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Nomenclature

Table 1. Used symbols and units.

Notation

Significance Units
General notations
X Vector value —
X Second-order tensor value —
X Fourth-order tensor value —
T, T Points of space (ez, ey, ez) —
n Normal vector —
T Temperature K
Process parameters
Aoy Vo Wire diameter, wire feed rate m, m.s” !
s Deposition speed m.s™t
Qexp Experimental heat source power w
tint Interlayer cooling times s
Tint Interlayer targeted temperature K
To Room reference temperature K
l Argon flow rate m3.s!
Lyaits Huall Lenght, height of the wall m
Niayers Number of deposited layers —
oz Layer height m
drate Deposition rate Icg.s_1
E; Applied linear energy PR
S Volume of material per unit of length m?
E, Volume energy density Jom ™3
G Thermal gradient K.m™!
R Solidification speed m.s !
T Cooling rate K.s™t
Geometry
w ‘Width of the deposited bead m
h Height of the deposited bead m
d Dilution —
Finite elements (FE) mesh
Q° Finite element domains m?
0% FE-air boundary m?
o0 FE-table boundary m?
Vae Volume of Q¢ m?>
ey, en Fine, coarse mesh size m
es Material addition step size m
ot Computing time step s
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Introduction

This thesis presents a research project conducted between October 2021 and February 2025 at the As-
sembly Technology Laboratory (LTA, Laboratoire des Technologies d’Assemblage) of the CEA [1] in

collaboration with the Centre des Matériaux of Mines Paris.

The study focused on the microstructure—properties relationship in AISI 316L stainless steel produced
by two wire-based additive manufacturing processes, WAAM & WLAM, through experimental analysis
and simulation. The WLAM (Wire Laser Additive Manufacturing) and WAAM (Wire Arc Additive
Manufacturing) processes correspond to the family of directed energy deposition (DED) processes using

a metallic wire as material feedstock (Figure 1).

This work Additive Manufacturing

Type of material Polymers Woods Metals Ceramics
Binder/Material Directed Energy Powder Bed Sheet,

Technology . e . . . o

Jetting Deposition Fusion/Sintering Lamination

Shape of Material Powder Wire

Energy source Laser Electrical Arc Electron Beam

p WLAM: Wire Laser WAAM: Wire Arc

rocess Additive Manufacturing Additive Manufacturing

Figure 1. Simplified classification of additive manufacturing processes based on the type of material, the used
technology, the shape of the material and the energy source.

Compared to traditional manufacturing techniques, additive manufacturing is the most cost-efficient
for producing moderately to highly complex components at low production volumes [2]. Wire additive

manufacturing also promotes more sustainable production, as it minimizes material wastes [3, 4].

While Powder Bed Fusion processes prioritize high geometric accuracy with an average deposited bead
thickness of approximately 100 pm [3], wire-based Directed Energy Deposition focuses on maximizing

the deposition rate, achieving bead thicknesses ranging from 1 to 10 mm [3]. This makes WAAM and
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WLAM processes particularly well-suited for manufacturing large-scale components with moderately

complex geometries.

Several examples of components produced by WAAM and WLAM are presented in Figure 2, including a
ship propeller and a bicycle frame produced by WAAM and a blisk and a pipe manifold produced using
WLAM.

WAAM (a) WAAM (b)

WLAM (c) WLAM (d)

Figure 2. Applications of components produced by wire additive manufacturing: (a) Propeller of the ship An-

dromeéde, manufactured by NavalGroup with WAAM process [5]; (b) Bicycle achieved by MX3D using stainless

steel and the WAAM process [6]; (c¢) Blisk made of 316L produced by WLAM by Meltio [7]; (d) Pipe manifold
made of 316L produced by WLAM by Meltio [7].

In this context, the CEA is investigating Wire Additive Manufacturing to determine potential applications
in nuclear power plants, particularly for manufacturing 316L stainless steel components used in structural
applications outside the reactor core [8]. More specifically, this thesis aims to better understand the
relationship between various complex effects (thermal, fluid, mechanical, metallurgical) occurring during
WAAM and WLAM manufacturing and the final microstructure and properties of model components
made of 316L steel. The effect of post-processing heat treatment on microstructure evolution and/or
stability is also investigated. Particular attention is paid to the modeling of both WAAM and WLAM
manufacturing at different scales to better understand the phenomena operating during the components

processing and, as will be shown, to optimize several processing parameters.

Accurate manufacturing requires careful selection of numerous interdependent parameters. Therefore, the

experimental part of this work investigated the effect of processing conditions on microstructure and the
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appearance of various defects. Numerical modeling has been developed to simulate WAAM and WLAM
processes at microscopic and macroscopic scales to reveal critical factors for defect formation, such as

stress and solidification kinetics.

Therefore, this work aims more precisely to assess the influence of the parameters of WAAM and WLAM
processes used to manufacture 316L austenitic stainless steel components (single beads, single-bead walls
and tiles) on (i) their geometrical regularity, (ii) their microstructure, (iii) their mechanical properties
and (iv) their thermal stability.

The thesis is divided into five chapters:
e A literature review is presented in Chapter 1, describing the Wire Additive Manufacturing processes,
their advantages and drawbacks and the applied parameters. In addition, the microstructure and
the mechanical properties are described. Finally, a highlight is made on the current applications of

numerical modeling of wire additive manufacturing.

e Chapter 2 presents the employed Wire Additive Manufacturing platforms, the initial state of 316L
steel used in this work, the processing using WAAM and WLAM and the methods used for char-

acterizing the microstructure and the mechanical properties of the manufactured components.

e Chapter 3 aims to find the optimal manufacturing conditions leading to defect-free components with
regular geometry. The influence of the process parameters on the geometry of single beads is also
determined. The parameters are adapted to the manufacturing of single-bead walls and multilayer

tiles. One set of parameters per process is ultimately selected.

e Chapter 4 investigates the microstructure of 316L components produced using the WAAM and
WLAM processes based on the selected parameters in Chapter 3. The microstructure in the as-
built state is examined for single beads, single-bead walls and tiles. Additionally, the mechanical
properties of the single-bead walls are determined. Finally, heat treatments were conducted to

assess the stability of the as-built microstructure in single-bead walls.

e Chapter 5 presents a new finite element thermomechanical model applied to manufacturing single-
bead walls with WAAM and WLAM processes, aiming to better understand experimental results
detailed in Chapters 3 and 4.

Introduction en francais

Cette thése est réalisée au Laboratoire des Technologies d’Assemblage du CEA en collaboration avec
le Centre des Matériaux des Mines de Paris. Le travail porte sur I’étude de la microstructure et
des propriétés de piéces réalisées en acier 316L par fabrication additive par dépot de fil (WAAM et

WLAM), au travers de caractérisations expérimentales et numériques.

Les procédés WAAM et WLAM sont adaptés a la production de piéces de grandes dimensions aux
géométries moyennement complexes. Le CEA étudie ces procédés afin de monter en compétence sur

leur utilisation (par la fabrication de géométries d’étude) et déterminer des champs d’applications.

La thése vise a évaluer 'effet des paramétres des procédés WAAM et WLAM utilisés pour fabri-
quer des piéces en acier austénitique inoxydable 316L (monocordons, murs ou blocs) sur (i) leur
régularité géométrique, (ii) leur microstructure, (iii) leurs propriétés mécaniques et (iv) leur stabilité

microstructurale sous l'effet de la température.
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CHAPTER 1. BIBLIOGRAPHIC OVERVIEW

Résumé en frangais du chapitre 1 : revue bibliographique

Les procédés de fabrication additive permettent la production de piéces & la géométrie complexe
tout en minimisant la quantité de matériau utilisée. Différentes technologies de fabrication additive
ont été développées (Figure 1.1): la fusion laser sur lit de poudre (L-PBF), le dépot de matiére sous
énergie concentrée avec emploi de poudre (DED-poudre) et le DED avec emploi de fil (DED-fil). En
particulier, les procédés WAAM (Figure 1.3) et WLAM (Figure 1.4) sont basés sur la technologie

DED-fil avec fusion du fil métallique par un arc électrique et un laser, respectivement.

La technologie L-PBF est adaptée a la fabrication de piéces de petites dimensions avec une géométrie
complexe, étant donné que le procédé posséde une grande précision géométrique. A l'inverse, les
procédés WAAM et WLAM permettent la fabrication de piéces de grande taille de par leur taux de
dépot élevé et le plus faible cotit du fil comparé a la poudre. Le procédé WLAM a l'avantage de

combiner un taux de dépot relativement important et une bonne précision géométrique.

Plusieurs problémes doivent encore étre résolus avant que la fabrication additive par dépo6t de fil ne
puisse étre utilisée dans l'industrie (Figure 1.6). La littérature indique que la porosité, les inclusions,
les déformations macroscopiques et des taux élevés de contraintes résiduelles sont les principaux

défauts influents sur la qualité des piéces fabriquées.

Les principaux paramétres influents sur la géométrie des cordons déposés par WAAM et WLAM sont
la puissance de la source d’énergie, la vitesse de dépot et la vitesse d’apport de fil. Ils contribuent &
modifier I’énergie linéique appliquée ainsi que le volume de métal déposé par unité de longueur, ce
qui revient a faire varier la densité volumique d’énergie. Une densité d’énergie trop faible ou trop
élevée entraine le dépot de cordons a la géométrie irréguliére (Figures 1.8 et 1.9). De plus, dans le
cas de la fabrication de piéces constituées de plusieurs cordons, un mauvais controle de la stratégie
de dépot et du temps de refroidissement interpasse peut provoquer des irrégularités locales et des

pertes de hauteur dans les piéces fabriquées (Figures 1.13 et 1.15).

L’acier inoxydable austénitique 3161, utilisé dans plusieurs secteurs industriels y compris le nucléaire,
a été utilisé dans ce travail. Les piéces en 316L fabriquées par WAAM et WLAM possédent une
microstructure constituée de grains colonnaires dans la direction du gradient thermique (Figure 1.18),
avec des orientations cristallines résultantes des phénomeénes d’épitaxie (le grain formé a linterface
solide-liquide reprend Dorientation du grain déja solidifié) et de compétition de croissance (les grains

ayant leur direction (001) orientée parallélement au gradient thermique sont favorisés).

Pour les murs monocordons (Figure 1.19), le gradient thermique est unidirectionnel et paralléle a la
direction de fabrication e,. Cela conduit a la formation de grains colonnaires allongés sur plusieurs
dizaines de passes, associés & une texture en (001)| ., correspondant a la direction de croissance

préférentielle.

Dans le cas de blocs multicouches (Figure 1.20), la forme différente des bains de fusions entre les
piéces réalisées par WAAM et par WLAM conduit & des microstructures distinctes. Dans le cas du
WAAM, des grains colonnaires dans la direction de fabrication e, et une texture selon (001)) . sont
observés aux extrémités des cordons, tandis que des grains plus petits et une texture selon <0ﬁ>ll -
sont observés au centre des cordons. Dans le cas du WLAM, la microstructure est majoritairemeri

texturée selon (011) en raison de la forme convexe des bains de fusion, de maniére similaire aux

Il ez

piéces obtenues avec le procédé L-PBF.

Dans des conditions de solidification typique des procédés WAAM et WLAM, la microstructure des

10



1.1. WIRE ADDITIVE MANUFACTURING PROCESSES AND CHALLENGES

piéces en 316L est austéno-ferritique, avec une ferrite sous forme vermiculaire formée au cours d’une
solidification de type FA (Figure 1.22; la ferrite est la premiére phase formée a partir du métal
liquide). De plus, dans certaines conditions, le cyclage thermique subi par les piéces fabriquées par
WAAM peut permettre la précipitation de la phase intermétallique o (Figure 1.24), néfaste aux

propriétés mécaniques du matériau.

Les propriétés en traction uniaxiale des piéces fabriquées par WAAM et WLAM sont légérement
anisotropes entre leur direction de fabrication e, et leur direction de dépét e, (Table 1.4). Ces pro-

priétés dépassent néanmoins les normes imposées pour du 316L produit de maniére conventionnelle.

Des traitements thermiques peuvent étre utilisés pour induire la relaxation des contraintes résiduelles

dans les piéces, la recristallisation et la dissolution de la ferrite (Figure 1.25).

Enfin, divers modéles numériques ont été développés afin d’étudier les échelles de la piéce fabriquée,
du cordon déposé et son bain de fusion, et de la microstructure. Les modéles sont basés sur la prise
en compte de plusieurs phénoménes physiques, tels que la thermique, la mécanique, la formation de
la géométrie, la mécanique des fluides dans le métal liquide ou les lois de germination et de croissance
cristalline (Figures 1.28, 1.30, 1.32 et 1.34).

Les modéles ont permis une description de 1’évolution de la température dans les piéces pendant la
fabrication, de leur déformation finale, des contraintes résiduelles, de la forme des cordons déposés
et des bains de fusion, ainsi que de la microstructure. Ils peuvent étre utilisés afin d’identifier un
mauvais controle des paramétres des procédés, en mettant en évidence par exemple de I’accumulation

de chaleur dans les piéces, et conduire & ’optimisation de ces paramétres.

1.1 Wire Additive Manufacturing processes and challenges

The scientific interest in additive manufacturing has increased significantly since the 90s. Particularly,
research has risen exponentially since 2010 as the processes are reaching a good maturity level and now

have various application fields [9].

Additive manufacturing offers the possibility to design complex geometries [10, 11]. It also enables the
manufacturing of materials with chemical composition gradients or the designing of alloys directly during
the manufacturing, which is difficult to achieve with conventional processes [12]. It can also reduce pro-
duction costs under certain conditions, as mentioned by Pinkerton and Andrew [13]. Unlike conventional
manufacturing, the unit cost of a component produced using additive manufacturing does not increase
with its complexity and production volume. Oppositely, the cost of a component manufactured using
conventional processes decreases with the production volume but increases with the complexity. Thus,
additive manufacturing reduces the costs for low-volume production of complex components. Finally,
several authors mentioned that components processed using additive manufacturing can have improved

properties compared to components produced using conventional manufacturing [14, 15, 16].

Different technologies for additive manufacturing have been developed to optimize either the deposition
rate of the process or the geometrical quality of the manufactured components [17]. The different additive

manufacturing processes, as well as their application fields and challenges, are presented in this section.
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CHAPTER 1. BIBLIOGRAPHIC OVERVIEW

1.1.1 Additive manufacturing technologies for metallic components

The production of a component with additive manufacturing is achieved based on a computer-aided design
geometry, which is sliced to determine a layer-by-layer trajectory of material deposition. Post-process

machining can be achieved to modify the surface state or to adjust the geometrical dimensions [18, 19].

Additive manufacturing applied to metals can be divided into three technological families:

e sheet lamination technology, in which thin metal sheets are joined using a welding energy source.
This technology is rarely employed due to its limited applications [20].

e powder bed technology, most often represented by the Laser-Powder Bed Fusion (L-PBF) process
(Figure 1.1a), in which a layer of powder is deposited using a rake and further locally melted with a
laser. Layers of powder are successively deposited while lowering the level of the building tray [21].

e directed energy deposition (DED) technology, in which the material is directly deposited on
a melt pool on top of a substrate. The deposited material can be used in the form of powder
(Figure 1.1b) or wire (Figure 1.1¢). The process using the DED technology and blown powder
focused on a laser source, presented in Figure 1.1b, is often referred to as DED in the literature [11].
To differentiate it from the DED technology, we will refer to it in this document as the DED-powder
process. When a wire is employed as material feedstock (Figure 1.1c), the used energy source to
melt the wire can be an electrical arc (WAAM, Wire-Arc Additive Manufacturing), a laser (WLAM,
Wire-Laser Additive Manufacturing) or an electron beam (WEBAM, Wire-Electron Beam Additive
Manufacturing) [15].

L-PBF (a) DED-powder (b)
Laser, Beam guidance system
v
Laser Scanner Carri
Chamber | arrier gas
1
—_ = - - 1
| L 1
| ens o
Component | -~ po
| V N
Powder bed | || |I Powder supply
| ]
1 7 "
: Deposition head "
_______________________ ! AM deposit
IS — |

DED-wire (c)

Energy source
(arc, laser, electron beam)

Wire feed
—>
): = ] /
/ / =
7
Deposition layers Substrate

Figure 1.1. Schematic drawing of the different metallic additive manufacturing technologies: (a) powder bed
system; (b) DED-powder feed system; (¢) DED-wire feed system. Adapted from Frazier [21].
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1.1. WIRE ADDITIVE MANUFACTURING PROCESSES AND CHALLENGES

Table 1.1 compares different parameters of L-PBF, DED-powder and DED-wire processes. DED-wire
process, compared to the two others, has the advantage of using wire instead of powder, which limits
the health risks for the operator [22], reduces the production costs as the wire is ten times cheaper than
powder [21] and maximizes the buy-to-fly ratio (ratio between material delivery rate and deposition rate)
to 100%. In contrast, the buy-to-fly ratio is only around 30% in the DED-powder process [23] as not all

the powder is used to produce the component.

Table 1.1. Comparison between additive manufacturing processes: L-PBF, DED-powder and DED-wire. Numbers
i red indicate the ranking of one process with the other two on the defined criterion.

Property L-PBF DED-powder DED-wire
Buy-to-fly ratio 3. 2. =~ 30% [23] 1. 100% [22]
Heat input [24] 1. 107! =1 J/mm 2. 10" — 102 J/mm 3. 10® J/mm
Layer width [24] 1. 0.05 — 0.5 mm 2. 0.5 -5 mm 3. 1—10 mm

Deposition rate [17] 3.1072 —1071 g/s 2.107 ! g/s 1.107 =1 ¢g/s

The DED-wire process has the highest deposition rate, the highest heat input and produces the largest lay-
ers compared to the DED-powder and the L-PBF processes [24, 17]. However, according to Ding et al. [22],
an increase in the deposition rate is made to the detriment of the geometrical resolution. As a result,
components produced using the DED-wire process will have poor geometrical accuracy and surface finish
compared to components produced using DED-powder and L-PBF processes [25]. The L-PBF process
is, therefore, better suited to the production of small components with good geometric accuracy. In con-
trast, the DED-wire process is more suitable for the manufacturing of large components with moderately
complex geometries [26, 27]. Due to the lower safety constraints imposed by the use of wire compared
to powder, DED-wire processes are not restricted, unlike L-PBF, to a maximum build chamber size.
Furthermore, the use of metal powder diminishes in relevance as the size of the components increases
due to the production costs associated with using powder (more expensive than wire) and also knowing
that larger geometric tolerances are generally accepted for larger components. The DED-powder process

is positioned as an intermediary between these two processes.

The higher heat input in the DED-wire process compared to that of the L-PBF process [28] will induce
differences in the solidification conditions and thus different microstructures (thermal gradient and growth
rate of the liquid-solid interface for a given material [24]). Figure 1.2a compares the thermal gradient
and the growth rate in components manufactured with the L-PBF, the DED-powder and the DED-
wire processes. Mukherjee et al. [24] reported that the highest thermal gradients and growth rates are
measured during the L-PBF process, while the DED-wire process results in the lowest ones. The effect
of these thermal gradients and growth rate on the microstructure will be further discussed in the next

section.

Figure 1.2b compares the obtained cooling rates and the heat input of each process. The lowest thermal
gradients and growth rates experienced during the manufacturing of a component with the DED-wire
process result in obtaining the lowest cooling rate of about 102 °C/s, against 10% — 10* °C/s for DED-
powder and 10 — 107 °C/s for L-PBF, potentially influencing the solidification path [29].

13



CHAPTER 1. BIBLIOGRAPHIC OVERVIEW

(a) (b)

) L-PBF
~
< —_
= = L-PBF
% g DED-powder
& et
& DED-powder g
g =Y
2 =
E g
§ o
g DED-wire
DED-wire
Growth rate (m/s) Heat input (power/speed, J/mm)

Figure 1.2. (a) Dependence between temperature gradient and growth rate and (b) variations of the cooling rate
with respect to the linear heat input for the different additive manufacturing processes, using 316 stainless steel.
Adapted from Mukherjee et al. [24].

Finally, components produced using the DED-wire process exhibited the highest residual stresses, six
times higher than those produced using the L-PBF process, due to the intense heat input applied with
this process [17]. A more precise description of the WAAM and WLAM processes employed in this work
is proposed in the next section.

1.1.2 Wire Additive Manufacturing processes
Wire-Arc Additive Manufacturing (WA AM)

The WAAM process is based on arc welding technology, widely used in the industry [30]. Three arc

welding processes are mainly employed, depending on the way the electrical arc is generated:

e the Gas-Metal Arc Welding (GMAW) process, also referred to as the Metal Inert Gas/Metal
Active Gas (MIG/MAG) process [31], uses the wire as the electrode to generate the electrical arc
(Figure 1.3a). In this figure and the rest of this document, e, denotes the manufacturing direction
(in which the layers are stacked), e, the deposition direction (in which the deposition head is moving
during the manufacturing) and e, corresponds to the transverse direction. The wire is then brought
coaxially into the melt pool. S};elding gas is blown through a nozzle to protect the melted metal
from atmosphere contamination [30]. The applied current can both be pulsed or continuous [30].
According to Costello et al. [31], the GMAW process is the most widely used for arc generation in
WAAM. A process derived from GMAW is the Cold Metal Transfer (CMT) process, in which the
wire oscillates to control the generation of the arc [32, 22]. The push and pull cycles of the wire
are calibrated with the current pulsations. This process limits the heat amount introduced in the
component [33].

e the Gas-Tungsten Arc Welding (GTAW) process, also referred to as the Tungsten Inert Gas
(TIG) process, uses a non-fusible tungsten electrode to generate the arc (Figure 1.3b). The wire
is brought laterally at the front or the side of the melt pool [34, 35]. A variant of GTAW is the
TopTIG process, where the wire is brought coaxially to the electrical arc [31].

e the Plasma Arc Welding (PAW) process is similar to GTAW, except that the electrical arc is

restricted into a plasma created by blown ionized gas. This process allows for reaching the highest

14



1.1. WIRE ADDITIVE MANUFACTURING PROCESSES AND CHALLENGES

temperatures, as the electrical arc can go up to 11,000 °C. Among the three arc welding processes,

PAW generates the thinnest electrical arc.

The GTAW process was employed in this work. Unless otherwise indicated, the expression “WAAM
process” refers to the GTAW-WAAM process.

