Boundaries
LBM Laser Beam Melting

LC Laser Consolidation

LENS Laser Engineered Net Shaping
LPBF Laser Powder Bed Fusion

LRM Laser Rapid Manufacturing
oM Optical Microscopy

SE Secondary Electron

SEM Scanning Electron Microscopy
SLM Selective Laser Melting

SS Stainless Steel
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STEM Scanning Transmission Electron Microscopy
TEM Transmission Electron Microscopy

UNS Unified Numbering System

uTsS Ultimate Tensile Strength

WAAM | Wire Arc Additive Manufacturing

XRD X-Ray Diffraction

YS Yield Strength

2.Executive Summary

This deliverable presents a database on the effects of process and heat treatments on the
microstructure and mechanical properties of materials studied in the DILAFACT project. The
study focuses on three materials: austenitic stainless steel 316L, Ni-based superalloy IN625, and
Ni-based superalloy IN718. It examines the effect of process parameters, microstructure, and
mechanical properties. It is demonstrated that all three materials can be successfully processed
using various additive manufacturing (AM) technologies, including Laser Powder Bed Fusion
(LPBF), Wire Arc Additive Manufacturing (WAAM), and Directed Energy Deposition (DED),
achieving nearly full densification. The LPBF process produces finer microstructures compared to
WAAM and DED due to higher cooling rates observed in the LPBF process. The grain interiors
commonly exhibit cellular or dendritic morphologies. The finer microstructures associated with
LPBF lead to higher tensile strength, but lower tensile ductility compared to the coarser
structures produced by WAAM and DED. The AM processed materials exhibit mechanical
properties that are comparable to or surpass those of their conventionally manufactured
counterparts. In the case of IN718, post-process aging treatments significantly enhance tensile
strength due to the precipitation of strengthening y’ and y” phases, although this also leads to a
reduction in ductility. It should be noted that this Deliverable is a resubmission to include more
data on IN625 and SS316L for the review meeting, but that it will be further revised and
resubmitted after missing data for IN718 will be added and additional thorough analysis of data
will be performed.
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3. Effect of process parameters and heat
treatments on the microstructure and
mechanical properties

3.1 Stainless steel 316L

3.1.1. Specifications

Table 1 below presents the chemical composition of the Stainless Steel (SS) 316L according to the
standards: [1 - 3]. As is seen, SS 316L composition features maximum carbon levels of 0.03 wt. %.
The silicon levels peak at a maximum of 0.75 wt. %. Maximum manganese, phosphorus, nitrogen,
and sulfur levels are set at 2 wt. %, 0.045 wt. %, 0.1 wt. % and 0.03 wt. %, respectively. The SS
316L is composed of chromium at 16 wt. % min and 18 wt. % max. Nickel levels are set at 10 wt.
% min and 14 wt. % max. The molybdenum content is a minimum level of 2 wt. % and a maximum
of 3 wt. %. Enhanced chromium content provides corrosion (oxidation) resistance and improves
hydrogen embrittelement resistance. Nickel is an effective austenite stablilizer, as well as helps
to reduce cracking and distortion during heat treatment. Manganese increases strength,
toughness and hardenability of the material, whereas molybdenum increases resistance to
pitting and crevice corrosion, as well as can help to stabilize microstructure at high temperatures

[4].

Table 1. Chemical composition (wt. %) of SS 316L according to specifications.

Element Cr Ni Mo Cc Mn P S Si N Fe
Min. 16 10 2 - - - - - - -
Max 18 14 3 0.03 2 0.045 0.03 0.75 0.1 bal.

SS 316L maintains a minimum ultimate tensile strength (UTS) of 485 MPa and minimum yield
strength (YS) of 120 MPa at 0.2% proof of stress. It has minimum fatigue endurance limit of 256
MPa. It has an elongation of 40 % in 50 mm/min and maximum hardness of 95 kg under the
Hardness Rockwell B test. SS 316L reaches a maximum hardness of 217 kg under the Brinell scale
test.
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Table 2. Mechanical properties of SS 316L for the most widely used flat-rolled products (plate,

sheet and coil) according to [1].