WAAM-GMAW  (a)

WAAM-GTAW  (b)

Tungsten
<«— Drive rolls electrode
<«— Electrode
wire Drive rolls Nozzle
<4«— Nozzle / Contact tube
Shielding Shielding
€z gas gas

.. i

/ &iArC

Sz
‘Workpiece ' Weld pool

WAAM-Plasma

Drive rolls

¥

4_

Tungsten
electrode
—— Plasma gas

[¢— Nozzle

& Shielding
gas

9

Plasma arc

Figure 1.3. Schematic drawing of Wire Additive Manufacturing with different methods for electric arc generation:
(a) gas metal arc welding (GMAW); (b) gas tungsten arc welding (GTAW); (c) plasma arc welding (PAW).
Adapted from Ding et al. [22].

Wire Laser Additive Manufacturing (WLAM)

The WLAM process uses either a single fiber laser or several diode lasers to melt a metallic wire inside
a melt pool. The required laser power is of the order of 1 kW [36, 37]. Both pulsed or continuous lasers
can be employed [38], and the laser can be brought laterally [39] or coaxially [37]:

e if the wire is brought laterally (Figure 1.4a), front feeding allows for regular deposition [35];

e if the wire is brought coaxially (Figure 1.4b), the laser has to be split and refocused [37].

The laser beam is enlarged to improve the formation of the melt pool, using ring-shaped (Figure 1.4c [37]),
three-point shaped (Figure 1.4c [40]) and donut-shaped (Figure 1.4c [37]) geometries. According to
Schulz et al. [36], the laser spot should have the size of the deposited melt pool to prevent oxidation. The
focusing should be correctly made to ensure proper deposition:

e if it is too high, the wire is susceptible to melt prior to reaching the melt pool;

e if it is too low, the wire is susceptible not to being correctly melted [41].
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WLAM (a) (b) .
(c)
Laser beam \ ’
Laser-wire

angle Laser splitting

Nozzle (d)
Wire stick-out Laser beam
Feeding angle Filler feeding
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Figure 1.4. Schematic drawing of Wire Laser Additive Manufacturing in different configurations: (a) lateral wire
supply, adapted from Heralic [39]; (b) coazial wire supply, adapted from Bambach et al. [37]; (c) ring-shaped laser
beam [37]; (d) three-point laser beam [[0]; (e) donut-shaped laser beam [37].

1.1.3 Comparison of wire additive manufacturing processes

Among the Wire Additive Manufacturing processes, WAAM is the cheapest as a platform can be built
for less than 90 k£ (108 k€) according to Williams et al. [42]. Anzalone et al. [43] even obtained a
proof-of-concept WAAM platform for less than 2 k$ (1.9 k€). Conversely, the WEBAM process is the

most expensive to set up [44].

According to Elmer et al. [15], the WAAM process is the most energy-efficient as the efficiency of the
electrical arc is about 90% compared to efficiencies of 2-5% for the laser and 15-20% for the electron
beam. The highest energy input is experienced by components achieved by WEBAM, followed by those
produced by WAAM and by WLAM (750, 370 and 70 J/mm, respectively). The WLAM process, then,

is an interesting option for limiting the amount of heat introduced into the component.

The WAAM process has the highest deposition rate (1-4 kg/h), where the highest value is obtained with
PAW and the lowest one with GTAW [45]. The WLAM process has a slightly lower deposition rate,
which can still be in the same magnitude for high-power laser values [46]. Components produced using
the WAAM process have the poorest surface state and geometrical accuracy compared to those produced
using WLAM, in which the size of the layers is limited by the width of the laser [22]. Indeed, the WLAM
process is an interesting compromise between a high deposition rate and a good geometrical accuracy of

the produced components, as mentioned by Valentin et al. [47].

WEBAM operates under vacuum, which prevents the contamination of the liquid metal by the atmosphere
and limits the formation of inclusions compared to WAAM and WLAM [15].

Lastly, lower residual stresses were observed in components manufactured by WLAM compared to those
manufactured by WAAM (200 MPa versus 500 MPa at maximum), as the consequence of the lower heat
input in WLAM compared to WAAM [48].

Figures 1.5a, b and c present components elaborated using WAAM [49], WLAM [41] and WEBAM [44],
respectively. The component obtained with WEBAM had the highest layer thickness. In contrast, the
component obtained with WAAM was manufactured using the highest deposition rate, and the WLAM

component had the thinnest layers. Each component was achieved with a satisfying surface state and
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geometry accuracy with respect to the dimensions of the components.

WAAM (a) WLAM (b) WEBAM (c)

137 mm

4
\ 4

50 mm

AN
v

145 mm

Figure 1.5. Ezamples of components produced using wire additive manufacturing processes: (a) WAAM [49];
(b) WLAM [41]; (¢) WEBAM [44].

1.1.4 Applications and challenges of Wire Additive Manufacturing

Additive Manufacturing has shown great interest in various fields such as:

e the aerospace industry as it ensures optimum material use, especially for expensive Ti-based and
Ni-based alloys, by limiting machining [33];

e the automotive industry by reducing the production costs and favoring the manufacturing of new
geometries to reduce the weight while maintaining the mechanical quality [22, 26];

e the medical field through the manufacturing of on-demand geometries adapted to each patient [26].

More generally, DED additive manufacturing has applications in various fields, including nuclear power,
transport, energy and tooling [33], enabling the production of complex geometries without joining [26]
or the design of chemical composition gradient materials (for DED-powder [2] or WAAM using two

wires [50]). The DED technology also allows for the repairing of components directly on-site [51].

However, many scientific challenges in DED technology remain to be addressed. Several authors identified

the most critical defects induced by DED additive manufacturing, among which:

e porosity (Figure 1.6a) damaging the mechanical properties of the manufactured components [16,
14]. Intralayer pores, spherical and randomly distributed, are caused by gas entrapment in the
liquid metal. Interlayer pores, irregular and located between two adjacent beads, result from a lack
of fusion [52];

e the presence of inclusions (Figure 1.6b) results from contamination of the liquid metal by the
atmosphere [33] and damages the mechanical and corrosion properties of the components [31];

e deposition issues causing irregularities in the geometry of the achieved layers, referred to as
dripping and stubbing in WLAM [53, 54], and balling and humping (Figure 1.6¢) in WAAM [55, 3].
They are the consequences of improper calibration of the process parameters;

e residual stresses (Figure 1.6d) are the consequence of the inherent elevated thermal gradients
during additive manufacturing [14]. They induce strains, causing geometrical distortions and, in

some cases, cracks in the achieved components [34];
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e geometrical issues (Figure 1.6e) caused by incorrect deposition strategies for geometrical speci-
ficities in the achieved components, such as “IT”-shaped section, angles, crossings or start and stop
sequences [56, 54];

e macroscopic collapses due to the curvature of the deposited beads (stair-stepping effect, Fig-
ure 1.6f). A layer deposited on top of another will normally be smaller or of the same size as the
one below, as the liquid metal needs to be deposited on a relatively flat surface to keep it from
flowing due to gravity. The accumulation of the stair-stepping effect as the number of deposited
layers increases can result in significant variations between the actual and desired dimensions of the
manufactured components [22]. Heat accumulation caused by insufficient cooling [33] also lead to
wrong geometry [56];

e delamination of two successive layers due to incomplete melting or insufficient remelting of the
previous layer [57];

e changes in the chemical composition due to vaporization of alloying elements during the melting
of the metal [17]. These changes influence the mechanical properties of the achieved components

and can cause corrosion [31].

In addition, according to Debroy et al. [9], economic, technological and health challenges must also be
addressed in DED additive manufacturing through the determination of standards, study of the market,
definition of qualifications, certifications and scale-up to the industry. Risks exist when using wire as
material feedstock, as “welding fumes” containing nickel and chromium are known carcinogens. These
risks are less pronounced than for metallic powder, which can be a source of explosion or affect the

operator’s lungs, and must be manipulated carefully.
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Figure 1.6. Typical defects during additive manufacturing: (a) porosities and (b) inclusions in 316L steel achieved

with DED-powder [58]; (¢) humping phenomenon during the deposition of carbon steel with GTAW welding pro-

cess [59]; (d) distribution of the residual stresses in the welding direction (z-axis) [48]; (e) gap defects during

the deposition of a “T-shaped” geometry with WAAM process [60]; (f) schematic drawing of the “stair stepping”
deformation effect [22].
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1.2 Processing conditions

Ahn [11] established an exhaustive list of process parameters associated with producing a component
with wire additive manufacturing, as presented in Figure 1.7. The process parameters are differentiated
based on whether they influence the thermal energy, the material, the wire feeding, or the motion and

path of the deposition head.

According to Baghdadchi et al. [61], a complex component usually has thin and thick sections and angles,
although the preliminary calibration for further manufacturing might be established based on the study

of single beads, single-bead walls, tiles and geometrical components.

Type of source Type of feeding
/ Power related parameters Feeding direction
Q}@ Beam diameter Feeding position
\@9 Beam profile ~$6V Feeding angle
é@‘b Working distance &/ Mass flow rate
Deposition &/\\/ Wavelength (laser) Gas flow rate
Parameters of ete. L ete.
V\élre Feeding \\ Material of wire \\ Scan speed (travel speed) ®
ype DED - - 1 )
o 4\ Diameter of the wire \_Track overlap ratio (hatch distance)
process {?f@\ Material of the substrate %{\ Deposition path
(\’cé/ Heat treatment of the substrate ’O,; Interpass time
N\ _Geometry of the substrate € DNnterpass dwell time
@d%'z Geometry of the deposited region Qe;; Preheating temperature
etc. etc.

Figure 1.7. List of processing conditions of wire additive manufacturing. Adapted from Ahn [11].

Many authors have calibrated their process parameters based on the characterization of single beads to:
1. ensure continuous deposition with consistent height and width regularity [62];
2. prevent porosity formation in the manufactured components [52];
3. maintain the wetting angle between the deposited layer and the substrate below 90°. Oliari et al. [63]

reported that an excessively high wetting angle can lead to intralayer porosities.

Based on these criteria, several geometric parameters were analyzed to assess the shape of the deposited
bead, including the width/height ratio, the dilution (the ratio between the height of the deposited layer

and the depth of penetration into the substrate or previous layer) and the wetting angle [52].

Optimal values for these parameters were determined based on different considerations:

e Geometrical accuracy of the component: Aldalur [64] determined that the optimal wetting
angle for single beads manufactured using the WAAM process is 30°. Dass and Moridi [52] estab-
lished that the ideal dilution ratio of single beads manufactured with DED-powder is between 10%
and 30% and the ideal width/height ratio is 3.5.

e Efficiency: Le et al. [65] maximized the bead height and width while minimizing the heat input
while manufacturing single beads with the WAAM process.

e Production rate: To optimize deposition efficiency, the goal is to maximize the bead size while
ensuring consistent deposition. This involves maximizing bead width and height while minimizing
the dilution ratio [66, 67] or reducing as much as possible the width/height ratio [68].
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1.2.1 Effect of processing conditions on the geometry

Ding et al. [22] mentioned that the main process parameters influencing the geometry of single beads
deposited with wire additive manufacturing processes are the power of the heat source Qczp, the wire
feed rate v,, and the deposition speed s. Many studies were conducted to assess the influence of these
parameters on the geometrical specificities of the beads. The following conclusions were reported:
e increase in the wire feed speed increases the width w of the beads in WAAM [56], but not in WLAM,
where w remains constant as it is mainly determined by the width of the laser [69];
e increase in the wire feed speed increases the height of both WAAM and WLAM single beads [70, 69];
e increase in the deposition speed decreases the width and the height of both WAAM and WLAM
single beads [56, 71];
e increase in power increases the width of single beads manufactured by WAAM and WLAM |70, 69];
e increase in power results in a decrease of the height of the WAAM bead [70], but not of the WLAM
bead [69], as the wire absorbs the power and shields the melt pool;
e increase in power also increases the depth of the melt pool in WAAM and WLAM process |70, 72].

In the WAAM process, the arc power has the most important effect on the width, while the deposition
speed has the most important effect on the height of the achieved single beads [62]. Similarly, in the
WLAM process, the laser power has the most important effect on the width, while the deposition speed
influences the height of the achieved single beads [22].

1.2.2 Volume energy density

The applied volume energy density is the main physical parameter influencing the morphology of the
deposited single beads [46]. This volume energy density F, can be expressed as the fraction of the
linear energy F; (proportional to the ratio of the power of the heat source and the deposition speed, i.e.
E) « %) and the deposited volume of metal per unit of length S (proportional to the ratio of the
wire feed and the deposition speeds i.e. S oc ®= ) [73]. The volume energy density is then expressed as
E, E Qeap

=3 X,

Figure 1.8a presents various examples of single beads obtained for a nickel alloy with increasing volume
energy density with WLAM process [74]. Irregular morphologies of single beads were obtained when
applying a too low or a too high volume energy density. These phenomena are known as wire stubbing
and wire dripping, respectively. In the case of wire stubbing (Figure 1.8b), the energy is too low to melt
the substrate properly, and the wire goes against the solid substrate, leading to wire deformations and
irregular deposition [41]. Wire stubbing is also known to result in the formation of interlayer pores [73].
In the case of wire dripping (Figure 1.8¢c), excessively high applied energy causes premature melt of the

wire. As a result, the metal droplets of wire are not correctly deposited onto the substrate [75].

Similarly, Figure 1.9 presents various single beads made of nickel alloy with WAAM process using in-
creasing volume energy density [70]. Again, irregular morphologies were obtained for too low or too
high volume energy densities. These phenomena are known as balling and humping, respectively. In the
case of balling, insufficient volume energy density limits the correct wetting of the melt pool on top of
the substrate, resulting in the formation of metallic droplets [70]. In the case of humping, an excess of
volume energy density causes surface waving as a consequence of the increased fluid flow effects in the
liquid metal due to the intense thermal gradients at its surface and the larger dimensions of the melt

pool, resulting in irregular deposition [76].
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Figure 1.8. (a) Inconel 625 (nickel alloy) single beads manufactured with WLAM and increasing volume energy
density [74]. Photographs of (b) wire stubbing effect and (c) wire dripping effect in WLAM, acquired using a rapid
camera [41].

WAAM Humping
4
Smooth wire
deposition
Increasing volume
Irregular wire energy density
o € deposition
e;
Balling

Figure 1.9. Hastelloy X (nickel alloy) single beads manufactured with WAAM and increasing volume energy.
Adapted from Dinovitzer et al. [70].

According to Long et al. [77], the process parameters in wire additive manufacturing can influence the
microstructure of the achieved components by modifying the applied linear energy E; and, subsequently,
the thermal gradients and solidification cooling rates. In addition, the volume energy density has to be
controlled to prevent the formation of porosity within the manufactured layers:

e interlayer pores (Figure 1.10a) are the consequence of lack-of-fusion between two consecutive beads
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caused by insufficient volume energy density or non-adapted deposition path causing overlapping
issues between two successive beads;

e intralayer pores (Figure 1.10b) result from gas entrapments in the melt pool caused by an excessive
volume energy density. For DED-powder processes, these pores are reported to be formed in
“keyhole” mode, in which the energy density is sufficient to vaporize the liquid metal, creating a

hole associated with important dilution of the melt pool.

Thus, the authors mentioned that, theoretically, there exists an optimum volume energy density mini-

mizing both the intra- and interlayer pores (Figure 1.10c).

(a) (b) (c)

Figure 1.10. Schematic drawing of (a) lack-of-fusion interlayer porosity, (b) keyholing intralayer porosity and
(c) the effect of the volume energy density on the fraction of inclusions in the achieved components [52].

1.2.3 Deposition strategy

The deposition strategy has to be optimized to avoid geometrical defects. Angles, crossings, “T”-shape
joining and closed loops are the main geometrical features that can lead to height irregularities [78].
An angle in the geometry of a manufactured component changes the local deposition speed and usually
increases the applied linear energy. In addition, the surface curvature of the components can influence

the cooling rates and impact the microstructure [79].

The manufacturing of an X-shaped component with WAAM (Figure 1.11a) results in material excess at
the crossing area [80]. A correction should be applied to limit the amount of crossings, as schematized
in the deposition path. Another option could be to limit the amount of wire injected at the crossing to

compensate for the height excess.

Next, the manufacturing of a “I”-shape component with WAAM resulting in lack-of-height issues is
presented in Figure 1.11b [81]. The authors compensated for this lack of height by adding a bead near

the joining area every four layers (Figure 1.11c).

The deposition of a single bead with WAAM and WLAM can be achieved using two deposition strategies:
linear deposition strategy, presented in Figures 1.12a and b, and overlapping deposition strategy, presented
in Figures 1.12¢ and d [64, 30]. According to Ayed [46], the overlapping deposition strategy is preferred
for the manufacturing of large components with the WAAM process, as it improves the control of the
width of the bead. The overlapping strategy presented satisfying results in terms of height regularity and

surface state of manufactured components, as for the wall presented in Figure 1.12e [82].

However, several authors mentioned that the overlapping deposition strategy causes variations in the
microstructure compared to linear deposition and induces the formation of strong crystal texture in

the achieved components due to the flatness of the bead [83, 84]. This variation in microstructure is
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susceptible to influence the mechanical properties [83].

WAAM (a) (b) (c)

Figure 1.11. (a) Height “excess” during the manufacturing of a “X-shaped” component with WAAM using carbon
steel [80]. (b) “Lack” of height during the manufacturing of a “T-shaped” component with WAAM using 308 steel
and (c) corrected deposition strategy [81]. Adapted from Jafari et al. [56].
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Displacements of .
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direction direction
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Figure 1.12. Mild steel single beads deposited by WAAM using (a) a linear deposition strategy and (c) an “overlap-
ping” deposition strategy [64]. Schematic drawing of (b) linear and (d) overlapping deposition strategies, adapted
from Marsac [30]. (e) P91 single-bead wall achieved by WAAM using an overlapping deposition strategy [82].

When stacking beads vertically during the manufacturing of single-bead walls with Wire Additive Man-
ufacturing, two deposition strategies can be used: a one-way deposition strategy where all the beads are
deposited in the same direction (raster), and a two-way deposition strategy where the beads are deposited
in alternating directions (zigzag) [55] (Figure 1.13). Raster results in macroscopic collapse at one of the

edges, attributed to heat accumulation in this part of the component. Conversely, the zigzag deposition
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strategy formed a regular wall in height, successfully distributing the heat in the component.

Generally, when manufacturing a complex component, the deposition path must be designed to distribute
the heat throughout the component [85]. Several deposition strategies have been developed for depositing

multilayer components using a linear, spiral or fractal path [86].

WAAM (a) (b)

Figure 1.13. Comparison of the height regularity in single-bead walls made of aluminum alloy with WAAM process
using (a) a two-way (zigzag) and (b) a one-way (raster) deposition strategy [55].

During the manufacturing of a multilayer component, calibration of the distance between two successive
beads has to be ensured to obtain the flattest possible surface [4]. Suryakumar et al. [87] studied the
overlapping of two consecutive beads, as presented in Figure 1.14. To obtain a flat surface, the authors
mentioned that the valley between the two beads has to have the same size as the overlapped volume
(Figure 1.14a). If the overlap increment is too high, the overlapping volume will be less than the volume
of the valley, which will not be filled (Figure 1.14b). If the overlap is too small, the overlapped volume
will be more than the volume of the valley, resulting in excessive layer height (Figure 1.14d). Finally,
Ding et al. [4] mentioned that the theoretical overlap increment required to perfectly fill the valley and
obtain a flat surface (Figure 1.14¢) has to be 0.738 times the width of the beads.

(a) (b)

Figure 1.14. Schematic drawing of the overlapping of two consecutive single beads, adapted from Suryaka-

mar et al. [87]: (a) overlapped volume and available valley between the beads; (b) insufficient overlapping (the

overlapping volume is less than the volume of the valley); (c¢) adequate overlapping (the overlapping volume equals
the volume of the valley); (d) excessive overlapping (the overlapping volume exceeds the volume of the valley).
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1.2.4 Interlayer cooling time

Interlayer cooling time affects the effective volume energy density. If the interlayer cooling time does
not allow the component to cool completely, the remaining heat will be added to the effective energy
applied during the processing. While manufacturing single-bead walls, several authors mentioned that
the temperature in the components at the end of each cooling cycle increases if the interlayer cooling
time is kept constant [88]. This heat accumulation leads to the loss of height of the deposited beads and
an increase in their width [89]. Figures 1.15a and b present respectively the transverse cross-sections of
316L single-bead walls achieved by WAAM with an interlayer cooling time of 0 and 60 s [90]. The wall
manufactured without interlayer cooling presented an irregular profile in terms of width. According to
Treutler et al. [91], heat accumulation is the consequence of the fact that, in the first layers, the heat
is free to distribute by conduction into the substrate (Figure 1.15¢), whereas it is constrained to go in
the previous layers as the number of layer increases, resulting in heat accumulation if the cooling is not
handled properly [92] (Figure 1.15d).

Heat accumulation caused by insufficient interlayer cooling time causes an increase in surface rough-

ness [93] and creates heterogeneous properties in terms of hardness and tensile resistance [94].

However, excessive interlayer cooling times can damage the properties of the achieved materials, as they
increase the distortions in the component [85]. A compromise must thus be found between sufficient

cooling time to prevent geometrical deformations but without affecting the mechanical properties [22].

WAAM (a) (b) (c) (d)
[ ] L
L
€z
. l—» Cy

Figure 1.15. (a) and (b) transverse cross-sections of 316L single-bead walls manufactured by WAAM with an
interlayer cooling time of 0 and 60 s, respectively [90]. Schematic drawing of heat transfer from (c) the first layer
to the substrate and (d) the last layer to the previous layers [91].
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1.3 316L stainless steel processed by WAAM and WLAM

1.3.1 Composition

Stainless steels are composed by definition of at least 10.5 wt.% of chromium to give them their corrosion
resistance properties by forming a protective oxide layer at the interface between the metal and the
oxidative environment. Other chemical elements, such as nickel, can be added in various proportions,
resulting in different microstructures for the stainless steels: austenitic, ferritic, martensitic, duplex and

precipitation hardened [95].

The austenitic stainless steels (with a face-centered cubic crystal structure) are referred to using the
nomenclature 3xx, as presented in Figure 1.16 [96, 95]. The typical chemical composition of the austenitic
stainless steels mentioned in this work is also given in Table 1.2. 304 stainless steel is the reference alloy,
with its two main alloying elements being chromium (in rates between 18.0 and 20.0 wt.%) and nickel
(between 8.0 and 10.5 wt.%). The other alloys of the 3xx series are obtained by varying the rate of these
elements or by adding new alloying elements (such as S, Nb, Mo, or Si) to improve one specific material
property (weldability, corrosion resistance, heat resistance...). In particular, 316 is a specific stainless
steel in which molybdenum is added to improve the corrosion resistance and the material strength at

high temperatures, making it suitable for applications in the nuclear field [96].

The amount of carbon in the 316 steel can be reduced to improve its corrosion resistance and weldability.
Such an alloy is referred to as 316L if the rate of carbon is under 0.03 wt.%. Similarly, 316N and 316H
correspond to 316 alloys with added nitrogen and carbon, respectively. This section focuses on determin-
ing the microstructure and mechanical properties of the 316L austenitic stainless steel employed in
this thesis.

308-309 3xxL: reduced carbon for /* corrosion resistance
" weldability and| and weldability
heat registance 3xxN: added nitrogen for /* material strenght
+ Cr 3xxH : added carbon for /* thermal and
mechanical properties
303 305 314
. . [\, work harde- /" heat
" machinability| . o .
+ S ning ability 1 g Jjresistance]
+ Ni
347
. + Nb 304 + Mo 316 +Cr 317
N\ carbide L corrosion| L corrosion
. [Reference) . .
precipitation| resistance resistance
- Cr|- Ni
301

/* work harde-
ning ability

Figure 1.16. Simplified classification of Sxx austenitic stainless steels [96, 95].

Table 1.2. Typical chemical composition of austenitic stainless steels [95].

Steel (wt.%) C Mn Si Cr Ni P S Other
304 0.08 2.0 1.00 18.0-20.0 8.0- 10.5 0.045 0.03
308 0.08 2.0 1.0 19.0-21.0 10.0-12.0 0.045 0.03
316 0.08 2.0 1.00 16.0-18.0 10.0-14.0 0.045 0.03 2.0-3.0 Mo
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1.3.2 Grain structure

The components achieved by additive manufacturing experience elevated thermal gradients at the liquid-
solide interface G and solidification rate R during the process. The ratio between the thermal gradient
and the solidification rate indicates whether the solidification mode is planar, columnar dendritic (the
solidifying front is split into dendrites growing in the direction of the thermal gradient) or equiaxed (the
dendrites grow according to all space directions) [97]. In addition, the product between the thermal gra-
dient and the solidification rate (i.e. the cooling rate) determines the size of the solidification structure:
large grains and dendrites for low cooling rates. Peyre and Charkaluk [98] have qualitatively placed the
different additive manufacturing processes on the mapping of solidification modes (Figure 1.17). Each
additive manufacturing process is expected to experience columnar dendritic solidification. However,
the WAAM process, which operates with the lowest thermal gradient and solidification rates compared
to other processes, is susceptible to experiencing equiaxed dendritic solidification under specific condi-
tions. Baumard [99] reported columnar grains perpendicular to the melt pool boundaries in single beads
achieved by L-PBF (Figure 1.18a), which indicated dendritic solidification along with the thermal gra-
dient (perpendicular to the liquid-solid interface). Columnar solidification was also reported for WLAM
and WAAM [100, 35]. In addition, the microstructure was coarser in WAAM than in WLAM due to the
lower cooling rate. The author also reported that the G/R ratio decreases from the boundary to the center
of the bead. In addition, the thermal gradient is lower at the top of the bead (end of solidification) than
at the melt pool boundaries (start of solidification), which resulted in a transition in solidification modes
from columnar to equiaxed solidification (white line in Figure 1.18a). Then, the shape of the melt pool
controls the microstructure by influencing the direction of elongation of the grains. Debroy et al. [3] men-
tioned that the shape of the melt pool is influenced by the applied linear energy E;. (Figures 1.18b,c,d).
When it increases, the rear of the melt pool becomes inclined, which results in a modification of the

direction of the thermal gradient (Figure 1.18d).

The unidirectional solidification causes additional specificities governing the formation of the microstruc-
ture. The crystal orientation of the grains is determined using the existing orientations below the melt
pool boundaries, resulting in an epitaxial solidification [30]. In addition, several crystal orientations are
favored. In cubic crystals (such as austenite and ferrite), (001) is the preferential growth direction [98].
Growth of grains with a (001) orientation along the thermal gradient will be favored compared to grains

with other orientations, which is susceptible to creating texture in the achieved component.

Thermal gradient G

Solidification rate V

Figure 1.17. Mapping of solidification modes depending on the temperature gradient and the speed of the solidifi-
cation front for different metal additive manufacturing processes [98].
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Figure 1.18. (a) EBSD map projected in the building direction of the transverse cross-section of a single bead

made of 316L manufactured by L-PBF [99]. Schematic drawing of the growth direction of the grains in (b) a

vertical melt boundary, typical of L-PBF, (c) a nearly vertical melt boundary, typical of L-PBF with relatively
lower cooling rates and (d) an inclined melt boundary, typical of DED processes [3].

Single-bead walls

In single-bead walls manufactured using DED, the thermal gradient is usually oriented in the manufactur-
ing direction e, from the bottom to the top of the walls, which results in the formation of elongated grains
through multiple layers [101, 102]. Cambon et al. [103] observed the crystal orientations using EBSD in
a single-bead wall made of 316L steel manufactured by WAAM (Figure 1.19a). Similarly, Xu et al. [104]
performed EBSD characterizations in a single-bead wall made of 316L achieved by WLAM. Both studies
reported elongated grains in the manufacturing direction (from the bottom to the top of the walls). How-
ever, the grains observed with WLAM are smaller than those observed with WAAM due to the smaller
size of the melt pool associated with the faster cooling rate in WLAM [105]. In addition, a (001) ._ pre-
dominant texture is observed in the single-bead wall achieved by WAAM, as a result of epitaxial g?owth
and crystal orientation selection [99]. This texture is not visible in the study of Xu et al. [104]. However,
similar trends to WAAM were observed during the manufacturing of 316L steel single-bead walls using
additive manufacturing processes with higher cooling rates: DED-powder [106] and L-PBF [107]. The
elongation of grains and crystal texture can lead to anisotropic properties of the manufactured single-bead

components [101].

As the number of deposited layers increases, the cooling rate decreases due to heat accumulation (if
interlayer cooling time is not optimized). Wang et al. [105] observed the presence of equiaxed grains
at the top of the last deposited bead with the WAAM process since the cooling rate decreases between
the first and the last deposited layer. Similar observations were made by Su et al. [108] for the WLAM
process. However, these equiaxed grains at the top of the layers are susceptible to being remelted during

the deposition of the next layer [103].
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Figure 1.19. Orientation maps obtained by EBSD and projected in the manufacturing direction of transverse

cross-sections of 316L single-bead walls achieved by (a) WAAM [103] and (b) WLAM [10/].

Multilayer tiles

Akbari et al. [109] characterized the microstructure of 316L tiles manufactured by WLAM and noted that
the grains in tiles were less elongated and thinner than those observed in single-bead walls. Goland et al. [110]
studied the microstructure of a tile made of 316L, manufactured by WLAM (Figure 1.20a). Elongated
grains were noted and the component exhibited a (110)) ., texture. This texture resembles the one ob-
served for 316L tiles manufactured by L-PBF. Andreau et al. [111] reported that the manufactured tiles
with L-PBF exhibit a predominating (110) ., caused by the shape of the melt pool, except in the center
of the beads where a (001), er
direction (Figure 1.21).

texture is observed associated with grain elongation in the manufacturing

| ez

Monier [28] (Figure 1.20b), Palmeira Belotti et al. [112] and Wang et al. [113] analyzed the microstructure
of tiles made of 316L steel with the WAAM process. Two zones with distinct microstructures characterized
the tiles:

e At the edges of the bead (overlapping area OR), the fact that the melt pool is almost flat and
perpendicular to the manufacturing direction led to the formation of a (001)| . texture. Large
columnar grains elongated with the manufacturing direction were reported, similar to single-bead
walls.

e In the center of the beads (center of fusion zone CFZ), a (110) ., texture was reported. The grains

in this area are thinner than in the OR.

Palmeira Belotti et al. [112] noted that the elongation direction of the grains in the OR is deviated
towards the outside of the layer for the single beads deposited at the edges of the layers, resulting from
the inclined thermal gradient. Finally, Wang et al. [113] reported that the two zones would exhibit

variations in mechanical properties due to their different grain size and texture.
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Figure 1.20. Orientation maps obtained by EBSD and projected in the manufacturing direction of transverse
cross-sections of 316L tiles achieved by (a) WLAM [114] and (b) WAAM [28].
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Figure 1.21. 3D-representation of orientation maps obtained by EBSD and projected in the manufacturing direc-
tion of a 316L tile manufactured using the L-PBF process [111].
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1.3.3 Main phases

Schaeffler [115] approximated the 316L steel to a three-element alloy by regrouping the alloying elements
favoring the Face-Centered Cubic (FCC) austenite phase (v stabilizers: Ni, C, N, Mn) and those favoring
the Body-Centered Cubic (BCC) ferrite phase (ferritizers: Cr, Mo, Si, Nb), under equivalent weight

percentages wt.%Ni., and wt.%Cr.,, after ponderation of their contribution (Equations 1.1 and 1.2).

wt.%Creg = wt.%Cr + wt.%Mo + 1.5 x wt.%Si + 0.5 x wt.%Nb (1.1)

wt.%Nieqg = wt.%Ni + 30 x wt.%C + 30 x wt.%N + 0.5 x wt.%Mn (1.2)

By using these ratios, Schaeffler et al. [115] estimated that austenitic 316L stainless steels cooled under
the solidification conditions of welding will contain between 5 and 10 vol.% of ferrite, depending on the
exact chemical composition. The typical conditions of solidification of WAAM and WLAM processes also
promote the formation of an austenitic-ferritic microstructure for 316L steel, according to Astafurov and
Astafurova [29]. Oppositely, in the L-PBF process, 316L steel exhibited a fully austenitic structure due to
higher solidification rates [116]. Therefore, austenitic-ferritic 316L steel will experience reduced corrosion
resistance compared to fully austenitic 316L. Given that chromium and molybdenum are ferritizers, the
predominant austenite phase will be depleted of these elements [117].

Suutala et al. [118] indicated that two different solidification paths can occur based on the chemical com-

wt.%Creq

TN ), as schematized in Figure 1.22:

position of the alloy (ratio between « stabilizers and ferritizers

e the AF solidification mode (1.37 < %ﬁ;: < 1.48), in which the alloy primarily solidifies
as austenite and ferrite is formed between the dendrites due to the decrease of the amount of ~
stabilizer elements in the liquid. The remaining ferrite between the dendrites in AF mode is thus
called “interdendritic”;

e The FA solidification mode (1.48 < %ﬁ:: < 1.95), in which the metal first solidifies as
ferrite and is re-transformed into austenite except at the core of the dendrites where residual ferrite

remains. This ferrite is referred to as “lathy” or “vermicular”.

Suutala et al. [119] mentioned that an increase in the deposition speed can also promote AF solidification
mode instead of FA mode, depending on the chemical composition of the alloy. Astafurov and Astafurova
reported that both solidification modes were observed in WAAM and WLAM components made of 316L

steel, even if the FA solidification mode is the most common.

Figures 1.23a and b present the phase microstructure of 308L components (with close chemical compo-
sition to 316L, Table 1.2) manufactured using WAAM and WLAM processes, respectively [15]. Both

components exhibited vermicular and lathy ferrite within the austenite, indicating FA solidification.

The ferrite fraction in 316L steel manufactured using WAAM and WLAM processes was reported to be
between 4 vol.% and 10 vol.% [28, 90, 114, 120], which is agreement with Schaeffler et al. [115] for 316L
steel solidified under the cooling conditions of welding. Long et al. [77] noted that the ferrite fraction
increases with the cooling rate using the WAAM-CMT process, which was also noted by Goland [114]
for 316L specimens made by WLAM and WAAM. Rodriguez et al. [121] reported that the amount of
chromium and molybdenum in the ferrite phase of 316L steel increases with the applied energy input,

indicating that processes using high linear energy while promoting the formation of austenitic-ferritic
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microstructure will produce a component with reduced corrosion resistance.

Figure 1.22. Different solidification modes of austenitic-ferritic steels depending on their chemical composi-
tion [118, 97].

WAAM (a) WLAM (b)

Figure 1.28. Micrographs of the austenitic-ferritic microstructure of 308L stainless steel components produced
with (a) WAAM and (b) WLAM processes [15].

Elmer et al. [15] noted that the dendrite size is smaller in components manufactured by WLAM compared
to those produced by WAAM, as it is linked to the solidification cooling rate. Reciprocally, the dendrite
size can be used to estimate the cooling rate at solidification in the achieved components [122]. Table 1.3
reviewed the estimated cooling rates during components manufacturing with WAAM and WLAM pro-
cesses. The WLAM process resulted in higher cooling rates, in the magnitude of 103 °C/s, than the
WAAM process (102 °C/s).
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Table 1.3. Literature review of the cooling rates observed for WLAM and WAAM processes.

Process Reported cooling rates (°C/s) Reference
500 — 3 000 Bernauer et al. [123]
WLAM 1 000 — 4 000 Akbari et al. [109]
1 000 Goland et al. [114]
100 Goland et al. [114]
100 Gudur et al. [124]
WAAM 1000 Monier [28]
68 — 690 Park et al. [125]
10 Rodriguez et al. [126]

As mentioned by de Sonis [116], the observed as-built microstructure is not as-solidified because the
component experienced successive heating and cooling cycles caused by the deposition of new layers.
Several authors reported that these heating cycles are susceptible to promoting the o phase, which is
an intermetallic phase detrimental to the mechanical properties of the material [127, 114]. Figure 1.24
illustrates the precipitation of the ¢ phase in a 316L tile manufactured using the WAAM process. o
phase was reported in the as-built state of components manufactured using WAAM with low solidification
cooling rates [114, 128], located in the ferrite [129] as this phase allows for rapid formation of o phase as

compared to austenite [130].

Figure 1.24. Schematic illustration proposed by Chen et al. [127] of o phase formation within the ferrite during
the successive thermal cycles of the manufacturing of a 316L tile with WAAM process.
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1.3.4 Mechanical properties

Frazier et al. [21] reviewed the mechanical properties of components produced using additive manu-
facturing processes, highlighting that anisotropy can hardly be avoided due to columnar grain struc-
ture. In addition, compared to the materials manufactured using conventional processes, the compo-
nents manufactured by additive manufacturing exhibited higher tensile strength and yield stress [51, 97].
Laghi et al. [131] reported that the mechanical properties are similar in the manufacturing and deposition
direction of a component manufactured by WAAM. However, higher values of tensile strength and yield
stress were reported with a specimen taken diagonally at 45° to the manufacturing direction due to the

columnar and textured microstructure.

Table 1.4 summarizes the determined mechanical properties for 316L components manufactured us-
ing different additive manufacturing processes (WAAM with the three different arc-generation meth-
ods (GMAW, GTAW and PAW), WLAM, DED-powder and L-PBF). Higher tensile strengths were
reported for the components achieved by powder processes than in those produced by wire processes.
Bertsch et al. [132] mentioned that the successive thermal cycles during the production of a component
with additive manufacturing cause strain cycles limited by the geometrical constraints. As a result, it
can induce dislocations in the microstructure [116], causing hardening of the material. The authors also
indicated that the dislocation density increases with the cooling rate, meaning that more dislocations are
expected for L-PBF than for DED-wire processes; and for WLAM than for WAAM.

Moreover, comparable mechanical properties were observed for the components manufactured using
WAAM with the three arc-generation methods. For all the processes, some anisotropy is reported between
the manufacturing and deposition directions, but in a less significant way for wire processes compared
to DED-powder and L-PBF. Lastly, it can be concluded that all the processes allowed to fulfill the
requirements imposed by the ASTM A473-15 standard for wrought 316L steel [133].

Table 1.4. Summary of mechanical properties of 316L stainless steel fabricated by additive manufacturing compared
to that processed by standard wrought route. V denotes a tensile test achieved in the manufacturing direction, and
L denotes a tensile test achieved in the deposition direction.

Properties
Yield Tensil
Process Orientation e enste Elongation Reference
stress strength
(MPa) (MPa) (%)
% 235 533 48 Chen et al. [127]
WAAM-GMAW v 235 533 48 Chen et al. [129]
L 286 586 39 Goland et al. [114]
\ 336.9 574.1 42.0
WAAM-CMT-continous Rodriguez et al. [126]
L 364 577 43
\% 331.7 536.0 45.6
WAAM-CMT-pulsed L 374 588 45 Rodriguez et al. [126]
Vv 342 539 56
WAAM-PAW Suarez et al. [134]
L 384 586 40
Vv 322 540 43
WAAM-GTAW Rodriguez et al. [126]
L 365 590 42
WLAM L 400 600 34 Bernauer et al. [123]
L 391 634 28 Goland et al. [114]
\ 479 703 46
DED-powder Zietala et al. [135]
L 576 776 33
A\ 280 580 62 .
L-PBF Yu et al. [136]
L 490 685 51
‘Wrought requirements - 170 450 40 ASTM A473-15 [133]
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Higher hardness values were also reported in components made of stainless steel manufactured by WAAM
and WLAM compared to conventional wrought state (250-270 HVg o for WLAM [71] and 212-208 HV;
for WAAM |[28]). Consistently with Table 1.4, the hardness of components manufactured by WLAM
is reported to be higher than that of a component manufactured by WAAM due to the difference in
heat inputs between both processes, which induces more thermal distortions, resulting in an increased
dislocation density [137]. In addition, several studies mentioned that, under certain conditions, the
hardness of the components manufactured by WAAM and WLAM decreases from the bottom of the wall
to the top [123, 138].

Lastly, Li et al. [139] and de Sonis [116] studied the fracture of stainless steel samples manufactured by
WLAM and WAAM, respectively. Both studies mentioned that the fracture surface exhibited dimples,

synonymous with the ductile behavior of the material.

1.4 Heat treatments

Several heat treatments were applied in the literature to components produced by wire additive manu-
facturing, targeting different objectives :
1. stress-relief to remove the residual stresses;
2. recrystallization, aiming to decrease dislocation density and to eliminate the columnar and textured
microstructure caused by the manufacturing [131];
3. phase transformation, aiming, for 316L, in removing the residual ferrite within the austenite (as this
phase is not stable at high temperatures), which could be detrimental to the corrosion resistance
of the material [121].

Rodrigues et al. [121] reported that a heat treatment at 400 °C allowed for the reduction of the amount
of residual stresses in a 3161, component achieved by WAAM without influencing the microstructure. As
a mean of comparison, Luecke et al. [140] mentioned that, for stainless steels manufactured using the
L-PBF process, a stress-relief heat treatment at 650 °C for 1 h increases the tensile strength and reduces

the yield stress.

Several heat treatments were conducted aiming at recrystallizing the microstructure of WAAM and
WLAM components made of 316L steel (Figure 1.25), applying temperatures between 1000 and 1200 °C
for durations from 30 min to 4 hours:

e Goland et al. [114] achieved heat treatments at 1200 °C during 3 hours in a tile manufactured by
WAAM, showing only very limited recrystallization (Figures 1.25a and b). Oppositely, Monier [28]
mentioned a complete recrystallization in a tile manufactured by WAAM after heat treatment at
1200 °C after only 30 mins, obtaining isotropic grains with a size of about 1 mm (Figure 1.25¢).

e Chen et al. [129] studied the influence of heat treatments at 1200 °C in single-bead walls achieved
by WAAM (Figures 1.25d-f). After 4 hours, millimetric equiaxed grains were obtained.

e Goland et al. [114] achieved heat treatments at 1200 °C for 3 hours in a tile manufactured by WLAM,
showing complete recrystallization and equiaxed grains with a size of about 400 pm (Figures 1.25g
and h).

Wang et al. [141] also mentioned that recrystallization is easier in the center of the fusion zone than in
the overlapped region. The authors successfully recrystallized the CFZ after heat treatment at 1100 °C,

whereas the recrystallization temperature increased to 1200 °C for the OR. The authors also mentioned
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that recrystallization heat treatment removes the anisotropy of properties, increasing tensile strength and

decreasing yield stress.
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Figure 1.25. Orientation maps obtained by EBSD and projected in the manufacturing direction of transverse cross-
sections of 316L components before and after heat treatments followed by water quenching: (a) tile manufactured
by WAAM in as-built state [114]; (b) tile manufactured by WAAM after stress relief (400 °C for 2 hours) and
solution annealing (1200 °C' for 3 hours) [114]; (c) tile manufactured by WAAM after stress relief (600 °C for
1 hour) and solution annealing (1200 °C for 30 mins) [28]; (d) single-bead wall manufactured by WAAM in
as-built state [129]; (e) single-bead wall manufactured by WAAM after treatment at 1200 °C for 1 hour [129];
(f) single-bead wall manufactured by WAAM after treatment at 1200 °C for 4 hours [129]; (g) tile manufactured
by WLAM in as-built state [114]; (h) tile manufactured by WLAM after stress relief (400 °C for 2 hours) and
solution annealing (1200 °C' for 3 hours) [114].
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Several heat treatments were conducted in tiles manufactured by WAAM to transform the ferrite into
austenite:

o After temperature exposure below 1000 °C, several authors mentioned that the heat treatment
resulted in the formation of o phase in the initial ferrite (Figure 1.26) [28, 121, 129].

o After heat treatment above 1000 °C, Chen et al. [129] mentioned that the ferrite transforms into
austenite, remaining with “globular” ferrite in different amounts depending on the applied treat-
ment (Figure 1.26c and d), even if the grains did not recrystallize. No o phase was observed.
Chen et al. [129] reported that this heat treatment resulted in a decrease in both the tensile strength

and the yield stress and increased the maximal elongation.

(a) (b)

Figure 1.26. Microstructure of 816L tiles manufactured by WAAM (a) in as-built state and after 1 hour heat
treatments followed by water quenching at (b) 1000, (c¢) 1100 and (d) 1200 °C [129].
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1.5 Numerical modeling of wire additive manufacturing

The use of a finite element model could allow an increase in the understanding of additive manufacturing
processes while reducing the amount of experimental work [142]. It can further lead to the manufacturing
of components with better quality in shorter times and lower costs. Thermal, mechanical and metallurgical
problems are the main physical phenomena that can be considered in a finite element modeling of additive

manufacturing, as presented in Figure 1.27 [143]).