Elongation Hardness Hardness
0,
UTS [MPa] Y::): ?lg:l::] (% in 50 Iliig?tu{:ﬂn;; Rockwell Brinnel (HB)
P mm/min) (HRB) max max
485 170 40 256 95 217

Thanks to its high strength and excellent corrosion resistance, SS 316L is widely used across
various engineering sectors [4], including but not limited to equipment for food preparation,
pharmaceutical processing, marine applications, medical implants, and chemical transportation.
In the DILAPRO project, SS 316L will be used to manufacture valve brackets and valve wheels
via LPBF for oil and gas installations in marine environments (FIELDMADE). It will also be used
for the repair of centrifugal impeller blades via DED, restoring them to their original geometry
(Prima Additive), for similar applications, as described in Deliverable 1.1 of the DILAPRO project.

3.1.2. Mechanical properties of SS 316L after additive manufacturing

Mechanical properties of SS 316L after various additive manufacturing processes are summarized
in Table 3 below. Most of the published research focuses on using laser powder bed fusion (LPBF),
also often referred to as selective laser melting (SLM), technologies for additive manufacturing
of SS 316L, typically with layer thicknesses in the range of 2050 um. It can be seen that LPBF
leads to improved mechanical strength (Table 3) compared to conventional SS 316L alloy (Table
2).

In most cases, the yield strength of LPBF-produced material exceeds 450 MPa (Table 3), which is
approximately 2.5 times higher than that of the conventional counterpart (Table 2). Similarly,
higher UTS values (above 555 MPa in most cases) are observed in LPBF-manufactured material
compared to the conventional one (485 MPa). Meanwhile, elongation-to-failure values vary in
the range of 30—60 %, depending on the process parameters, whereas the conventional material
shows a minimum of 40 % tensile elongation. It should be noted that tensile elongation can also
depend on sample geometry. The fatigue limit of the LPBF-processed materials is in the range of
200 — 425 MPa which can be related to varying quality of the printed material, since fatigue life
in the high cycle regime strongly depends on the quality (porosity, presence of microcracks, etc.)
of the material.

Wire arc additive manufacturing (WAAM) - processed samples show lower yield strength (220—
295 MPa) compared to LPBF samples (Table 3), though still higher than that of the conventional
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material (170 MPa). The ultimate tensile strength of WAAM samples (502-560 MPa) is
comparable to that of LPBF counterparts and higher than that of the conventional counterpart.

Post heat-treatment of the AM processed SS316L can significantly modify its mechanical
properties depending on the heat treatment parameters. In [31], a notable increase in tensile
elongation from around 36 % in as-LPBF-fabricated samples to around 65 % in samples treated
at 1000 °C was observed, while YS and UTS exhibited a simultaneous decrease (22 % decrease in
samples treated at 1000 °C than the as-LPBF-fabricated specimen) (Table 3). However, this tensile
strength was considerably higher than the wrought counterpart (Table 2, Table 3) [31]. Similar
observations were reported for the LPBF processed SS316L alloy in [33]. Heat treatments at 500
oC did not affect mechanical properties of the SLM processed material [32]. It should be noted
that heat treatment of the AM processed materials increased manufacturing costs. Therefore, it
was out of scope in the DILAPRO project.

Overall, SS 316L produced by LPBF can exhibit an excellent combination of enhanced tensile
strength, ductility and fatigue resistance. The LPBF processed SS 316L in the DILAPRO project
showed similar or better level of tensile properties and fatigue resistance when compared to
literature data (Table 3) and well exceeding the mechanical properties of the conventional
counterpart (Table 2).

Table 3. Mechanical properties of SS 316L after various additive manufacturing processes.

Tensile properties Fatigue
Process - - - —
arameters YS uTsS Elongation to Testing Fatigue limit | Source
P [MPa] [MPa] failure [%] parameters Omax [MPa]

SLM, layer
thickness - 30 um 512 635 32 [5]
LPBF 479 565 41 R=0.1 250 [6]
LPBF 551 620 73.7 R=0.1 207 [7]
SLM, layer
thickness - 40 um 465 355 135 ) ) (8]
LPBF, layer
thickness - 30 um >06 638 31 ) ) [
SLM - DSM
processed; Layer 495 640 57 - - [10]
thickness — 30 um
SLM 455 579 50 - - [11]
SLM. Horizontal - 590 21.1 - - [12]
Layer thickness —
40 um; LPBE 423 568 51 - - [213]
LPBF, wire-EDM 513 651 53.7 - - [14]
LPBF, <111> 710 840.8 58.5 ; ; [15]
orientation
Layer thickness -
20-50 pm; LPBF ) 625 26.1 ) ) (16]
Layer thickness — 198 556 66 i i
30 um; BJP (17]
Layer thickness —
30 pm: SLM 511 621 20 - -
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Layer thickness 30
um; LPBF 563 709.9 48.3 - - [18]
Layer thickness 30
rns LBM 590 705 44 - - [19]
GMA-AM 235 533 48 - - [20]
SLM 453 515 7.6 - - [21]
SLM 496 717 28 - - [22]
SLM 462 565 53.7 - - [23]
SLM 511 621 20 - - (17]
SLM 430 510 12 - -
SLM. 02 456.8 588.1 - -1 200 (24]
SLM. 902 312.6 575.3 - -1 200
gﬁAAM‘ As built 295.7 502.4 47.1 - - [25]
X\CI’AAM.AS built. 220 560 60 i i (26]
SLM. As built 640 760 30 0.1 266 [27]
LPBF 650 750 50 0.1 425 [28]
LPBF. As built 580 710 43 0.1 410 [29]
L-DEQ. Horizontal. 473 665 38 i i
As built
L-DED. Horizontal; 378 633 40 i i
Heat Treated (30]
L-DEQ.VertlcaI; 387 600 37 i i
As built
L-DED. Vertical;
Heat Treated 310 267 3 ) )
LPBF, Layer
thickness — 30 um >00 395 392 ) )
fgnzeﬁle‘j at 650 430 579 52.4 - -

- [31]
Annealed at 850
°C, 2 h 365 565 57.5 - -
Annealed at 1000
oC, 2 h 319 539 63.3 - -
SLM 482 580 27 - -
Annealed at 500
°C, 2 h 487 602 16 - -
Annealed at 500
°C, 4 h 484 601 17 - - (32]
Annealed at 650
oC, 2 h 435 581 25 - -
Annealed at 900
°C, 1h 390 576 31 - -
LPBF. // BD 504 613 94 R=0.1, // BD 390 MPa DILAPRO
LPBF. L BD 527 686 64 R=0.1, 1L BD 460 MPa

3.1.3 Microstructures of the SS 316L after additive manufacturing

Figure 1 illustrates a complex and heterogeneous microstructure reported in the literature for
LPBF-processed SS 316L [34]. The material exhibits nearly full density, with the volume fraction
of voids well below 1 %. Melt pools are identifiable (Fig. 1b). The microstructure displays
unconventional grain shapes and distributions, along with a nearly random crystallographic
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texture (Fig. 1b). Fusion boundaries, as well as dendritic and cellular structures, are evident. EBSD
measurements show that LPBF SS 316L contains a high fraction of low-angle grain boundaries
(LAGBs), accounting for 41% of the total grain boundaries (GB) (Fig. 1g). The kernel average
misorientation (KAM) map indicates the presence of geometrically necessary dislocations
(GNDs), with KAM values in the range of 1-1.5°, which correlate with the LAGBs (Fig. 1h). A
solidification cellular structure is observed, with an average cell size below 1 um. Energy
Dispersive Spectroscopy (EDS) mapping reveals segregation of Cr and Mo along the walls of the
solidification cellular structures and LAGBs (Fig. 1i). These cellular walls are decorated with a high
density of GNDs (Fig. 1d), as confirmed by the corresponding High-Angle Annular Dark Field
(HAADF) — Transmission Electron Microscopy (TEM) image.

The microstructure of WAAM-processed SS 316L differs significantly from that observed in the
LPBF-produced samples. WAAM printing results in dispersed, micrometer-sized inclusions and
voids, with most having areas between 0.15 and 0.5 um? (Fig. 2a, b). Typical columnar dendritic
grain structures are observed in cross-sectional views (Fig. 2c), and grains are coarser compared
to the LPBF microstructures. The austenitic matrix contains a small fraction of é-ferrite and a very
limited amount of brittle o-phase, visible as green and blue lamellae in Fig. 2d.

a Grain length Cell diameter Cell wall thickness Impurities (N, H)
up to 0.2 mm <lum <160 nm <lnm

Fusion boundary spacing Local misorientation Precipitates
up to 01 mm (£1°/cell) 10-150 nm

Ay |
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— LAGB (2°-10*)
— HAGB (>10°)