1. The thermal phenomena influence the microstructure of the components through the thermal gra-
dient and the solidification cooling speed;

2. Reciprocally, the phase transformations responsible for microstructure formation influence the tem-
perature evolution through latent heat during the transition from solid to liquid states.

3. The microstructure has a direct effect on mechanical properties.

4. The mechanical state (for example, residual stresses and strains) influences the kinetics of phase
transformations.

5. The thermal evolution influences the mechanical properties (as the physical parameters of the
material are dependent on the temperature).

6. Lastly, the heat can be dissipated by mechanics-related phenomena.

Thermal
effects

Microstructure Mechanics

Phase transformations

Latent heat

Mechanical properties dependent on the microstructure
Mechanical stresses

Non-uniform thermal stresses, temperature-dependent mechanical properties
Heat dissipation

Figure 1.27. Coupling between the different physical phenomena involved in wire additive manufacturing. Adapted
from Cambon [1435].

One of the main challenges in the modeling of additive manufacturing is to reproduce the material depo-
sition during the manufacturing, modifying the geometry, as mentioned by Cambon [143] and Hilal [144].
Several methods have been proposed:

e the activation of elements, in which the finite elements that are not physically deposited already
numerically exist with assigned negligible physical parameters. This process can result in errors
caused by high thermal gradients between the inactive and active elements.

e the addition of elements, in which the global mesh is updated with new finite elements at regular
time steps to reproduce the deposition.

e the tracking of the interface between the component and the ambient air in the meshed geometry,
using the Level Set approach. This method allows for modeling the most accurate metal deposition,

although it requires elevated computing times.
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Several methods have been used to model the heat supply of the energy source during the deposition.
Hilal [144] mentioned that the energy source could be modeled as imposed temperatures, input flux,
surface heat source or volume heat source. However, this last approach has been demonstrated to be the
most accurate for modeling wire additive manufacturing processes [145]. The volume energy distribution
can be Gaussian, as in the work of Depradeux [146], allowing a correct prediction of the thermal field in
the manufactured components, or adapted to the elongated shape of the melt pool, using a distribution
referred to as Goldak distribution [147], as in the works of Cambon [143], Baumard [99] and Engel [107].

Most studies applied an elastoplastic model with hardening to describe the material behavior. Muran-
sky et al. [148] mentioned that this hardening can be modeled as both isotropic or kinematic. The authors
mentioned that the isotropic hardening tends to overestimate the induced stresses and strains, while the
kinematic one underestimates them. A mixed isotropic-kinematic hardening model, referred to as the

Chaboche model, is recommended to obtain the most accurate prediction [149].

Lastly, concerning the geometry of the achieved components, Prajadhiama et al. [150] mentioned that
the rectangular shape modeling to approximate the shape of the beads leads to the lowest error in the
prediction of the thermal field compared to arc-shaped modeling of the deposited beads while decreasing

the computing times.

1.5.1 Thermal modeling

Several finite element studies were conducted to determine the thermal field during the processing of
components with additive manufacturing, as presented in Figure 1.28a for WAAM using 316L steel [151]
or in the study of Kiran et al. [152] for DED-powder process using 316L steel. The prediction of the
thermal field allowed for the determination of thermal cycles induced by successive deposition of layers.
Figure 1.28b compares the predicted and experimental thermal field during the manufacturing of a 10-

layer component made of 316L with WAAM [90]. The numerical model presented a good accuracy.

(a) (b)

Figure 1.28. Modeling of temperature evolution during additive manufacturing: (a) estimated thermal field during
the manufacturing of a single-bead wall with WAAM process using 316L steel [151]; (b) comparison between
experimental (pyrometer, black line) and numerical (red dashed line) data of the temperature measured near the
bottom of a single-bead wall manufactured using WAAM and 316L steel with an interlayer cooling time of 60 s [90)].
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The modeling was used to estimate local cooling rates [128]. Lee et al. [90] studied the manufacturing of
a component made of 3161 with the WAAM process without applying interlayer cooling (Figure 1.29a).
The authors reported that the temperature at the beginning of deposition of each new bead increases as
the number of deposited layers increases, highlighting heat accumulation in the component. As a result,
they obtained that the cooling rate decreases as the number of layers increases, causing an increase in
dendrite size. Mohebbi et al. [153] also determined that an increase in the minimal temperature reached
at the end of the interlayer cooling time during the manufacturing of a wall made of steel using the
WAAM process is linked to a decrease of the layer height, indicating that heat accumulation will cause

geometrical deformations.

Gokhale et al. [154] achieved the thermal modeling of a component manufactured with the WAAM process
using low-carbon steel, determining that the angles in the deposition path are more likely to experience

heat accumulation than the rest of the component.

Park et al. [125] used a numerical model to study the thermal gradient and the solidification speed during
the manufacturing of a component made of 3161 with the WAAM process. Cooling rates at solidification
were estimated in the components. The authors also reported that the cooling rates decrease as the
number of deposited layers increases. Their model thus allowed for the prediction of the microstructure

before manufacturing.

(a) (b)

Heat accumulation

Figure 1.29. Ezamples of thermal analyses using finite element modeling: (a) comparison between experimental
(pyrometer, black line) and numerical (red dashed line) data of the temperature measured near the bottom of a
single-bead wall manufactured using WAAM without applying interlayer cooling [90]; (b) estimation of the layer
height depending on the experienced interlayer temperature during the manufacturing of a single-bead wall with

WAAM [153].

1.5.2 Mechanical modeling

Mechanical models were developed to estimate the distortions in components produced using additive
manufacturing. Pascal et al. [151] followed the evolution of the deflection of a substrate clamped at
one edge and unclamped at the other during the manufacturing of a 316L single-bead wall with WAAM
process (Figure 1.30). The authors mentioned that successive deposition led to strain formation during
manufacturing. At the end of the deposition, the final cooling is responsible for the most important
deflection of the substrate, about 0.8 mm. This indicates that clamping is required to avoid geometrical

distortions during manufacturing. Lee et al. [155] mentioned that the distortion of a component made of
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Ti-6Al-4V and manufactured by WLAM decreases as the interlayer cooling time decreases. In addition,
a complete clamping of the substrate reduced the amount of distortion in the component compared to
partial clamping at the four edges of the substrate. Mughal et al. [156] studied the substrate deformations
based on the applied deposition strategy of multilayer tiles made of mild steel and deposited using the
WAAM process. A deposition path starting with the outer parts of a component and going through the

center caused fewer distortions.

WAAM Deflection

Isotropic hardening, large displacements

Deflection along z-axis (mm)

Kinematic hardening, large displacements
Perfect plasticity, large displacements
Isotropic hardening
Kinematic hardening
Perfect plasticity

Time (s)

Figure 1.30. Numerical estimation of the displacements of one unclamped extremity of the substrate during the

manufacturing of a 5-layer single-bead wall with WAAM process and 316L steel, using different hardening models

(perfectly plastic, isotropic hardening and kinematic hardening) and displacements hypotheses (large displacements
and small displacements) [151].

Mechanical models also allowed for estimating the residual stresses in the produced components. Fig-
ure 1.31a and b present the estimated distribution of the residual stresses in tiles manufactured using
the WAAM and the DED-powder process with 316 steel, respectively [17]. High residual stresses were
reported, especially for WAAM at the bottom of the wall. This is consistent with the observations of
Biegler et al. [157] for modeling of DED-powder manufacturing using 316L and Cambon et al. [158] for
WAAM using 316L. These residual stresses are compressive at the bottom of the manufactured compo-
nents and progressively evolve to tensile at the top of the components, reaching quite high values up to
400 MPa depending on the used process [159, 152]. Hilal [144] mentioned that the deposition strategy

does not impact the residual stresses.

Finally, Wang et al. [160] studied the influence of the applied clamping on the residual stresses in the
component and the substrate (Figures 1.31c and d) during the manufacturing of a single bead wall made
of aluminum alloy using the WAAM process. It was shown that clamping at the center of the ridges
(Figure 1.31d) led to smaller residual stresses in the manufactured components compared to corner

clamping (Figure 1.31c).
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(a) WAAM (b) DED-powder

Residual stress (N/mm?) (c) Residual stress (N/mm?)

WAAM

Figure 1.31. Distribution of the residual stresses in a 316L tile manufactured using (a) WAAM process and

(b) DED-powder process [17]; (¢) and (d): residual stresses in the substrate at the end of the manufacturing of a

single-bead wall with WAAM using aluminum alloy, depending on the shape of the clamping (at the edges and the
centers of the lines of the substrate, respectively) [160].

1.5.3 Geometry of the melted area

Depradeux et al. [146] mentioned that considering the fluid flow phenomena is mandatory to correctly

estimate the shape of the melt pools resulting from additive manufacturing.

Several numerical models were implemented using fluid flow hypotheses to estimate the shape of the melt
pool. Four forces cause the convection of the liquid metal in the bath [30]: (i) the buoyancy force due
to differences in density, (ii) the Lorentz force from the magnetic field, (iii) the Marangoni force related
to variations in surface tension and (iv) the shear force caused by the pressure of the electric arc on the
liquid metal. Force (i) makes the pool less penetrating, while force (ii) has the opposite effect. Marangoni
force (iil) causes both the width and the penetration of the pools to increase. Finally, force (iv) causes
the pool to widen [161].

Using the defined fluid flow hypotheses, Ou et al. [162] obtained a correct prediction of the shape of single
beads obtained with WAAM using H13 steel (Figure 1.32a). The authors also used this accurate local
prediction of the thermal field to determine cooling rates, solidification speeds, and the directions of the

thermal gradients.

Cadiou et al. [163] estimated the thermal field during the manufacturing of a component made of 304
steel with WAAM process by modeling the wire supply considering heat transfer, fluid flows and electro-
magnetic forces (Figure 1.32b). The authors have indicated, however, that the calculation times are the

limit of their study: 15 days of calculation are necessary to model 6 seconds of the process.
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WAAM (a) (b)

Temperature (K)

Sad A

Figure 1.32. (a) Comparison between the calculated and experimental shape of the transverse cross-section of a

single bead manufactured by WAAM (H13 steel) using heat transfer and fluid flow hypotheses [162]. (b) Estimation

of the thermal field on the longitudinal cut of a single bead manufactured with WAAM (304 steel) using heat
transfer, fluid flow and electromagnetic assumptions. The black line represents the melting temperature [163].

To reduce the computing times, several authors used geometrical assumptions to estimate the shape of
the deposited beads. Ding et al. [4] mentioned that a parabola function could accurately represent the

shape of a single bead manufactured by WAAM.

Mohebbi et al. [153] modeled the shape of the deposited beads made of EN440 steel with WAAM process
using capillarity and gravity assumptions (Figure 1.33a), based on the applied process parameters. The
model provides curvature angles (depicted in Figure 1.33a) indicating the shapes of the beads. The
authors use it to assess the influence of the process parameters on the geometry of the resulting beads,
noting, for instance, that both the height and the width of the bead decrease as the deposition speed

increases.
Finally, Ou et al. [162] estimated the shape of deposited layers after overlapping by considering the pool
as a drop seeking to adapt to the surrounding geometry (Figure 1.33b).

WAAM (a) (b)

Figure 1.83. (a) Predicted and experimental geometry of a single-bead wall made of EN440 steel manufactured

by WAAM wusing thermo-capillary-gravity assumptions. The different numbers indicate the applied parameters to

calibrate the numerical model [153]. (b) Comparison between the calculated and experimental cross-section of a
5-bead layer made of H13 steel manufactured with WAAM [162].
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1.5.4 Microstructure modeling

Cellular Automata and Finite Element (CA-FE) models were developed to predict the microstructure
in components produced by additive manufacturing. CA-FE combines a dendritic growth law and a
nucleation law with modeled thermal conditions. The shape of the deposited beads is adapted using a
Goldak volume energy distribution for the heat source [147]. Engel [107] obtained similar experimental
and modeled microstructure in transverse cross-sections of single-bead walls made of 3161, manufactured
by L-PBF (Figure 1.34a and b, respectively).

Phase field models can be used as well to predict the microstructure in components manufactured by
WAAM using 316LSi wire, as presented by Herbeaux et al. [164] (Figure 1.34c and d, experimental and
numerical, respectively). By using the shape of the melt pool determined experimentally, the authors
obtained the microstructure using a hypothesis of grain continuity between two successive passes. This
method involves much lower computing times than the CA-FE method, allowing it to be used to determine

the microstructure depending on several variations in the shape of the deposited beads.

L-PBF (a) L-PBF (b)
[111]
&x&
)&x&
[001] [011]
Proj. e,
€
l—> €y
o )
WAAM (c) WAAM (d)

Figure 1.84. Comparison between (a) experimental and (b) modeled microstructure of the transverse cross-

section of a single-bead wall made of 316L achieved with L-PBF using a coupled cellular automata/finite element

model [107]. Comparison between (c) experimental and (d) modeled microstructure of tiles manufactured with
WAAM process using 316LSi steel based on phase field assumptions [164].
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1.6 Conclusion to Chapter 1

Additive manufacturing is a promising method for producing parts with complex geometries while min-
imizing material usage. Each technology, powder bed fusion (L-PBF), directed energy deposition with
powder (DED-powder) and directed energy deposition with wire (DED-wire: WAAM and WLAM) is
suitable for different applications. L-PBF allows the manufacturing of small components with complex
geometries and high geometrical precision. At the same time, WAAM and WLAM show high deposition
rate and allow thus the manufacturing of larger components. WLAM, in particular, combines a relatively
fast deposition rate and sufficient geometrical precision. Therefore, among the various techniques, those
utilizing wire as the material supply offer relatively short manufacturing times and enable the construc-
tion of large-scale components. This makes wire-based additive manufacturing particularly attractive for

industrial applications.

Despite decades of intensive research on additive manufacturing, wire-based techniques have received
significantly less attention compared to powder-based methods, such as L-PBF. Therefore, several issues
still need to be addressed before wire additive manufacturing can be widely adopted. Namely, according
to literature data, producing a component by additive manufacturing implies the control of porosity,
inclusions, macroscopic deformations and the level of residual stresses to have the desired geometry and

properties.

From a practical point of view, to get the desired geometry, the power of the energy source, the deposition
rate and the wire feed rate have to be carefully chosen. These parameters modify the volume energy
density and, thus, the applied linear energy or the volume of metal deposited per unit of length. Too
low or too high energy densities lead to the formation of beads with irregular geometry. In addition,
particular attention has to be paid to the deposition strategy and the interlayer cooling time since poor

control of these parameters can cause local irregularities in the height of the manufactured components.

The processing parameters have to be carefully chosen not only to obtain a component with the desired
geometry but also to avoid microstructure defects. The effect of additive manufacturing on microstructure
was studied using various metallic alloys. One commonly used material is austenitic stainless steel 316L,
which is widely applied in different industries, including the nuclear sector. This steel is also used in the

present work.

The 316L components manufactured by WAAM and WLAM present a columnar grain structure with
crystal orientations induced by epitaxial growth and/or preferential growth directions depending on the
temperature gradient. Under typical solidification conditions in the WAAM and WLAM processes, the
microstructure of components made of 316L consists of austenite and ferrite, with lathy and vermicular
ferrite resulting from an FA solidification, where ferrite is the first solid phase formed from the liquid.
Moreover, under certain conditions, the thermal cycling induced by the WAAM process can allow the
precipitation of the intermetallic ¢ phase in the ferritic zones, which is detrimental to the mechanical
properties. For single-bead walls, the thermal gradient is unidirectional (parallel to the direction of
manufacturing e,). For WAAM and WLAM, this leads to the formation of elongated grains in this
direction over several passes, associated with a texture according to (001) e., the preferential growth
direction. In the case of multilayer components, the different shape of the melt pools between WAAM
and WLAM leads to different microstructures. In WAAM, columnar grains and (001)| ., texture are
observed at the edges of the beads (overlapped region). Thinner grains and (011} ., texture are observed
at the center of the beads (center of fusion zone). In WLAM, the microstructure is mainly textured

according to (011) . due to the convex shape of the melt pools, similar to L-PBF. In addition, the
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components produced by WAAM and WLAM have anisotropic mechanical properties that differ between
the deposition and manufacturing directions. It is worth noting, however, that the mechanical (mostly
tensile) properties of 3161 components produced by WAAM and WLAM can be better than those imposed
by standards for conventionally produced 316L. Post-processing heat treatments have been used to induce
relaxation of the components (reduction of the residual stresses), recrystallization and dissolution of
the ferrite in 316L steel. The presented literature review highlighted that single-bead walls and tiles
manufactured by WAAM and WLAM were not exhaustively investigated. Different microstructures were
reported in single-bead walls and tiles made by WAAM and WLAM. Still, most of the works focused on

the mechanical properties and the effect of heat treatments on tiles rather than single-bead walls.

Finally, various numerical models were proposed to investigate different phenomena operating during
additive manufacturing. These models can be divided into different studied scales: (i) the scale of the
manufactured component, (ii) that of the melt pool (deposited bead) and (iii) that of the microstructure.
All models are based on hypotheses concerning thermal transfer, mechanical behavior, the geometry of
the component, fluid mechanics or crystal growth. The models have enabled the accurate description of
the temperature evolution in the components during manufacturing, their final deformation and residual
stresses, the shape of the deposited beads and weld pools, and the microstructure. Thermal analysis
revealed heat accumulation zones (related to poor control of the interlayer cooling time). Heat accumu-
lation can result in a height collapse as compared to the desired geometry. Therefore, such a thermal
model can be used to optimize interlayer cooling time to avoid geometry issues during manufacturing.
The mechanical models were applied to calculate strains and residual stresses induced, for example, by the
substrate clamping. It was shown that complete clamping minimizes the strains in the component. More-
over, residual stresses are inevitable during the manufacturing process and can evolve with the amount of
applied energy and their description is of high importance. The WAAM process, with the highest linear
energy, leads to components with the highest residual stresses. Modeling the shape of the melt pools
and beads has enabled accurate estimation of the thermal gradient and solidification rate fields, which
govern the microstructure formation. Finally, the microstructure modeling highlighted the columnar and
textured grains intrinsic to additive manufacturing processes. The literature lacks, however, models that
can be valid for both WAAM and WLAM processes to describe the heat transfer and mechanical state.
Moreover, most models are valid for one specific scale (that of the microstructure, that of the deposited
bead, that of the component) and are not easily transferable from one scale to another due to the used

hypotheses.
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Résumé en frangais du Chapitre 2 : Matériaux et Méthodes

Les cellules WAAM et WLAM du CEA/LTA (Figure 2.1) ont été utilisées pour la fabrication de
monocordons, de murs et de blocs en acier inoxydable austénitique 316L. Ces plateformes intégrent un
robot composé d’un bras a six axes, équipé d’une téte de dépdt spécifique (Figure 2.2) avec un apport
de fil coaxial pour le WLAM et transverse pour le WAAM. Le procédé WAAM repose sur la méthode
de soudage TIG, dans laquelle une électrode en tungsténe sert a générer ’arc électrique. Lors des
premiéres fabrications, la plateforme WAAM n’étant pas encore opérationnelle, un banc de soudage
semi-automatique a été utilisé (Figure 2.3). La répétabilité des essais entre ce banc et la plateforme
WAAM a ensuite été vérifiée. Les plateformes ont été instrumentées avec des dispositifs d’observation
visuelle et thermique (caméras, caméras thermiques, pyromeétres, thermocouples) permettant de
suivre le processus de fabrication et d’analyser le champ de température. L’émissivité des piéces,
nécessaire aux mesures par caméra thermique, a été calibrée a 0,3 pour le WAAM et 0,4 pour le

WLAM, ce qui est en accord avec les valeurs rapportées dans la littérature.

La composition chimique du fil d’apport a été déterminée par ICP-AES (Spectrométrie a plasma a
couplage inductif) et analyse élémentaire (Table 2.1) et correspond a celle d’un acier inoxydable 316L,
a l'exception du chrome qui est volontairement ajouté en léger excés afin de favoriser la formation de
ferrite dans les piéces. Une analyse du fil par microsonde de Castaing a révélé la présence de deux
types d’inclusions : des sulfures de manganeése et des oxydes complexes (Al,O3 — MnO — MgO —
TiO3 — SiOy — Ca0). Ces inclusions sont susceptibles d’étre transférées dans les piéces fabriquées
étant donné que la température de fusion des oxydes peut ne pas étre atteinte lors de la fusion du

métal et peuvent altérer leurs propriétés.

Des caractérisations microstructurales ont été réalisées afin d’analyser les grains, les dendrites de so-
lidification et les défauts cristallins (dislocations). L’imagerie au microscope électronique a balayage
(MEB) a été effectuée a laide des détecteurs d’électrons secondaires et d’électrons rétrodiffusés.
La composition chimique locale a été évaluée au MEB par spectroscopie de rayons X a dispersion
d’énergie (EDS), tandis que lorientation cristallographique des grains a été déterminée par la méth-
ode de diffraction d’électrons rétrodiffusés (EBSD).

Les échantillons ont été préparés selon un protocole de polissage standard. Une attaque chimique &
l’eau régale a permis de révéler la morphologie des bains de fusion, tandis qu'une attaque électroly-
tique a été utilisée pour observer la ferrite et les dendrites. Un polissage fin & ’OPS a été réalisé
pour les analyses EBSD. L’espacement interdendritique a été mesuré au microscope optique et a
permis d’estimer la vitesse de refroidissement dans différentes régions des piéces a ’aide d’équations
empiriques issues de la littérature (Equations 2.2 et 2.3). Une méthodologie pour le traitement des
analyses EBSD a été définie, fixant un seuil d’angle pour les joints de grains a 5° et évaluant la

densité de sous-joints (2-5°), la présence de macles et la désorientation intragranulaire (GOS).

Les défauts cristallins (dislocations) ont été observés par microscopie électronique en transmission
(MET). Le MET a également été utilisé pour déterminer la composition chimique locale des phases

austénitiques et ferritiques par analyse EDS.

Des traitements thermiques ont été appliqués sur des échantillons issus des murs fabriqués par WAAM

et WLAM & 1100 et 1200 °C pendant 30 minutes, suivis d’une trempe a ’eau. Le temps de montée

en température n’a pas été inclus dans la durée du traitement.
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Enfin, les propriétés mécaniques des piéces ont été établies grace a des essais de traction & vitesse de
déformation constante (1072 s—1) réalisés sur des éprouvettes plates (Figure 2.10), prélevées selon
différentes orientations dans les murs fabriqués. Ces essais ont permis d’évaluer la limite d’élasticité,
la contrainte maximale et ’allongement & la rupture des piéces. Des mesures de microdureté et de
dureté Vickers ont également été effectuées, en appliquant respectivement des charges de 0,1 kgf et
10 kef.

2.1 WAAM and WLAM manufacturing

2.1.1 Experimental setups

Components with simplified geometries, including single beads, single-bead walls and thick multilayer
tiles, were manufactured using WAAM and WLAM platforms of CEA/LTA.

The WLAM platform (Figure 2.1a) operates with a remote control system and incorporates a fiber laser
with a maximum power of 4 kW and a wavelength of 1065 nm (YPG-4000). The setup consists of a
6-axis robot (D) equipped with a wire-laser deposition head (E) and a wire feeder (C), manufacturing
components on a static testing table (F). During the manufacturing, a movable venting system (A) is
positioned near the components to evacuate welding fumes. At the deposition head (Figure 2.2b), the
laser beam is divided into three points and refocused at the tip of the head, allowing the wire to be fed
coaxially. Finally, pure argon is delivered near the melt pool at a flow rate of 15 L/min to minimize

oxygen contamination through a nozzle positioned just above the wire.

Similarly, the WAAM platform (Figure 2.1b) operates with a remote control system and features a 6-axis
robot (G). This platform supports GMAW (B), GTAW (D) and plasma (E) processes, though only the
GTAW equipment was employed for this work. As with the WLAM platform, a movable venting system
(A) was used to evacuate welding fumes. The WAAM platform is also equipped with two wire feeders
(C), enabling the fabrication of components with chemical composition gradients when using wires made
from different materials. However, only one feeder was employed in this study to feed the 3161 wire under
the electrical arc. Unlike the WLAM platform, the WAAM platform includes a 2-axis table, allowing for
the manufacturing of components with complex geometries. When applying an alternating deposition
strategy, the table was rotated rather than the deposition head (G), ensuring consistent deposition di-
rection and facilitating the observation. A close-up of the WAAM-GTAW deposition head is shown in
Figure 2.2b. The head employs a non-consumable tungsten electrode with a diameter of 3.2 mm and a tip
diameter of 0.8 mm. The wire is fed laterally under the electrode at a 65° angle opposite the deposition
direction. Finally, pure argon is blown near the deposition area at a flow rate of 30 L/min to create an

inert atmosphere around the melt pool, double that used in the WLAM process.

Initially, the WA AM platform was unavailable to manufacture the first components. Consequently, several
components were produced using a semi-manual GTAW welding device, shown in Figure 2.3. This system
mainly operates similarly to the WAAM platform, although with some differences. In the semi-manual
setup, the deposition head is mounted on a 2-axis traveling ramp (H) and the components are produced
on a static testing table (B). This configuration permits only up-down and front-forward movements,
significantly limiting the range of geometries that can be achieved. We ensured that the GTAW welding

device and the WAAM platform were equivalent by manufacturing similar components with both devices.
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Figure 2.1. Platforms of CEA/LTA wused in this work for sample processing: (a) WLAM and (b) WAAM.
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Figure 2.2. (a) WLAM and (b) TIG-WAAM deposition heads, used in this work as an alternative to the WAAM

platform, unavailable at the beginning of the project.
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Figure 2.3. GTAW semi-manual welding device used in this work.

The three devices were equipped with visual and thermal monitoring systems. Viewing cameras ((I) in
Figure 2.1a and (C) in Figure 2.3) were set up. Adequate lighting was provided using a white light lamp
((D) in Figure 2.3). This optical equipment ensures the correct introduction of the wire into the melt
pool (Figures 2.4a and b for the WAAM and WLAM processes, respectively). At the beginning of this
work, video visualization for the WLAM process was unavailable. This capability was later implemented
by H. Rosso [165], with Figure 2.4b being a part of his work. Several thermal devices were also set up,
such as thermal cameras placed on the testing table ((B) in Figure 2.1a), pyrometers attached to the
deposition head ((G) in Figure 2.1a), or K-type thermocouples placed at the surface of the substrate near
the deposition ((E) in Figure 2.3).
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Figure 2.4 . Visualisation of the melt pool in (a) GTAW-WAAM and (b) WLAM processes [165].

2.1.2 Temperature measurements

K-type thermocouples and infrared cameras were used to measure the temperature at different locations
during the manufacturing of walls using WAAM and WLAM. Thermocouples were positioned on the
substrate surface at 2, 4 and 6 mm from the first bead edge, near the middle of the deposition path,
as presented in Figure 2.5. Temperature was recorded every 0.1 s during the manufacturing and the
interlayer cooling. Temperature of the part was monitored using Optris PI160 infrared camera for WAAM
and PIOSM for WLAM. The PI160 camera detects infrared radiation in the 8-14 pm range with an optical
resolution of 160 x 120 pixels. Conversely, the PIO8M camera operates in a narrower band between 780
and 800 nm, which is suitable for laser applications due to its exclusion of the laser wavelength. It
provides a higher optical resolution of 382 x 288 pixels, making it appropriate for the smaller dimensions
of WLAM-deposited beads. The temperature measurement ranges were from 200 to 1500 °C for the
PI160 (WAAM) and from 575 to 1900 °C for the PIOSM (WLAM).

WLAM Deposited metal

TC17

TC2 €,

Gy

TC3 Insulating
ceramic

Thermocouples e

Figure 2.5. WLAM specimen and three K-type thermocouples (TCs: TC1, TC2 and TC3) placed on the substrate
at respectively 2 mm, 4 mm and 6 mm from the deposition area. e denotes the deposition direction, e. the
manufacturing direction and ey the transverse direction.

The emissivity for 316L steel (used by infrared cameras to estimate the temperature, Equation 2.1) was
not initially known as it varies with temperature, used wavelength range, emission direction, and surface

state including oxidation.

For the calibration of the emissivity, the first measurements were conducted considering an arbitrary value
of €g.5 = 0.5. Our calibration method assumes that emissivity is lower for liquid than for solid metal, as
reported by Terrazas-Najera et al. [166]. Thus, assuming constant emissivity leads to underestimating
the melted pool temperature. In our study, the measured temperature profiles along the deposition

direction in WAAM and WLAM showed an initial rise, a maximum (assumed to represent the fusion
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isotherm), followed by a decrease under the electrical arc, corresponding to the liquid metal zone with
lower emissivity. The emissivity was recalibrated using Equation 2.1 to reach a maximum temperature
of 1450 °C, corresponding to the liquidus temperature of 316L steel, before the observed decrease due to
the liquid metal. Pichler et al. [167] used a similar calibration approach, although they did not report
considered emissivity values. We finally obtained emissivities of 0.3 and 0.4 for the WAAM and WLAM

processes, respectively.

4
T us
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Balat-Pichelin et al. [168] measured the spectral emissivity of 316L stainless steel at various incidence
angles. The emissivity of 316L stainless steel at an incidence angle of 0° is a good approximation of the
emissivity of the material, according to Barnett et al. [169], and corresponds to our acquisition setup,
as the cameras are far from the manufactured components, limiting the viewing angle. At 0° incidence,
their emissivity values range from 0.35 at a 1 pm wavelength to 0.15 in the 8-14 pm range. The value
of 0.35 is close to the values identified in this work. However, the value of 0.15 is slightly lower. This
difference may be due to oxidation during WAAM and WLAM manufacturing, which increases emissivity
at all wavelengths. Kraus [170] measured a total emissivity of 0.4 for a 316L melt pool obtained by TIG-
welding, similar to our PIO8M measurements but at higher temperature ranges. Finally, Fu et al. [171]
reported that total emissivity for steel samples with comparable roughness to those in WAAM and
WLAM processes increases with temperature, from 0.25 at 277 °C to 0.36 at 827 °C. This last value
is close to the one we obtained for the PIOSM camera. The emissivity for low-temperature ranges is
slightly underestimated because we kept the emissivity value constant and calibrated it only at a high

temperature, around the fusion isotherm.

Our approach to calibrate the emissivity was considered satisfactory for measuring the thermal field at
the scale of the manufactured component. If the actual emissivity were 0.5 instead of 0.4, a measured
temperature of 1000 °C with the 0.4 emissivity would be overestimated by 54 °C. Conversely, if the actual
emissivity were 0.3 instead of 0.4, a measured temperature of 1000 °C would be underestimated by 75 °C.
At 100 °C, the overestimation would be 5 °C if the emissivity were 0.5 instead of 0.4. These differences
are acceptable for a correct temperature estimation for our applications while manufacturing components
with WAAM and WLAM processes.
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2.2 Initial 316L wire

2.2.1 Chemical composition

A 316L stainless steel wire with a diameter of 1.2 mm, provided by Voestalpine Bohler Welding, was
utilized for the WAAM and WLAM processes. The chemical composition of the wire, measured by
ICP-AES and elementary analysis, is in agreement with typical values for 316L stainless steel and agrees
with the EN 10088-1 standard [172] (Table 2.1). While the nickel content is within the limits of the
standard, the measured chromium content slightly exceeds the upper bound, which was intentionally
made to promote ferrite formation in the manufacturing component. Significant amounts of Manganese
and Molybdenum (>1 wt.%) were also detected, closely matching reference values. The Carbon content is
minimized (<0.030 wt.%) to prevent carbide precipitation, such as Cro3Cg, which can damage mechanical
properties and reduce passivation potential [96]. The Oxygen content, which could impact mechanical
properties through oxide formation [173], was below the ICP-AES detection limit (<0.005 wt.%). Sulfur
was detected above the reference limits for 316L stainless steel, potentially causing sulfide precipitation
in the austenite matrix [173]. Other elements, including Nitrogen, Silicon, Copper, and Phosphorus, were
present in trace amounts.

Table 2.1. Chemical composition (wt. %) of the AISI 816L filler wire. (a) Reference chemical composition for

AISI 816L stainless steel in agreement with EN 10088-1 standard [172]. (b) Chemical analysis made by ICP-AES
and elementary analysis (C, N and O). (c¢) Voestalpine Béohler Welding data for the "3Dprint AM 316L" wire.

wt.% Cr Ni Mo Mn C N Si Cu Co P S Al O
16.5- 10.0- 2.00-
(a) EN 10088-1 2.00 0.030 0.10 1.00 - - 0.045 0.015 - -
18.5 13.0 2.50
(b) ICP-AES 19.20 12.66 2.88 1.78 0.016  0.045 0.46 0.042 0.031 0.013 0.007 0.005 -
(c) Manufacturer 18.5 12.3 2.6 1.7 0.02 - 0.5 - - - - - -

2.2.2 Inclusions

Several inclusions in the austenite matrix were identified and characterized using Scanning Electron
Microscopy (SEM), Wavelength Dispersive Spectroscopy (WDS) with Electron Probe Micro Analysis
(EPMA), and Energy Dispersive Spectroscopy (EDS) in SEM. These inclusions are shown in the micro-
graphs obtained at various scales in Figures 2.6a and b. Two distinct families of inclusions were identified.
Family A corresponds to elongated inclusions aligned with the wire axis, with widths less than 1 pm.
They are frequently observed as bands of multiple similar inclusions (Figure 2.6a). Family B corresponds
to spherical inclusions and varies in size, with radii typically larger than 1 pm. While they are often
isolated in the austenite matrix, observations at a larger scale (Figure 2.6a) showed that these inclusions

can also appear in bands aligned with the wire axis due to the wire extrusion process.

Chemical compositions of several inclusions from Families A and B were determined using WDS analy-
sis (Table 2.2). The analyses were conducted using the Cameca SX-100 EPMA, with a tension of 15 kV
and an intensity of 133 nA. Inclusions of family A corresponded probably to copper /manganese sulfides. In
contrast, inclusions of family B should be complex oxides like AlsO3 —MnO —MgO — TiO5 —SiO5 — CaO,
which may result from the introduction of liquid or powder slags during the processing to reduce the

oxygen content [174, 175].

According to WDS maps, the core inclusion from Family B primarily consists of aluminum, magnesium,
manganese and oxygen, while titanium, silicon, and calcium are mainly located at the borders in smaller

amounts (Figure 2.7). Similar inclusions were observed by Park and Todokori [174], and are referred to as
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2.2. INITIAL 316L WIRE

“aluminosilicate droplets whose primary phase is [MgO — Al, O3] spinels”. It suggests that these inclusions
are predominantly Al,O3 — MnO — MgO oxides. These oxide inclusions represent a potential risk to the
properties of the material, as the melting point of these oxides is not reached during the WAAM and
WLAM processes [176], making them likely to be transferred to the final components.

(a) (b)
A

\A B B\
. ; !
.

Figure 2.6. SEM micrographs obtained with secondary electron detector showing different inclusions within the
austenite matriz: (a) low and (b) large magnifications. A: manganese sulfide (MnS) inclusions and B: oxide
inclusions.

10 pm 2 pm

Table 2.2. Chemical compositions (at.%) obtained with EPMA of inclusions from families A and B compared to
the chemical composition of the austenite y-matriz.

Family A S Mn Cu Family B O Mg Al Si Ca Ti Mn
y-matrix 0.1 1.9 0.1 ~y-matrix 0.7 - - 0.9 - - 1.9
9.8 12.0 0.4 33.2 0.4 14.3 2.5 3.4 0.6 3.4
Inclusions 7.8 10.0 2.6 Inclusions 26.4 0.5 11.0 1.8 1.4 0.3 5.9
7.1 9.0 2.3 54.7 2.9 25.8 0.3 - 0.3 10.8
(a) (c) (d) (e)
cts cts cts cts
3600 430 390 3200
2300 210 210 1600
1000 0 35 34
=2 pm 2 pm 2 pm 2 pm
(f) (e) (h) (i)
cts cts cts cts
370 1500 2600 57
210 770 1300 28
2 pm 53 10 14 0

2 pm 2 pm 2 pm 2 pm

Figure 2.7. Chemical element map obtained with EPMA in a region with oxide inclusion. (a) SEM image of the
ozide obtained with the secondary electron detector. Relative spatial distribution of (b) aluminum, (c) magnesium,
(d) manganese, (e) oxygen, (f) titanium, (g) silicon, (h) calcium, and (i) sulfur in the analyzed inclusion.
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2.3 Microstructure characterization

Multiscale microstructure characterization was required to get information at dendrite and grain scales

as well as at the scale of crystal defects like dislocations.

2.3.1 Sample preparation

Several cross-sections of the WAAM and WLAM components were prepared in the transverse plane
(ey,e-) and the longitudinal plane (ei , ei). Surfaces were mechanically polished using SiC papers with
p?()gressively finer grit sizes, starting from #P120 and ending at #P1200, followed by diamond solutions
with particle sizes of 6, 3 and 1 pm for final polishing. Different finishing or etching procedures were
applied depending on the intended characterization, except for hardness measurements, tensile tests, and
porosity analysis, where the samples were left in the polished state. The following specific procedures
were employed:
e chemical etching: Aqua Regia (a solution of 2 parts nitric acid and 1 part hydrochloric acid by
volume) was used to reveal the shape of passes during optical micrograph;
e clectrolytic etching: a 10 vol.% solution of oxalic acid diluted in water was used for 30 s at 7 V to
observe the morphology of the ferrite in the components;
e fine polishing: an Oxide Polishing Suspension (OPS) solution was applied for 15 minutes to achieve

a high-quality surface finish for SEM characterizations, particularly for EBSD analysis.

2.3.2 Optical microscopy

The manufactured specimens were visually characterized using two optical microscopes: the Evident
Olympus BX-53 was used for dendrite analysis at the microstructural scale, and the Keyence VHX-X1

was used for observations at the scale of the deposited beads.

Primary Dendrite Arm Spacing (PDAS) and Secondary Dendrite Arm Spacing (SDAS) were measured
on various transverse and longitudinal cuts of components manufactured using WAAM and WLAM
processes. The measurements were performed using the intercept method, which involves drawing ten
lines across at least three dendrites, calculating the spacing between dendrite arms along each line,
and computing the weighted average of all measurements to determine the final PDAS or SDAS value.
These PDAS and SDAS measurements were further used to estimate the cooling rate, 7', of different
regions of the components during solidification. The estimation was based on empirical relationships
established by Katayama and Matsunawa (Equations 2.2 and 2.3) [122] for 304L stainless steel processed
by laser welding. This relationship was extrapolated to approximate cooling rates for 316L stainless steel
manufactured using the WAAM and WLAM processes.

PDAS =80 . 77933 (2.2)

SDAS = 25. 77028 (2.3)
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2.3. MICROSTRUCTURE CHARACTERIZATION

2.3.3 Scanning Electron Microscope (SEM)

The SEM characterizations of the specimens were conducted using a Zeiss Sigma 500 microscope equipped
with secondary electron (SE), backscattered electron (BSE) detectors and energy dispersive spectroscopy
(EDS), and electron backscatter diffraction (EBSD). SE and BSE analyses were performed at working
distances ranging from 8 to 12 mm, magnifications between x20 and x20,000, voltages of 10 to 20 kV,

and a diaphragm size of 60 pm.

For EDS, an accelerating voltage of 20 kV and a working distance of 8 mm were employed, with a
diaphragm size of 120 pm to match the calibration library of chemical elements integrated into the
system. Qualitative EDS analyses involved point measurements and mapping at a 1 pm pixel size with a
counting time of 30 minutes. Moreover, quantitative mapping was carried out using a specific library for
316L stainless steel at a 1 pm pixel size with a counting time of 2 hours. The acquired EDS data were

analyzed using Bruker Esprit software.

2.3.4 Electron Back-Scattered Diffraction (EBSD)

EBSD was performed for crystal orientation analysis with a voltage of 20 kV, a working distance of 20 to
30 mm, and pixel sizes varying from 50 nm for detailed dendrite observations to 5 pm for macroscopic-scale
analyses (Figure 2.8a). The Kikuchi bands recorded by the EBSD camera (Figure 2.8b) were numerically
corrected to enhance their detection (Figure 2.8¢). Moreover, for macroscopic observations, EBSD maps
covering areas of up to 15 ¢m? were obtained by stitching smaller maps using mosaic imaging. These
smaller maps were captured at x100 magnification with a 10% overlap, and in the most extensive cases,

up to 700 maps were combined using the Esprit software for a total acquisition time of up to 48 hours.

(a) (b)

A

Electron gun

Studied EBSD
sample detector

v
A

Figure 2.8. (a) Visualisation of the SEM chamber in its configuration for EBSD analysis. (b) Kikuchi bands as
seen by the EBSD detector. (c) Kikuchi bands after numerical correction.
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Next, EBSD data were analyzed using the MTEX toolbox developed in MATLAB. A single MATLAB

script was implemented and applied uniformly across all EBSD analyses to ensure consistency. The

analysis procedure included the following steps:

Both FCC and BCC crystal structures, corresponding to austenite and ferrite phases, were selected.
Orientation maps were plotted without orientation corrections along the deposition direction e,
and the manufacturing direction e .

The associated inverse pole figures for the e, and e, directions were plotted using identical scales
to highlight textures in the crystal orientations.

Noise was removed by excluding crystal orientation clusters smaller than 10 pixels.

A grain misorientation threshold of 5° was applied, determined after evaluating thresholds of 5°, 10°,
and 15° (Figure 2.9). In the literature review, we mentioned that one grain in WAAM and WLAM
is defined as a group of dendrites with similar growth orientations due to the solidification process.
We found that orientation thresholds of 10° and 15° produced single grains with strong orientation
variations in the deposition direction e, (Figures 2.9f, g), which were interpreted as a grouping
of multiple grains instead of one grain. Oppositely, the 5° threshold creates grains comporting a
group of dendrites with close orientation in both the deposition e, and manufacturing e, directions
(Figures 2.9e¢, h).

Twin boundaries were identified using a misorientation angle of 60° and a rotation along (111).
Low-Angle Grain Boundaries (LAGBs) were defined as a misorientation threshold between 2° and 5°.
The 2° value was chosen as it was the smallest value corresponding to forming consistent sub-grain
boundary lines within the grains.

The grain size was determined using the intercept method in the transverse e, and deposition e,
directions. Due to the significant elongation of grains along the manufacturirg direction e,, grain
size was not measured in this orientation.

The relative surface area occupied by grains was analyzed as a function of their aspect ratio,
calculated as the ratio of the semi-major to the semi-minor axes of the equivalent ellipse of each
grain.

Grain Orientation Spread (GOS) was computed, corresponding to the average orientation deviation

within each grain. Results were categorized into intervals defined as 0-1°, 1-2°, 2-5°, 5-15°, and > 15°.
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(a) Proj. e, (b) Proj. ez

[001] [011]

Step size: 5 pm
High voltage: 20 kV
Working distance: 30 mm

Grain boundaries

(c) Proj. e, , 15° (d) Proj. e, , 10° (e) Proj. e, , 5°

(f) Proj. ey , 15° (g) Proj. ez , 10° (h) Proj. ez , 5°

Several grains Several grains One grain

Figure 2.9. EBSD analysis of the longitudinal cut of a single-bead wall manufactured using WLAM: (a=b) orien-

tation maps projected along the manufacturing e. and deposition e, directions, respectively; (c—e) grain boundary

maps with 15, 10 and 5° misorientation criteria, with crystal orientations in the tallest grain projected along e:;

(f-h) grain boundary maps with 15, 10 and 5° misorientation criteria, with crystal orientations in the tallest grain
projected along e..
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2.3.5 Transmission Electron Microscopy (TEM)

Crystal defects (dislocations) were observed in as-manufactured state using TEM. The Tecnai F20-ST
TEM was used with a tension of 200 kV. Thin sections were produced from 200 pm-thick disks extracted in
the transverse direction e, at the tenth layer of single-bead walls. The sections were polished mechanically
and chemically thinned until a hole was observed in the center of the section. The area near the hole
is only a few dozens nanometers thick and corresponds to the characterized area. Qualitatively viewing
dislocations was achieved by observing close to the (001) zone axis of the austenite and ferrite phases.
Moreover, EDS analysis was also achieved to estimate the local chemical composition of the ferrite and
the austenite. The Brucker XFlash 6T /60 detector was used, with a counting time of 45 s per point.
The data was analyzed using Esprit 2.2 software, and the chemical composition was estimated using the

Cliff-Lorimer method with theoretical k-factors

2.3.6 Ferritoscope

The volume fraction of ferrite in the single-bead walls manufactured with WAAM and WLAM was
analyzed using the Fischer FMP30 ferritescope after calibration on testing samples with a known ferrite

content. Ten measurements per component were carried out to ensure the significance of the tests.