Figure 1 (reproduced from [34]). Typical microstructure of a LPBF produced SS 316L: a) A
schematic of various length scales uncovered in LPBF SS 316L SS; b) A cross-sectional EBSD inverse-
pole figure (IPF) map of the as-built SS 316L showing grain orientations. The IPF map was acquired
with a 2 um step size. The build direction is horizontal. ¢, A cross-sectional SEM image, revealing
fusion boundaries, high-angle grain boundaries (HAGBs), and solidification cellular structures. The
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inset shows the cellular structure at a higher magnification. The build direction in this image is
vertical; d) A bright-field transmission electron microscopy (TEM) image of solidification cells; e)
A high-angle annular dark-field (HAADF) scanning TEM (STEM) image of the solidification cells
shown in d. The nanoparticles segregated to the cell walls were identified as transition-metal-rich
silicates formed during LPBF processing; f) EBSD IPF map acquired with a 1-um step size; g) EBSD
image quality (IQ) map with HAGBs and low-angle grain boundaries (LAGBs) superimposed. As
indicated in the legend, HAGBs (>10°) are coloured blue and LAGBs (2-10°) are coloured red. The
fraction of HAGBs and LAGBs are 59 % and 41 %, respectively;, h) A map of the kernel average
misorientation (KAM), measured in degrees, to illustrate the local misorientation across individual
grain. It is evident that all of the grains have local misorientations on the order of 0.5-1° i) A
HAADF STEM (Z contrast) image showing segregation of Mo and Cr to the solidification cellular
walls and a LAGB, with corresponding Fe, Mo, and Cr energy-dispersive spectroscopy (EDS) maps
that confirm this segregation. The EDS map also verifies that particles are mostly rich with Si, O,
and Mn.

H1-09 image

404

304

Counts

20 4
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21-1639-09. )09 HI —_—

Figure 2 (reproduced from [34]). Microstructure of the WAAM manufactured SS 316L
(building direction - vertical): a) Cross-section montage and high-magnification image of H1
specimen; b) typical inclusions/voids sizes and distributions of specimens removed along
height; c) IPF map along height (low magnification); d) IPF map along height (high
magnification).
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Inverse pole figure (IPF) maps reveal variations in grain shapes, orientations, and sizes, primarily
along the vertical (building) direction. These variations are attributed to the shifting direction of
the welding torch during the WAAM process. The resulting grain structures are characteristic of
the columnar dendritic formations typically produced during solidification in WAAM. The
microstructure of the WAAM material is inhomogeneous (Fig. 2 c, d), but generally much coarser
compared to that of the LPBF counterpart (Fig. 1f) due to lower cooling rates in WAAM process.
For instance, cooling rates between 1000 °C/s and above 5000 °C /s were experimentally
measured in [35] depending on the WAAM process parameters. Much higher cooling rates of >
15.000 °C/s were measured during LPBF process, although this cooling rate can drop down to ~
5.000 °C/s when the base plate is additionally pre-heated [36]. This results in lower YS and UTS
and higher ductility shown by WAAM samples compared to LPBF samples (Table 3).

It should be noted that post heat-treatment of the AM processed SS316L can significantly modify
the microstructure of the material. For example, a complete disappearance of melt pool
boundaries occurred above 650 °C, and the cellular structure disappeared for the samples heat
treated at 850 °C and 1000 °C indicating the annihilation of dislocations, which resulted in
reduction of material’s strength [31] (Table 3).

Figure 3 illustrates the complex microstructure with unconventional grain shapes and
distributions for LPBF SS 316L manufactured by DTI in the DILAPRO project. The as-printed
material is nearly fully dense and fully austenitic. There is no preferred crystallographic
orientation (e.g. it presents a random crystallographic texture, Fig. 3c). The enhanced local KAM
values are observed along LAGBs and do not exceed 1.3° (Fig. 3d). A few microcracks were
observed in the large, printed sample, and their length does not exceed 20 um (Fig. 3b). The
microcracks did not show any preferred orientation with respect to the building direction. The
EDS analysis did not reveal the presence of any noticeable segregations of alloying elements (Fig.
3e) even along the microcracks or at their tips.
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Figure 3 (DILAPRO Data). Microstructure of the LPBF manufactured SS 316L (building direction -
vertical): a) general view of microstructure in optical microscope; b) SEM image taken using
backscatter detector (BSD); c) IPF map; d) corresponding KAM map; e) secondary electron (SE)
image showing microcracks and corresponding elemental maps.
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