2.4 Heat treatments

To analyze the effect of temperature on the microstructure, heat treatments were performed using the
Carbolite TZF 1500 furnace, which can reach a maximum temperature of 1400 °C. This study employed
two treatment temperatures: 1100 and 1200 °C, each with a 30-minute holding time. Small sections of
20-layer single-bead walls manufactured using the WAAM and WLAM processes were characterized. The
dimensions of the achieved sections were approximately 40 x 10 x 10 mm? for WAAM and 20 x 10 x 3 mm?
for WLAM.

The components were placed into the preheated furnace, and the temperature rise was monitored using
a K-type thermocouple positioned on the component. The 30-minute holding time began once the
component reached the target temperature of 1100 or 1200 °C. During the holding, temperature stability
was maintained within a tolerance of £10 °C. At the end of the heat treatment, the components were

rapidly cooled by quenching in a large volume of water.
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2.5 Mechanical characterization

Mechanical characterizations were performed to assess the properties of the materials (yield stress, ulti-
mate strength, elongation, hardness) induced by the microstructure, compared to materials elaborated

with conventional processes.

2.5.1 Tensile testing

Tensile tests were conducted to evaluate the stress-strain behavior and the mechanical properties (yield
stress, tensile strength and ultimate strain) of single-bead walls manufactured using the WAAM and
WLAM processes.

Flat tensile specimens were designed based on the dimensional constraints of the manufactured single-
bead walls. The walls were 40 mm high, while the width of the wall manufactured by WLAM was
approximately 3 mm, with variations due to surface finish. Dogbone-shaped tensile specimens measuring

3, as shown in Figure 2.10a. For

10 x 40 x 2 mm? were machined, with an effective area being 10 x 4 x 2 mm
each wall, three specimens were extracted along the manufacturing direction e, from the bottom to the
top of the wall, and three others were extracted along the deposition direction e, from the middle of the
wall in the e,-direction, as illustrated in Figure 2.10b. Additionally, each specimen was extracted from
the center along the transverse direction e,. Specimens along the manufacturing direction are designated
as H1 for WAAM and H2 for WLAM, while those along the longitudinal direction are labeled L1 for

WAAM and L2 for WLAM.

I on an Instron 5982 testing machine

Tensile tests were conducted at a constant strain rate of 1073 s~
with a force capacity of up to 100 kN, coupled with an optical camera for retroactive control of the
strain rate, as shown in Figure 2.11a. A white light is placed on top of the camera to avoid shadows
and reflections on the surface being recorded. The elongation of the specimen was followed by image
correlation using the VIC-2D software by controlling the displacement of sprayed black speckles on a

painted white background at their surface (Figure 2.11b).

The ultimate engineering strain (US) was determined by measuring the length of the gauge area at the

initial state (Figure 2.11b) and maximal elongation before failure (Figure 2.11c).

(a) (b)

200
40 9 2 2 9 _-2._ 9
10.42 10.42
10 ﬁ 45 | | |
17.5
I3 —
R5 N-R5 10
10 r 4[ 20 g »
RN~ ~NRA3 Vv '
WAAM WAAM e
5 10 5 H1-1, H1-2, H1-3  L1-1, L1-2, L1-3
WLAM WLAM
H2-1, H2-2, H2-3  L2-1, L2-2, L2-3 ¥ ez

Figure 2.10. Samples for tensile tests on single-bead walls: (a) geometry of the tensile specimens, (b) schemati-
zation of extraction of the tensile specimens from single-bead walls manufactured by WAAM and WLAM.
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(a) (b) (c)

Speckles
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/ jaw
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Figure 2.11. Tensile test on the sample for the single-bead wall: (a) experimental setup; (b) tensile specimen
before the test; (c) tensile specimen at mazimal elongation, just before failure.

The ultimate strain was then corrected using Equation 2.4, where L denotes the length of the gauge
area before failure and Lg its length at the initial state. The nominal strain ¢, was then recomputed
adequately to agree with the measured ultimate strain. Next, the conventional yield stress o, was
determined by considering the nominal stress associated with a strain of 0.2%. Finally, the tensile

strength was determined by measuring the maximal nominal stress recorded during the test.

L-1I,
Us == (2.4)

2.5.2 Hardness and micro-hardness measurements

Hardness measurements and microhardness profiles were performed using the Innovatest Falcon 500G
Vickers hardness tester. A load of 10 kgf was applied for macrohardness measurements. Five measure-
ments were taken on the same transverse cut for each sample to ensure repeatability, except for the single
beads manufactured with WLAM. Four measurements were taken across two transverse cuts in this case

due to dimensional constraints.

Vickers microhardness profiles were achieved with a 0.1 kgf load at the center of the transverse cuts,
regarding the transverse direction e, and oriented in the manufacturing direction e,. A step size of
0.2 mm was used, more than 2.5 times the diagonal of the indent, which was approximately 300 pm.
Indents were positioned at least 2.5 times the diagonal distance from the edges of the transverse cuts to
avoid edge effects. Finally, the microhardness profiles presented in this work were smoothed by calculating

the sliding average for each point, using its two immediate neighbors.
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CHAPTER 3. PROCESSING CONDITIONS

Résumé en frangais du Chapitre 3 : parameétres des procédés

Une piéce complexe est constituée de parties fines, de parties épaisses, ainsi que d’angles et de
jonctions. Notre objectif est d’établir des paramétres de fabrication pour les procédés WAAM et
WLAM permettant la réalisation de murs monocordons (parties fines) et de blocs (parties épaisses)
avec une bonne régularité en largeur et en hauteur. Pour cela, une étude paramétrique a été menée

sur des monocordons, des murs de 20 passes et des blocs de 6 x 20 passes.

Les principaux paramétres influengant la géométrie des cordons aux WAAM et WLAM sont la
puissance de la source d’énergie Qcqp, les vitesses de dépot s et d’apport de fil v,,. Ces parameétres
sont liés par des termes physiques tels que I'énergie linéique apportée Ej, proportionnelle & Qeyp/S,
le volume de métal apporté par unité de longueur S, proportionnel & Qezp/vy, €t le taux de dépot

drqte dépendant de v,,. Le rapport entre E; et S définit la densité volumique d’énergie E,,.

Des monocordons ont été réalisés en WLAM et WAAM en faisant varier ces paramétres. Les cordons
irréguliers ou discontinus ont été identifiés, mettant en évidence 'impact de la densité volumique
d’énergie sur la continuité des cordons (Figure 3.3). Pour le WAAM, une valeur trop basse entraine
un phénomeéne de “balling” (dépot de billes métalliques a la surface du substrat). Pour le WLAM, elle
provoque le phénomeéne de “stubbing”, ou le fil touche le fond de la zone fondue et ne peut plus étre
correctement apporté. Enfin pour le WLAM, une valeur trop élevée de E, engendre le phénoméne
de “dripping”, ou le fil fond prématurément et n’atteint pas le bain de fusion. Une plage d’énergie
volumique assurant des cordons réguliers avec un angle de mouillage inférieur & 90° a été déterminée
(Figure 3.5).

Les cordons réguliers ont été mesurés afin d’étudier 'influence des paramétres sur leur géométrie
(Figures 3.8 et 3.9). Une forte interdépendance de ces paramétres sur la géométrie des cordons a
été observée. Pour le WAAM, la vitesse de dépot a peu d’effet sur les rapports largeur /hauteur et
de dilution en raison de la faible amplitude opératoire testée. Pour le WLAM, la vitesse de dépot

influe peu sur la dilution du cordon dans le substrat.

Des critéres de sélection ont été établis en accord avec la littérature, cherchant a garantir 1’absence
de porosité tout en maximisant le taux de dépot et la hauteur des cordons déposés. En pratique, le
rapport largeur /hauteur doit étre compris entre 2 et 4, et la dilution du cordon dans le substrat entre
10 et 35%. Trois jeux de paramétres par procédé ont été retenus (Tables 3.5 et 3.4). Malgré une
géométrie réguliére, certains cordons présentent des défauts microstructuraux tels que de la porosité
intercouche (Figure A.2 pour les cordons obtenus par WLAM comportant une géométrie avec une
faible dilution) et des hétérogénéités de taille de grains (Figure 3.12 pour les cordons obtenus par
WLAM en appliquant une vitesse de fil élevée). Cependant, ces défauts sont obtenus pour des plages
de paramétres en dehors des valeurs sélectionnées dans cette étude, et ne représentent donc pas un

frein & la suite de la sélection.

Les conditions optimales ont ensuite été appliquées a la fabrication de murs monocordons. De
nouveaux parameétres ont été calibrés : 'incrément de hauteur, la stratégie de dépot et le temps de

refroidissement interpasse.

L’incrément de hauteur a été ajusté pour le WLAM pour correspondre & la hauteur moyenne d’un
cordon (Figure 3.17), tandis que pour le WAAM, il est défini automatiquement par la tension de

Parc.
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Deux stratégies de dépot ont été comparées : unidirectionnelle et bidirectionnelle (Figure 3.18). La
stratégie unidirectionnelle entraine un effondrement macroscopique & une extrémité du mur (a la fin
des cordons déposés), lié & Paccumulation de chaleur dans cette zone. En revanche, la stratégie bidi-
rectionnelle assure une meilleure régularité en hauteur et en largeur, due & une meilleure répartition

de la chaleur dans la piéce.

Le temps de refroidissement interpasse a également été analysé (Figure 5.12). Un temps de re-
froidissement insuffisant augmente la largeur des cordons et réduit leur hauteur, causant des irrégu-
larités de largeur et de hauteur dans la piéce finale. Nous avons finalement sélectionné un jeu de
paramétres par procédé pour la réalisation de murs monocordons, en cherchant un compromis entre
la rugosité de surface et le taux de dépot. Pour le WAAM, des rugosités inférieures & 1 mm (jugées
correctes) ont été mesurées pour toutes les conditions. Le jeu de paramétres sélectionné est celui
possédant le plus fort taux de dépot. Pour le WLAM, la rugosité est directement liée a la forme
des cordons déposés. La paramétrie possédant le taux de dépodt intermédiaire a alors été sélectionné
(Table 3.6).

Enfin, les paramétres sélectionnés ont été adaptés a la fabrication de blocs multipasses. De nouveaux
paramétres ont été calibrés. La stratégie de dépot alterne le sens de dépot des cordons dans la
direction transverse e, et la direction de dépot e,. L’incrément en largeur a été fixé a 70% de la
largeur d’un cordon IT()ur obtenir une surface de couche plane (Figure 3.25). Une augmentation de
puissance de 20% a été nécessaire pour compenser le faible mouillage des cordons dans les blocs
comparé aux murs. Enfin, une différence de hauteur a été observée entre le centre des couches et les
extrémités, causant des problémes de fabrication. Pour compenser cet effet, des passes additionnelles

sont ajoutées afin de rattraper la hauteur des couches aux extrémités.

Des défauts ont toutefois été observés, notamment des porosités dans les blocs WLAM, bien que
sans impact sur la microstructure de solidification. Leur élimination n’a pas été abordée dans cette

étude.

3.1 Definition of a protocol for selecting process parameters

Based on the bibliographic review, process parameters were chosen according to a specific methodology. It
consisted of using more and more complex geometries to understand how the process parameters impact
the different component features. A complex component was considered to be composed of three simple
regions:

e thin zones, where the component width is that of the bead;

e thick zones, where multiple beads are deposited within the same layer;

e angles or intersections linked to the geometrical features.

The processing of thin and thick walls have been widely studied in the literature. For instance, Di-
novitzer et al. [70] and Abioye et al. [74] Xiong et al. [93] and Xu et al. [104] and Palmeira Belotti et al. [112]
and Lee et al. [155] investigated the effect of processing parameters on, respectively, single beads, single-

bead walls and tiles.

In this study, we first produced (i) simple single beads series along straight lines, followed by (ii) 20-layer
single-bead walls and 100 mm-high walls and (iii) 20 x 6-layer thick tiles with several beads per layer.

Optimal parameters for manufacturing were further selected using the characterization of the obtained
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components.

(i) Single beads.  The bibliographic review indicated that WAAM and WLAM involve numerous
process parameters [56]. According to Dass and Moridi [52], the most critical are those that affect the
geometry of a deposited single bead: the power of the heat source Qcyp, the wire feed speed v,, and the

deposition speed s. Single beads were then achieved by varying these parameters.

A compromise between the manufacturing speed and the geometry of the components was looked for: an
elevated wetting angle or lack of penetration is susceptible to leading to non-continuous beads or interlayer
porosity. Conversely, a too elevated penetration can lead to intralayer porosity due to successive melts

or affect the geometry of the component [52].

After the processing, the first selection involved a visual inspection of the single beads. Beads that
exhibited discontinuities or irregularities (and corresponding processing conditions) were excluded from
further analysis. The remaining beads were cut transversely, polished, chemically etched and observed
under an optical microscope. A second visual inspection was conducted to eliminate beads with a wetting
angle greater than 90°. Selected beads were subjected to further geometrical characterization. Width (w),
height (k) and maximum depth into the substrate (p) were measured, as introduced in Figures 3.1a and
b, for WAAM and WLAM, respectively.

WAAM (a) WLAM (b)
. A
h h
< a .. P Vv a -
< e o W » . Y i g
e B P
e [ o Yo

€y 1 mm 1 mm |

Figure 3.1. Geometrical characteristics of single beads achieved with (a) WAAM and (b) WLAM. “p” denotes the
mazimal penetration depth, “w” the width of the bead, “h” the maximal height and “a” the dilution angle.

Two selection criteria proposed by Dass and Moridi [52] were applied:

e the first concerns the geometrical ratio between the width and the height. The authors suggested
that the angle « defined in Figure 3.1 and calculated according to Equation 3.1 has to be close to

w

30°. In practice, this is equivalent to having a shape factor,7, close to 3.5.

2h
a = arctan () ~30° <= — ~35 (3.1)
w h

e the second criterion, the optimized dilution ratio, dpass and Moridi, defined by Equation 3.2, must be
between 10% and 35%. In practice, we found that the shape of the remelted zone was very different
in WAAM than in WLAM (Figure 3.1). To counter this difference, the average penetration of the
bead into the substrate < p > was determined instead of p by dividing the area of the remelted zone
(measurement of the melted area under the substrate on transverse cross-sections) of the substrate
by the width of the bead w. Similarly, the average height of the bead < h > was determined by
dividing the area of the deposited bead (without the remelted zone in the substrate) by the width
of the bead w. The dilution ratio drpis work is then defined by Equation 3.3 and referred to as d in
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the following.

dDass and Moridi — ]ﬁ € [10%; 35%] (32)

<p>

dThis work —

The selected parameters were further tested to guarantee the absence of microstructural defects, such as

porosity, to ensure a certain grain size and morphology homogeneity. Three parameter sets per process
are finally selected for WAAM and WLAM.

(ii) Single-bead walls. Additional process parameters are required when manufacturing single-bead
walls, such as the deposition path, the height increment between the successive layers and the interlayer
cooling time. Moreover, for the achieved walls, macroscopic regularity and surface roughness were assessed
by calculating the average standard deviation of the width across transverse sections and profilometry
surface measurements. A single parameter set associated with single-bead wall manufacturing was selected
based on a compromise between minimizing macroscopic defects, reducing surface standard deviation and

maximizing the deposition rate.

(iii) Multilayer tiles. The process parameters relevant to the manufacturing of tiles (deposition
strategy and overlap between two beads in the same layer) were obtained by adapting those used for the
single-bead. We checked that each successive bead overlapped and that the final component is of uniform
height and width.

For the WAAM process, parameters v,, = 2500 mm/min, s = 200 mm/min, and Qeyp = 2400 W provided
satisfactory results in an earlier study and were chosen as a reference in our study. To investigate the
influence of each parameter, we varied the reference values by 425% and 450%, generating an experi-
mental matrix of 125 parameter sets. Due to practical constraints, not all beads could be manufactured,
so the selection strategy was employed. Initially, the parameters were modified individually (for the first
12 beads). After, two or three parameters were varied at once. The objective was to maximize the
observations to conclude on the influence of each parameter on the bead geometry. Ultimately, 24 single
beads were fabricated using the WAAM process, with parameters varying within the intervals defined in
Table 3.1.

For the WLAM process, we wanted to explore a large range of laser power, which can vary from 0 to
4000 W. Three specific power levels were then chosen: 1000 W (low power), 2400 W (for comparison with
WAAM) and 3500 W (high power). The other parameters were chosen as follows. Before this work, the
set of parameters A.(v,, = 1400 mm/min, s = 1000 mm/min and Q. = 2200 W) was used in the same
WLAM platform and produced satisfactory results. Additionally, Abkari et al. [109] used the parameters
B.(vy = 480 mm/min, s = 720 mm/min and Qzp = 1000 W) with a similar 316LSi wire with a diameter
of 1.2 mm. The sets A. and B. were tested with slight adjustments:

e For the set A., we increased the power to 2400 W to align with our imposed powers, resulting in
an initial set of parameters of A’. (v,, = 1400 mm/min, s = 1000 mm/min and Qe = 2400 W).

e For the set of parameters B. adapted from the literature, we rounded the values to B’ (v, =
500 mm/min, s = 700 mm/min and Qe,p = 1000 W).

From these two reference sets, the effect of wire feed speed and deposition rate was investigated by
changing their values by + 200 mm/min increments, initially modifying parameters individually and later
simultaneously. This value was chosen as Akbari et Kovacevic [109] used variations steps of 120 mm/min

and noticed significant differences in the geometry of the manufactured single beads.
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Finally, for high laser power, the chosen reference set of parameters was C’. (v, = 3000 mm/min,
s = 1600 mm/min, and Q.qp = 3500 W). This parameter set was determined during the study once all
the tests at 1000 and 2400 W had been carried out. The set of parameters C’ was therefore established
with an understanding of the influence of process parameters in WLAM on the geometry of the single
beads. Once again, wire feed speed and deposition rate were varied by £ 200 mm/min increments, first
individually and later simultaneously. In total, 40 single beads were produced using the WLAM process,

with parameters varying within the intervals defined in Table 3.1.

The tested variation ranges for parameters have a larger amplitude for the WLAM process than for the
WAAM process (x3.5 for Qezp, X7 for v,, and x16 for s in the WLAM process, versus X2 for Qezp, X3
for v, and x3 for s in the WAAM process). This difference is explained by the higher availability of the
WLAM platform than the WAAM platform during this work. Moreover, the WLAM process was used
with a higher deposition speed than the WAAM process, while the WAAM process was operated with the
highest wire feed speed. Detailed process conditions applied for single beads manufactured using WAAM
and WLAM processes are provided in Table A.1 of Appendix A.1.

Table 3.1. Variation range for the parameters for the manufacturing of single beads using WAAM and WLAM

processes.
Investigated process parameters WAAM WLAM
Power of the heat source Qezp (W) 1800-3600 1000-3500
Wire feed speed vy, (mm/min) 1250- 3750 500-3400
Deposition speed s (mm/min) 100- 300 100-1600

We also introduced physical relationships between the process parameters:

e the linear energy (Equation 3.4, i.e. the amount of energy applied per millimeter in the deposition
direction. Ej is proportional to the ratio between the heat source power QQc;p, and the deposition
speed s. The linear energy is then expressed in J/mm after conversion from mm/min to mm/s.

By = 0. Yemw
S

(3.4)
e The second ratio, S (Equation 3.5), indicates the bead cross-section in the transverse direction, i.e.
the amount of material deposited per unit of length in the deposition direction. This parameter is
computed knowing that all the supplied wire is used to form the deposited bead. The volume of
wire fed during a unit of time §t is determined by the wire cross-section, %, where d,, is the wire
diameter, and the wire feed rate v,,. Consequently, the area of the section of the bead above the
substrate S is proportional to the ratio between the wire feed speed v,, and the deposition speed
s. One can note that the actual total transverse surface of the single bead is greater than S, as the
melt pool also consists of both the added surface on top of the substrate and the remelted part of
the substrate. Still, this ratio allowed us to quantify the volume of supplied wire as a function of

the deposition rate.

§=_Tw v (3.5)

e The third ratio, F, (Equation 3.6), approximates the applied volume energy in the deposited bead.
This ratio is obtained by dividing E; by S. However, F, only approximates the actual experimental
volume energy, as a part of F; is used to melt the substrate or the previous layer under the deposited

bead. F, is helpful to highlight manufacturing trends because a too low applied volume energy is
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susceptible to leading to a lack of melting of the deposited layer [177].

B 240 Qeap

B, ===
S wdZ vy

(3.6)

e Finally, the fourth ratio, d,qte (Equation 3.7), indicates the theoretical deposition rate during the
manufacturing, where p is the density of the 316L steel. It should be noted, however, that this
theoretical deposition rate is higher than the actual deposition rate, as it does not consider any
interlayer breaks during the manufacturing process.

7 - d?

drate =P Vw 4 = (37)

3.2 Processing conditions for single beads

3.2.1 Geometrical defects

Typical morphologies of single beads obtained with WAAM and WLAM are presented at the same scale
in Figure 3.2. Beads deposited with WLAM (Figure 3.2b) are three to four times thinner than the ones
obtained with the WAAM process (Figure 3.2a). In addition, the wire in the WLAM process remained
solid until it reached the melt pool while it melted before reaching the melt pool in the WAAM process.
It leads to two different typical shapes for the melt pool (Figure 3.1) but also influences the morphology
of the resulting single beads depending on the applied volume energy.

WAAM (a) WLAM (b)
€y

€2 20 mm

Figure 3.2. Morphologies of the regular single beads produced with (a) WAAM (parameters set 23) and (b) WLAM
(parameters set 28) processes.

Figure 3.3 presents several single beads manufactured with WAAM and WLAM processes, using different
volume energy densities. Several single beads, such as those in Figures 3.3e, f and g, were considered as

correctly deposited and corresponded to the targeted shape criteria during the visual inspection.

However, single beads produced with a too low volume energy density for WAAM and WLAM and a too
high volume energy density for WLAM presented irregular or discontinuous morphologies. For the WAAM
process, three out of 24 beads were excluded due to their non-continuous profiles, and three were excluded
due to irregular profiles. In contrast, for the WLAM process, only two out of 40 single beads exhibited
irregular morphology. Moreover, no discontinuous beads were observed during the WLAM process under
the tested parameter sets. To facilitate a comparison between WAAM and WLAM, two discontinuous
single beads were produced by WLAM by increasing the distance between the deposition head and the
substrate from 1 to 2 mm, modifying the energy distribution through a defocus of the laser [178]. The
variations in parameter amplitudes then allowed us to explore the limits of both processes, producing

both stable and unstable depositions.
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For the WAAM process, the single bead processed with the lowest volume energy density (33.9 J/ mm3)
shown in Figure 3.3a exhibited small, tear-like deposits along the deposition path, typical of balling.
Another irregular bead was produced using the WAAM process with parameter set 4 (Table A.1), as
shown in Figure 3.3c. The irregular bead was produced using a lower energy density of 40.7 J/ mmg,
compared to 50.9 J /mm3 for the regular beads. The irregular shape resulted from balling despite a
higher applied volume energy. The liquid metal does not penetrate completely into the melt pool in
the substrate, leading to poor wetting and an irregular morphology. This poor wetting is highlighted
in Figures 3.4a and b presenting the obtained micrographs of transverse cross-sections of these irregular
single beads manufactured with the WAAM and WLAM processes, respectively, showing an acute contact
angle with the substrate.

For the WLAM process, defocusing the laser by 1 mm led to the discontinuous morphology shown in
Figure3.3b. During this manufacturing, the laser spot size on the substrate increased due to the defocus,
making wire penetration into the melt pool more difficult as the substrate is less melted due to the lower
applied local energy density. The resulting bead morphology corresponds to stubbing, which occurs when
the applied volume energy is insufficient during manufacturing [54]. Manufacturing had to be stopped

due to the rapid unwinding of the wire, which accumulated around the deposition head.

The irregular shape of the WLAM bead in Figure 3.3d can also be attributed to stubbing, where the wire
reached the bottom of the melt pool but could be melted, creating a continuous yet irregular bead. This
bead was produced with an energy density of 71.0 J/ mmS, compared to 158 J/ mm® for the regular bead

shown in Figure 3.3f.

Finally, another discontinuous shape was observed after the WLAM processing (Figure 3.3h). This
phenomenon, known as dripping, occurs when the wire melts before reaching the melt pool, causing
droplets to fall onto the substrate surface [53]. As seen in the literature review, this phenomenon results
from an excessively high applied volume energy density or a significant laser de-focus, as in this study,

where the distance between the substrate and the deposition head was increased by 2 mm.

72



3.2. PROCESSING CONDITIONS FOR SINGLE BEADS
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Figure 3.3. Different morphologies of single beads obtained by Wire Additive Manufacturing, depending on the

applied volume energy density E.. (a), (c), (e) and (g): WAAM; (b), (d), (f) and (h): WLAM. (a) and (b)

non-continuous beads; (c¢) and (d) irregular beads; (e) and (f) correctly deposited beads. WAAM sets of parame-

ters: (a) 5, (¢) 4, (e) 1, (9) 24 (Table A.1). WLAM sets of parameters: (b) 9 with a defocus of 1 mm, (d) 17,
(f) 9, (h) 9 with a defocus of 2 mm (Table A.1).

WAAM (a) WLAM (b)

Figure 8.4 . Macrographs of chemically etched transverse cross-sections of irregular single beads obtained with (a)
WAAM and (b) WLAM processes, using sets of parameters 4 and 17 (Table A.1), respectively.

Figure 3.5 ranks the single beads manufactured using WAAM and WLAM processes based on applied
linear energy and resulting area of the transverse section above the substrate S, as defined in Equa-
tions 3.4 and 3.5. Correctly deposited single beads are indicated in dark blue “+” for WAAM and cyan
“7 for WLAM, while incorrect beads (discontinuous or irregular) are shown in red “x”. As mentioned
previously, no irregular bead was obtained using the WLAM process. The results revealed that the beads
achieved with a low linear energy and a high area of the transverse section above the substrate consis-
tently exhibited manufacturing defects. This supports the hypothesis that the volume energy density is

a critical factor for bead geometrical regularity: if it is too low, it results in an irregular shape. However,
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one bead obtained by WAAM was irregular even if regular beads were obtained using lower volume energy
densities. This can be attributed to the influence of the deposition speed s, as this bead was produced at
the lowest speed (s = 100 mm/min). Yehorov et al. [76] mentioned that a too low deposition rate might

result in an irregular morphology due to fluid dynamics within the melt pool.
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Figure 3.5. Applied linear energy E;, and area of the transverse section above the substrate S of single-beads

manufactured by WAAM and WLAM. Red crosses “x” depict the irreqular/discontinuous single beads (obtained

by WAAM), whereas dark blue “+” and cyan “” represent the reqular beads obtained by WAAM and WLAM,
respectively.

3.2.2 Morphology of regular beads

Figures 3.6a and b present the evolution of the morphology of the single beads manufactured by WAAM
and WLAM, respectively, as a function of the deposition speed s, and the wire feed speed v,,. One process
parameter is being varied while the other is being kept constant. As expected from the literature review,
for the WAAM process, increasing s leads to a reduction in both the height and width of the beads.
However, for the WLAM process, increasing s reduces the height of the bead but does not significantly
influence the width. Moreover, for both processes, increasing v, results in taller single beads while their
width remains constant. This contradicts the literature, where v,, is reported to increase the width of
WAAM beads.

Figures 3.7a and b depict the influence of the applied linear energy F;, and the cross-section area above
the substrate S, on bead morphology for WAAM and WLAM, respectively. For the WAAM process,
higher E; results in a spreading of the bead, corresponding to an increase in width and a decrease of
height. Additionally, higher E; increases bead dilution into the substrate. For the WLAM process,
increasing E; affects the dilution of the bead into the substrate without significant variations in width
or height. This difference arises from the nature of the heat source: increasing E; broadens the arc in
WAAM, whereas the laser in WLAM remains focused, such that the total energy is distributed similarly.
For both processes, increasing S leads to a larger transverse cross-section above the substrate. However,
differences in bead morphology arise. For WAAM, both the height and width of the beads increased,
whereas, for WLAM, only the height increased, while the bead width remained constant. These variations
are again attributed to the difference in energy sources, with the arc in WAAM spreading more than the
focused laser in WLAM.
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Figure 3.6. Morphology of single beads manufactured using (a) WAAM and (b) WLAM at a constant heat source
power of 2400 W, as a function of deposition speed s and wire feed speed v.,.
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Figure 3.7. Morphology of single beads manufactured using (a) WAAM and (b) WLAM as a function of the
applied linear energy E; and the cross-section of the bead above the substrate S.
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Next, we studied the influence of the process parameters (deposition speed s, wire feed speed v,,, power
of the heat source Qcp) on the shape factor w/h and the dilution ratio of the manufactured single beads
with WAAM and WLAM processes (Figure 3.8). Each line depicts the evolution of the morphology with
one parameter while keeping the two others constant. The continuous lines and dashed lines correspond
to the WAAM and WLAM processes, respectively. Similarly, Figure 3.9 presents the evolution of the
geometrical ratios as a function of the applied linear energy Ej, and the cross-section of the bead above
the substrate S. Finally, Tables 3.2 and 3.3 summarize the evolution trends of the shape factor and

dilution ratio with applied process parameters.

For the WAAM process, an increase in the applied power (Figures 3.8e and f for the shape factor and the
dilution ratio, respectively) leads to an increase in both the width/height and the dilution ratios. This
occurs because, with constant deposition speed and wire feed speed, higher power results in higher linear
energy and then flatter beads, i.e. higher width /height ratios. The increased power also reduces the bead
height while enhancing penetration into the substrate, thus raising the dilution ratio. The same trend
can be observed for the linear energy in the WAAM process (Figure 3.9¢ and d). On the other hand, no
clear trend was observed in the evolution of geometric ratios as a function of applied linear energy for the
WLAM process. As mentioned earlier, this is due to a difference in the spatial distribution of the energy

sources, as the laser remains focused while the arc spreads out.

We observed that for the WAAM process, the deposition speed only has a small impact on the geometrical
ratios (Figure 3.8a and b). In contrast, for the WLAM process, an increase in deposition speed tends to
raise both the width/height and dilution ratios.

Higher deposition speed with constant power and wire feed speed decrease the applied linear energy and
the bead cross-section. We assumed that the negligible influence of the deposition speed in the WAAM
process is explained by the fact that the linear energy and the cross-section are evolving similarly. In
addition, the difference is also explained by the fact that the amplitude of s variations for the WAAM

process is limited to just 200 mm /min, compared with over 1000 mm/min for WLAM.

Lastly, an increase in wire feed speed leads to a decrease of both ratios for both WAAM and WLAM
processes (Figure 3.8c and d). As the wire feed speed increases, more metal is deposited for the same
applied energy, resulting in a higher bead with a similar width and a lower width/height ratio. The
lower dilution ratio can also be explained by the increased bead cross-section above the substrate, which

reduces penetration into the substrate as the applied power remains constant.

These trends are summarized in Tables 3.2 and 3.3 and are consistent with those reported by Mo-
hammed et al. [66] for the WLAM process. Our findings align with their study, except for the effect of
laser power on the width/height ratio. They reported that after a certain point, an increase in the laser
power decreases the width/height ratio, which is attributed to their extrapolation extending beyond the
model validity range. In our case, we interpolate the results between the experimental points, which

allows us to remain in the validity field of the model.
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Figure 3.8. Effect of the process parameters (i.e. heat source power Qewp, deposition speed s, and wire feed

speed vy,) on the variations in (a), (c), (e) width/height ratio 3 and (b), (d), (f) dilution ratio d, for WAAM

(continuous lines) and WLAM (dashed lines). Each experimental measurement is represented by a black dot. The

other process parameters are kept constant for each curve, as presented in the legend on the right. The grey areas
correspond to the parameter intervals satisfying the defined geometric criteria.
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Figure 3.9. Effect of linear energy E; and cross-section of the bead above the substrate S) to the variations in (a),
(c) the width/height ratio 3, and (b), (d), the dilution ratio d, for WAAM (continuous lines) and WLAM (dashed
lines) processes. Each experimental measurement is represented by a black dot. The other process parameters are
kept constant for each curve, as presented in the legend on the right. The grey areas correspond to the intervals

satisfying the defined geometric criteria.

Table 3.2. Schematic illustration of the influence of the process parameters (Qeazp, S, Vw) on the geometric ratios

2 and d).
. Power of the heat Deposition speed Wire feed speed
Ratio Process K .
source Qezp (W) s (mm/min) vy (mm/min)
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w/h ratio
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Table 3.3. Schematic illustration of the influence of the physical relationships (Ey and S) on the geometric ratios

(% and d).
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Figures 3.10a, b, and c illustrate the evolution of the width/height and the dilution ratios for beads
produced using the WLAM process as a function of wire feed speed and deposition speed at a constant
laser power of 1000 W, 2400 W, and 3500 W, respectively. At a laser power of 1000 W (Figure 3.10a), we
observed that both the wire feed speed and the deposition speed significantly influence the width/height
ratio. In contrast, the deposition speed tends to have less pronounced effect on the dilution ratio. The
tested parameters presented width /height ratios ranging from 2 to 7, but the dilution ratios were restricted
to a narrower range, from 5% to 25%. At a laser power of 2400 W (Figure 3.10b), both the deposition
speed and the wire feed speed significantly influence the width/height ratio. However, the deposition
speed has a less pronounced impact on the dilution ratio at this specific power. The tested parameters
allowed us to achieve a wide range of bead morphologies, with the width /height ratio varying from 1 to
11 and the dilution ratio ranging from 10% to 60% across the manufactured beads. Finally, at a laser
power of 3500 W (Figure 3.10c), we found that all the manufactured beads exhibited a width/height ratio
between 2 and 4 and a dilution ratio between 30% and 40%. These smaller variations may result from
the constant increment of 200 mm/min among the deposition and wire feed speeds, which becomes less
significant for high values of s and v,,. The predominant parameter influencing the geometrical ratios at

3500 W is the deposition speed, while the wire feed speed plays a minor role.

WLAM (a) 1000 W (b) 2400 W (c) 3500 W
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Figure 3.10. Width/height and dilution ratios among the manufactured single beads with WLAM process (dark
crosses) with various power and wire feed speeds, at given laser powers of (a) 1000 W, (b) 2400 W and (c) 3500 W.
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The same study was carried out on single beads manufactured with the WAAM process at a power of
2400 W. Figures 3.11 a and b present respectively the evolution of the width/height and the dilution
ratios depending on the wire feed speed and the applied power. Unlike the WLAM process, we previously
highlighted that the deposition speed only has a small influence on both the width/height and the dilution
ratios, so we did not select this parameter to establish the process maps. It was observed that both the
power and the wire feed speed influence the width /height and dilution ratios. As for the WLAM process,
the tested parameters allowed us to cover many bead morphologies, as the width/height ratio varies from

4 to 11 and the dilution ratio from 20% to 60%.
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Figure 3.11. FEvolution of (a) the width/height ratio and (b) the dilution ratio among the manufactured single
beads with WAAM process (dark crosses) with various power and wire feed speeds.

3.2.3 Microstructural singularities

Despite a suitable geometry, microstructure defects such as porosity are susceptible to appear, strongly
affecting the manufactured components properties [122]. Figure 3.12 presents the microstructure of a
single bead manufactured with the WLAM process using the set of parameters 5 (Table A.1) on a
transverse cross-section (a and b) and a longitudinal cross-section at the center of the bead (c and d).
The EBSD maps are projected in the manufacturing direction (e., a and ¢) and the deposition direction
(éz, b and d).

As mentioned in the literature review, the typical microstructure of a single bead manufactured using
the WAAM or WLAM process usually presents elongated grains oriented in the manufacturing direction.
However, in the single bead manufactured by WLAM using the set of parameters 5 (Table A.1), a
zone with fine equiaxed grains, with no apparent preferential orientation, was observed at the center of
the bead. This particular microstructure was observed for single beads manufactured using high wire
feed rate and was considered undesirable as grain size heterogeneities are susceptible to influence the
material properties. It might result from the remelting of the microstructure. It was supposed to be the

consequence of an incorrect calibration of the process, especially the alignment of the laser head.

In addition, porosity can be observed at the bottom of the melt pool of single beads manufactured with
WLAM for some sets of parameters, as presented in Figure 3.13. This only concerns the single beads
with a very low dilution in the substrate, where pores form due to insufficient dilution. However, an

insufficient dilution is outside of the defined selection criterion for processing parameters (d > 10%).
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Figure 8.12. EBSD map of an incorrectly deposited single bead manufactured with WLAM process using the

set of parameters 5 (Table A.1): (a) transverse cross-section, projected in the manufacturing direction e.; (b)

transverse cross-section, projected in the deposition direction ey; (c) longitudinal cross-section, projected in the
manufacturing direction (d) longitudinal cross-section, projected in the deposition direction.
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Figure 8.13. Micrography taken on an etched transverse cross-section of a single bead obtained by WLAM with
the set of parameters 3 (Table A.1) where interlayer porosity can be observed.
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3.2.4 Selection based on geometric criteria

Within the process parameter windows defined in Section 3.2.1, we aimed to identify three parameter
sets for WAAM and WLAM that meet the following criteria: a dilution ratio between 10% and 35% and
a width/height ratio within the range ¥ € [2,4] (Figures 3.14 and 3.15).

For WLAM, the cartographies are drawn for different wire feed speeds and deposition speeds at constant
laser powers of 1000 W (Figure 3.14a), 2400 W (Figure 3.14b), and 3500 W (Figure 3.14c). The purple
area on each map highlights the zones where both geometrical criteria are met, allowing us to select one
set of parameters for each power level. Red or blue zones meet only one of the two conditions. For the
1000 W power, two parameter sets were within the acceptable dilution and width /height thresholds. We
selected a deposition speed of 300 mm /min and a wire feed speed of 500 mm/min. The selected dilution
value is at the lower limit of the acceptable threshold. However, reducing the wire feed speed further
was not an option, as the WLAM deposition head manufacturer advises not to use wire supply speeds
below this value. At 2400 W, four parameter sets were within the acceptable dilution and width/height
thresholds. We chose a wire feed speed of 2000 mm /min and a deposition speed of 800 mm /min, as these
values are centrally located within the acceptable zone. Finally, for the 3500 W power, six parameter
sets met the acceptable criteria. We selected a wire feed speed of 2800 mm/min and a deposition speed
of 1000 mm/min, aiming for a higher deposition speed than at 2400 W while keeping the wire speed

sufficient to avoid potential manufacturing issues.

The selected parameters for manufacturing single beads with the WLAM process are summarized in
Table 3.4.

WLAM (a) 1000 W (b) 2400 W (c) 3500 W
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Area satisfying the dilution ratio criterion
10% < d < 35% +

Selected set of parameter

Figure 3.14. Areas satisfying the width/height and dilution ratios criteria for single beads among the tested
parameters with the WLAM process, depending on the wire feed speed and the deposition speed, at a laser power
of (a) 1000 W, (b) 2400 W and (c) 3500 W.

Similarly, Figure 3.15 displays the experimental parameter sets that satisfy the width/height and the
dilution ratios criteria for single beads produced using the WAAM process based on their power and wire
feed speed. We found that the width/height ratio criterion is the limiting factor as the corresponding
processing zone is included in the zone satisfying the dilution criteria. It differs from the manufacturing

made with the WLAM process, where several beads met the width/height ratio criterion without the
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dilution criterion. The selected parameters for manufacturing single beads with the WAAM process were

chosen in or near the zone satisfying both criteria and are listed in Table 3.5.
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3400 A . . ) .
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5
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Z 10% < d < 35%
A 2800 A
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2600 and dilution ratios criteria
2400 1 + + + + Tested set of parameter
1000 20‘00 30‘00 4000 + Selected set of parameter

Wire feed speed (mm/min)

Figure 3.15. Areas satisfying the width/height and dilution ratios criteria for single beads among the tested
parameters with the WAAM process, depending on the power and the wire feed speed.

Table 3.4.

Selected sets of parameters for the manufacturing of single beads using the Wire Laser Additive

Manufacturing process.

Set number Power of the heat Deposition speed Wire feed speed Shape factor Dilution ratio
source Qezp (W) s (mm/min) vy (mm/min) w/h (-) d (%)
Set 1 1000 300 500 3.66 12.8
Set 2 2400 800 2000 2.78 26.9
Set 3 3500 1000 2800 2.79 34.8

Table 3.5. Selected sets of parameters for the manufacturing of single beads using the Wire Arc Additive Manu-
facturing process.

Set number Power of the heat Deposition speed Wire feed speed Shape factor Dilution ratio
source Qezp (W) s (mm/min) Vy (mm/min) w/h (-) d (%)
Set 1 2400 200 2500 3.89 16.9
Set 2 2400 150 3125 2.93 13.9
Set 3 3000 200 3750 3.89 18.8

The morphologies of the single beads manufactured with the selected sets of parameters (Tables 3.4
and 3.5) for WAAM and WLAM are presented in Figure 3.16. For the beads manufactured with WLAM,

a very irregular melt pool was obtained for a laser power of 1000 W (Set 1), which could result from a

misalignment of the laser or the effect of a too important focus. For the two other sets of parameters,

symmetrical melt pools were obtained, reaching their maximum at their center, in agreement with the

predominance of heat conduction physical phenomenon, compared to the single beads achieved by WAAM,
which exhibited three local depth peaks due to fluid effects. As it was indicated in Table A.1, these
selected sets of parameters are associated with deposition rates of 22.6, 28.3 and 33.9 g/min for WAAM,

respectively, and 4.5, 18.1 and 25.3 g/min. Even if the deposition rates obtained for the single beads

manufactured with the WLAM process are lower than those of the single beads, they remain comparable,

especially at laser powers of 2400 and 3500 W.
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WLAM (a) (b) (c)
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Figure 3.16. Single beads produced with selected processing parameters: (a), (b), and (¢) WLAM process, corre-
sponding to conditions 3, 23, and 35 in Table A.1; (d), (e) and (f) WAAM process, corresponding to conditions
1, 13, and 23 in Table A.1.

The study of the influence of the parameters on the geometry of single beads manufactured by WAAM
and WLAM was further developed by setting up a statistical study presented in Appendix A.2. Empirical
equations linking the geometric ratios (w/h and d) and the process parameters were established to enable

the estimation of the bead morphology before manufacturing.
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3.3 Processing conditions for single-bead walls

The selected sets of parameters in Tables 3.4 and 3.5 were applied to the manufacturing of single-bead
walls up to 100 mm-high (approximating thin sections of complex components). New influent processing
parameters (height increment, deposition strategy and interlayer cooling time) were calibrated to select

one set of parameters for each process.

3.3.1 Geometry

The height increment between successive layers was the first parameter to be calibrated for manufacturing
single-bead walls. Manual adjustment was unnecessary for WAAM as the used program automatically

regulates the arc length to 15 mm (or sets its voltage to 12 V), then adjusts the deposition height.

For the WLAM process, we tested three different height increments for each set of parameters of 0.1 mm
around the average height of a single bead. At a laser power of 1000 W (Set 1, Table 3.4), the average
height of a single bead was determined at 0.57 mm. We then considered three height increments of 0.5,
0.6 and 0.7 mm. Similarly, at a laser power of 2400 W (Set 2, Table 3.4), the average height of a single
bead was determined at 0.81 mm. The three height increments were 0.7, 0.8 and 0.9 mm. Finally, at
3500 W (Set 3, Table 3.4), the average height of a single bead was determined at 0.88 mm. We then

considered three height increments of 0.8, 0.9 and 1 mm.

Figure 3.17 shows single-bead walls produced with WLAM using height increments of 0.5 mm (Fig-
ure 3.17a) and 0.6 mm (Figure 3.17b), with the average height of a deposited bead being 0.57 mm. In
the wall manufactured with a 0.5 mm height increment, an irregular profile emerged after a few layers.
This was attributed to the decreasing distance between the deposition head and the previous layer as
the number of layers increased, leading to irregular deposition due to defocusing, as described in Fig-
ure 3.3b and h. For each set of parameters, the closest height increment to the average height of a bead

was selected, as it produced the most regular single-bead walls.

(a)
Height increment
0.5 mm
e:
20 mm
l—» C (b)
€y

Height increment
0.6 mm

Figure 3.17. Single-bead walls manufactured by WLAM with parameter Set 1 (Table 3.4), with different height
increments of (a) 0.5 mm and (b) 0.6 mm.
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Figures 3.18a, b, and ¢ present walls produced by WAAM using a one-way deposition strategy with
parameter Sets 1, 2, and 3 (Table 3.5), respectively. To assess the impact of the deposition trajectory
on the final geometry, another wall was produced with parameter set 3 (Table 3.5) with an alternating
deposition strategy, where each layer was deposited in the opposite direction of the previous one (Fig-
ure 3.18d). As anticipated from the literature review, a significant collapse was observed in all three walls
produced using the one-way deposition strategy. The wall in Figure 3.18c exhibited the most pronounced
collapse, while the wall in Figure 3.18a showed the least. According to the literature, this height reduction
occurs due to heat accumulation at the end of the walls when a one-way deposition strategy is used. The
wall in Figure 3.18d, manufactured using an alternating deposition strategy, avoids heat accumulation
by distributing it at the two extremities. Consequently, no significant height loss was observed with this
deposition strategy. We also used this deposition strategy for the walls manufactured by WLAM, and no

collapse was observed. Thus, all walls and blocks were manufactured with a two-way deposition strategy.

(a) (b)

(c) (d)
s

Figure 8.18. Single-bead walls obtained with WAAM using: (a), (b), and (c) one-way deposition strategy and
parameters Sets 1, 2, and 8 (Table 3.5), respectively; (d) alternated deposition strategy and the parameter Set 3
(Table 3.5).

Additional parameter is the interlayer cooling time. The influence of the interlayer cooling time on the
manufacturing of 20-layer single-bead walls was characterized by B.R. Ateba during his internship [179].
The profile of 20-layer single-bead walls manufactured by WLAM with the parameters Set 2 (Table 3.4)
was compared when applying an interlayer cooling time of 20 s (Figure 3.19a) and 0 s (Figure 3.19b).
It was found that the width of the wall manufactured with an interlayer cooling time of 20 s is nearly
constant over its entire height. In contrast, a variation of 15% is observed when no interlayer cooling time
is applied. The last layers are wider than the first one due to heat accumulation caused by insufficient
cooling, resulting in a larger melt pool akin to an increase in power. In addition, we reported a variation
of 10% on the height of the obtained walls for the same number of layers. It impacts the manufacturing
as the height increment was calibrated on the average height of the first bead without taking the heat
accumulation effect into account. The 20 s interlayer cooling time was selected at this step for the
manufacturing of single-bead walls using the WLAM process. A similar study was achieved for the

WAAM process, leading to selecting a 180 s interlayer cooling time.
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Figure 8.19. Eltched transverse cross-section of 20-layer single-bead walls manufactured with WLAM process using
the parameters Set 2 (Table 3.4) and interlayer cooling times of (a) 20 s and (b) 0 s.

3.3.2 Selection of processing parameters

In Section 3.2.1, three sets of parameters per process were selected for single-bead processing (Tables 3.4
and 3.5). This section aims to select a single set of parameters for further processing based on surface
roughness measurements and deposition rates. A compromise is being sought between the deposition rate
and the roughness of the manufactured components, considering that the WLAM process guarantees a
better surface finish due to the smaller size of the deposits but a lower deposition rate than the WAAM
process. A laser profilometer developed at CEA/LISN was employed to determine the surface state of
several single-bead walls. The profilometer operates by laser triangulation and can measure surfaces of

40 x 150 mm? with an accuracy of around 5 pm.

The measurements were achieved in parts of the walls where no macroscopic collapse occurred (i.e. the
left of the walls in Figure 3.18). This roughness was computed from 19 profiles measured using a laser
profilometer. Among the walls (Figure 3.18), the one manufactured with Set 1 (Table 3.5) exhibited the
lowest standard deviation at 0.27 mm, compared to 0.59 mm for the wall with Set 2 (Table 3.5), 0.62 mm
for set 3 (Table 3.5), and 0.55 mm for the wall manufactured using set 3 (Table 3.5) with an alternating
deposition strategy. We noted that the roughness of the wall manufactured with a one-way deposition
strategy and set 3 is comparable to that of the wall manufactured using an alternated deposition strategy
and set 3, indicating a low influence of the deposition strategy on the surface aspect of the walls. We then
assumed that roughness measurements on (collapsed) walls made with a unidirectional deposition strategy
could be extrapolated to (non-collapsed) walls made with a bidirectional deposition strategy. The wall
manufactured with set 1 demonstrated the lowest surface roughness,, with a standard deviation in width
representing only 3% of the total width. In contrast, walls manufactured with Sets 2 and 3 had higher
standard deviations in width, accounting for 6% and 7% of their total widths, respectively. Moreover, the
wall produced with Set 1 was produced with the highest applied volume energy of 50.9 J / rn][1137 whereas
the walls produced with Sets 2 and 3 had lower applied volume energies of 40.7 J/ mm® and 42.4 J / mmg,
respectively. This suggests that the applied volume energy influences the surface roughness in the WAAM

process.
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However, knowing the dimensions of the manufactured components (approximately 10 mm in width and
40 mm in height), we considered a mean standard deviation of less than 1 mm satisfactory for this work,
which is the case for all the walls manufactured with WAAM. Additionally, when evaluating deposition
rates, the wall produced with Set 3 had the highest deposition rate at 33.9 g/min, compared to 22.6 g/min
for the first set. Therefore, we selected Set 3 (Table 3.5) for WAAM manufacturing, as it provided a
satisfactory surface state while maximizing the deposition rate.

20 mm-high single-bead walls were manufactured by WLAM (Figure 3.20) using the selected parameters
for single beads (Table 3.4). Unlike the WAAM process, all three walls displayed a regular surface
state along their deposition direction, as the surface roughness appears to be primarily influenced by
the roundness of the deposited beads. For the WLAM process, we observed that the surface roughness
was influenced by the number of deposited layers. The wall produced with Set 1 (Table 3.4), requiring
34 layers to reach the 20 mm height target, had the best surface finish, whereas the wall produced at
3500 W (Set 3, Table 3.4), requiring only 22 layers, had the worst. The roughness was not determined
quantitatively for the single-bead walls manufactured by WLAM, as it was noticed that the roughness is
directly linked to the shape of the beads and, therefore, their dimensions. However, in terms of deposition
rate, Set 1 resulted in a lower rate of 4.5 g/min, while Set 2 (Table 3.4) achieved a rate more than four
times higher at 18.1 g/min. Consequently, we selected Set 2 (Table 3.4) for WLAM, offering a reasonable

compromise between surface roughness and deposition rate.

(a) (b)

Figure 3.20. 20-layer single-bead walls manufactured with WLAM process using the sets of parameters presented
in Table 3.4: (a) Set 1, (b) Set 2 and (c) Set 3 and “two-way” deposition strategy.
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The selected process parameters for both WAAM and WLAM are summarized in Table 3.6.

Table 3.6. Sets of parameters after parametrical investigation, used for manufacturing the two selected single-bead

walls with WAAM and WLAM processes.

Process parameters WAAM WLAM
Wire diameter, d,, [mm] 1.2 1.2
Wire feed rate, r, [mm/min] 3750 2000
Deposition speed, s [mm/min] 200 800
Experimental heat source power, Qexp [W] 3000 2400
Interlayer cooling time, t [s| 180 20
Layer height, §z [mm)] 1.98 0.9
Argon flow rate, ! [L/min] 30 15

Pictures of the walls manufactured with WAAM and WLAM using these parameters are presented in
Figure 3.21. The wall obtained with WAAM (Figure 3.21a) reached the height of 40 mm with 20 layers,
while 44 layers were required for the wall manufactured by WLAM (Figure 3.21b) to reach the same
height. The wall produced by WLAM presents, however, the lower surface roughness. Moreover, both
processes achieved a regular height of walls throughout the whole deposition, even if the WAAM wall
tends to collapse slightly at the edges. This was not considered problematic, as the variation in height

does not amplify as the number of deposited layers increases.

(a)

Figure 3.21. Processing of single-bead walls with the selected parameters (Table 3.6): (a) 20-layer wall produced
with WAAM process; (b) 40-layer wall manufactured with WLAM process.

3.3.3 Manufacturing of a 100 mm-high wall

Now that we have selected parameters for the manufacturing of 20-layer single-bead walls, we want
to adapt them to the production of higher walls, targeting a height of 100 mm. The first attempt
was made using the WLAM process, using the experimental set of parameters outlined in Table 3.6.
The manufacturing of a single-bead wall, shown in Figure 3.22, was stopped at a height of 60 mm
due to deposition issues. As the number of deposited layers increased, the profile along the deposition
direction became irregular. This irregularity was attributed to insufficient interlayer cooling time, as heat
dissipation became more difficult with the accumulation of the number of layers, which caused the wall
to be less high than expected. Indeed, a bead laid on a non-cooled wall will be wider and shorter as it

will be manufactured with a higher effective linear energy. This further leads to a defocused laser since
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the height increment becomes too high. We noticed previously for single beads that a defocus in the laser

led to manufacturing issues, as it was presented in Figure 3.3.

Figure 3.22. Single-bead wall achieved with WLAM of height of 60 mm (instead of the targeted 100 mm) using
an interlayer cooling time of 20 s. The wall manufacturing was stopped due to processing issues.

To address this issue, a second wall was manufactured using the WLAM process with an increased
interlayer cooling time of 45 seconds. This wall, presented in Figure 3.23a, successfully reached the target
height of 100 mm, requiring 112 layers. The wall presented a comparable surface state to the 20-layer
single-bead wall made by WLAM with similar parameters (Set 2, Table 3.4), where the roughness is
mainly determined by the size of the deposited layers. However, a defect is visible on the left side of the
wall, where a failure to properly follow the laser extinction ramp caused a partial collapse. Despite this

defect, the production was completed.

A similar wall was also produced using the WAAM process, consisting of 54 layers (Figure 3.23b). The
surface roughness of the 100 mm-high wall is similar to that of the 20 mm wall shown in the previous
Figure 3.21a. However, there is a slight irregularity in the wall height, with the edges being marginally
lower than the central section. This collapse at the extremities is comparable to the one observed in the
20-layer single-bead walls achieved with a unidirectional deposition strategy, except in magnitude, which

is less important due to a better heat distribution caused by the alternated deposition strategy.

(a) (b)

Figure 3.283. 100-mm high single bead walls produced with (a) WLAM process and (b) WAAM process. The two
defects at the left of the wall manufactured by WLAM and at the right of the wall manufactured by WAAM are
the consequence of production issues and are not linked to the choice of the processing parameters.
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Thus, manufacturing process parameters allowing the production of thin components up to 100 mm in
height were determined. The height increment, deposition strategy and interlayer cooling time signifi-
cantly influence manufacturing. In the following Section 3.4, we will adjust the process parameters for

manufacturing a thick component involving the juxtaposition of several beads per layer.

3.4 Processing conditions for multi-bead layer components

Now that processing conditions for the manufacturing of thin sections (single-bead walls) were determined,
these parameters were transferred to the manufacturing of multilayer tiles, corresponding to thick zones
of a complex component. Process parameters associated with tile manufacturing were also determined

(overlap, deposition strategy).

3.4.1 Influence of the process parameters

To define the process parameters for multi-bead layered components, 20-layer high tile with six passes per
layer was built following the trajectory illustrated in Figure 3.24. The manufacturing process employed
an alternating deposition direction between layers, as explained previously. Specifically, the passes in
layer n were deposited along e, and e,, while the passes in layer n+1 were deposited along —e, and
—e,. This manufacturing strategy extends the approach used for fabricating thin components. Palmeira
Belotti et al. [112] employed a similar deposition strategy in their WAAM process for manufacturing a
316LSi block. Their results showed that this approach produced a regular block along the deposition
direction, even if height irregularities were present. Furthermore, Lee et al. [155] observed that an
alternating deposition strategy can help reduce distortions and residual stresses within the components,

compared to a unidirectional deposition strategy.
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Figure 3.24. Schematic of the deposition sequence for tile manufacturing with WAAM and WLAM processes.
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For the WLAM process, various inter-bead distances were tested for laser powers of 1000, 2400 and
3500 W using Sets 1, 2 and 3 (Table 3.4). Figure 3.25 illustrates the results of manufacturing a 12-bead
layer using Set 1 (Table 3.4) and a laser power of 1000 W with different inter-bead distances. For a
transverse overlap of nearly 60% (Figure 3.25a), metal accumulation occurred at the surface of the layer.
In contrast, when applying a transverse overlap of 78%, holes were observed in the deposition profile due
to a lack of covering (Figure 3.25¢). The visually flattest layer was achieved with a transverse overlap
of 68% (Figure 3.25b). Three overlaps were tested for Set 2 (Table 3.4): 61%, 67% and 79%, and for
Set 3 (Table 3.4): 61%, 66%, and 78%. Similar results were observed, with the nearest value to a 70%
overlap producing the visually flattest layer (i.e. 67% for 2400 W and 66% for 3500 W). These findings
align with the observations of Shaikh et al. [38]. According to the literature, a flat surface over each
layer of a block is achieved for overlap between two consecutive passes of approximately 70% of the bead
width [38]. This guideline was successfully applied in the WAAM process, where a transverse overlap of

7 mm, corresponding to 67% of the bead width, resulted in a flat surface.

(a) (b) ()

dy = 2.1 mm dy = 2.4 mm —

= 68.4% - w =782% - w l
50 mm €y €.

Figure 3.25. 12-bead layers manufactured by WLAM using set 1 (Table 3.4), with overlap distances of (a) 1.8 mm,
(b) 2.1 mm and (c) 2.4 mm.

During the initial experimental tests with the WAAM process, the optimized parameters for thin walls
led to issues when depositing six beads per layer. Specifically, there was insufficient wetting between the
substrate and the beads, as well as between the beads themselves, as shown in Figure 3.26. In addition,
depositing several beads in the same layer reduced the width/height ratio, making it more difficult for
the beads to adhere to their neighbors.

Thus, the manufacturing power was increased to 3600 W, representing a 20% increase while maintaining
the same deposition rate. This adjustment enhanced the wetting of the beads to the substrate by
increasing the applied volume energy without altering the deposition rate. Experimental tests with the
increased power demonstrated improved wetting of the beads. A similar result was observed for the
WLAM process, thus the laser power was raised from 2400 to 2880 W.
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Figure 3.26. Layer of 6-beads achieved using WAAM process with set 3 (Table 3.5), and an overlap of 70%.

Finally, the presence of porosity was highlighted in the tile manufactured by WLAM, as presented in
Appendix A.3. The tests aimed at adjusting the operating parameters to avoid the formation of this

porosity were not carried out.

3.4.2 Geometric adjustment

During our initial attempt to manufacture the 6 x 20 tile (6 beads and 20 layers) using the WLAM
process, we observed that edges of the tile lacked the expected height. Consequently, we had to stop the
production of the tile shown in Figure 3.27 at the twelfth layer. This deviation led to an increase in the
distance between the deposition head and the bead, resulting in manufacturing issues similar to those
described in Figure 3.3h. This problem happened because one side of the beads at the layer extremities
was not constrained by adjacent beads, allowing these beads to flatten, as schematized in Figure 3.27b.
As more layers were added, this effect was amplified. To address this issue, we decided to add additional
beads every four layers at the extremities, as shown in Figure 3.27c, to adjust the height. Similarly, six
additional beads were added when necessary during the manufacturing of the 6 x 20 tile using the WAAM
process, first at the tenth layer and then every fourth layer at the fourteenth and eighteenth layers.

The final 6 x 20 layer tiles manufactured using the WAAM and WLAM processes are presented in
Figure 3.28. We achieved regular manufacturing regarding the height profile along the deposition direction
and the transverse section. The component produced by WLAM (Figures 3.28a and d) reached a height
of 26 mm after 20 layers, compared to 46 mm for the component manufactured by WAAM (Figures 3.28b
and c¢). The block produced by WLAM exhibits a better surface roughness compared to the WAAM
block. Additionally, the standard deviations of the width along the manufacturing direction and the
height along the transverse direction were measured for the block achieved by WAAM to be 1.1 mm
each, representing 2% of the width and the height, which is considered satisfactory. Despite a strong
clamping, a significant deformation of the substrate (approximately 5 mm) was observed at the end of
the WAAM process. A deflection of about 1 mm was also observed for the components manufactured
with the WLAM process.
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Figure 3.27. Height issues and height adjustments for a 6 x 12-bead tile manufactured with WLAM: (a) tile
height without additional beads; (b) Schematic drawing of a 6 x 12-bead tile with WLAM without additional beads.

The grey shades represent the successive layers deposited during the manufacturing. (c¢) Schematic drawing of a
6 x 20-layer tile, with additional beads added to balance the lack of height (red).
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Figure 3.28. Tile manufactured using: (a) and (d) WLAM process; (b) and (¢) WAAM process.
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CHAPTER 3. PROCESSING CONDITIONS

3.5 Conclusion to Chapter 3

In Chapter 3, we determined optimal manufacturing conditions to produce defect-free components with
WAAM and WLAM processes. Single beads, single-bead walls, and multilayer tiles were achieved with a
regular height and width.

The influence of the main process parameters (i.e. the deposition speed s, the wire feed speed v,,, and the
power of the energy source Qep) on the morphology of the beads was studied. The process parameters
were also linked to physical ratios, such as the linear energy density FE;, the volume energy density F,,

the surface of the bead cross-section S, and the deposition rate d,q¢e:

e The volume energy density impacts the continuity of the deposited beads, causing balling in WAAM
if F, is too low or stubbing and dripping in WLAM if E, is too low or too high, respectively.

e A strong synergy was observed between the process parameters in both WAAM and WLAM. Tar-
geted geometrical ratios were chosen, reaching a compromise between the absence of porosity and
the maximization of the deposition rate. The width/height ratio has to be between 2 and 4, while
the dilution of the single bead in the substrate has to be between 10 and 35%. Maps of the influence
of the process parameters on the geometrical ratios were then drawn, allowing us to select three
manufacturing conditions per process. The obtained maps can be reused or refined for future work

to identify possible processing ranges before manufacturing.

e Empirical equations linking the geometrical selection criteria and the physical and process parame-
ters were obtained, estimating the width/height and dilution ratios of a bead as long as remaining

within the range tested in this work.

Next, the process conditions were chosen for the manufacturing of single-bead walls. New parameters
influencing their geometry (height increment, deposition strategy, interlayer cooling time) were calibrated.
One experimental condition was then selected for each process and further tested to manufacture 100

mm-high walls:

e The wall height increment was calibrated for the WLAM process by taking the closest value to
the average height of a single bead. Too high or too low values resulted in irregularities in height,
blocking the manufacturing. For the WAAM process, no calibration was required as the height

increment is regulated by the tension of the electrical arc.

e For single-bead walls manufactured by WAAM with a one-way deposition strategy, a macroscopic
collapse at one edge, attributed to local heat accumulation, limited the manufacturing. It was not
observed using an alternated deposition strategy. We then established that the chosen deposition

path must distribute the heat in the component as evenly as possible.

e The interlayer cooling time affects the final shape of the single-bead walls. An insufficient
interlayer cooling time causes heat accumulation, resulting in variations in width and height. A
thermal control of the manufacturing is required to ensure adequate cooling time between two

layers.

e One set of parameters per process was selected by reaching a compromise between the surface
roughness of the components and the deposition rate. For the WAAM process, all the single-bead
walls had a satisfying surface roughness of less than 1 mm. Then, the set of parameters with the

highest deposition rate was selected. For the WLAM process, we noted that the surface roughness is
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mostly affected by the size of the deposited layers, creating bumps and valleys. Due to the relatively
thin width of the single-bead walls, we selected the experimental condition manufactured at a laser

power of 2400 W, to the detriment of the deposition rate.

Finally, we adapted the manufacturing conditions to produce multilayer components (6 x 20-layer tiles),

reaching a satisfying geometrical homogeneity:

e The applied deposition path for the tiles manufacturing was inspired by the path applied for single-
bead walls by alternating the deposition direction of the beads for each newly deposited layer and

the order of deposition of the beads within the same layers.

e The overlap between two adjacent beads on the same layer was calibrated at 70% of the width

of the bead, corresponding to the flattest profile in terms of height.

e Initial applied power resulted in insufficient wetting. To counter this effect, the power of the heat

source was increased by 20% while keeping the other parameters constant.

e Height difference is created between the beads deposited at the edges of the layer and those located
at the center, which caused manufacturing issues. To compensate for this effect, additional beads

were added when necessary at the edges of the layers.

e Pores were observed within the tile manufactured by WLAM. This issue was not addressed in this
work. We, however, noted that the presence of pores does not affect the shape of the grains, making

it still satisfying for further characterization.

In the following chapters, we focused on characterizing the microstructure and the properties of the single
beads, single-bead walls and tiles. In addition, they were also compared to finite element modeling results
to provide a better understanding of the thermomechanical story experienced by the component during
the manufacturing, at the scale of the whole component and more locally at the scale of the deposited
bead.
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CHAPTER 4. MICROSTRUCTURE AND MECHANICAL PROPERTIES

Résumé en frangais du chapitre 4 : microstructure et propriétés mécaniques

La microstructure et les propriétés mécaniques des piéces en acier 316L fabriquées par WAAM et

WLAM ont été étudiées pour différentes conditions de fabrication.

La composition chimique des murs (Tableau 4.1) s’est révélée étre globalement similaire a celle du
fil d’apport. Cependant, une augmentation significative du taux d’oxygéne a été constatée (surtout
pour le procédé WLAM (de 0 a 0,1 mass.%)). Cette augmentation est attribuée a un inertage

insuffisant entrainant la contamination du métal fondu par I’air ambiant.

Les teneurs équivalentes en nickel et en chrome, a laide du diagramme de Schaeffler (Figure 4.1),
indiquent la formation d’une microstructure majoritairement austénitique avec une fraction de ferrite

comprise entre 5 et 10 vol.%.

L’étude préalable des monocordons a permis de mieux comprendre l'origine de la microstructure
formées dans les piéces fabriquées par WAAM et WLAM. Deux zones aux microstructures dis-
tinctes ont été identifiées (Figure 4.2): (i) le cceur des cordons possédant une microstructure aux
grains allongés, résultant d’une solidification colonnaire et épitaxiale (Figure 1.18), avec une texture
cristallographique, et (ii) une “enveloppe” de grains équiaxes dans la coupe transverse, probablement
formée au cours du refroidissement du métal par 'air ambiant ou bien au cours d’une transition
colonnaire-équiaxe liée a la diminution de la vitesse de refroidissement & mesure que la solidification
s’effectue. Lors du dépot des cordons adjacents, nous avons supposé que l’enveloppe des cordons
serait largement refondue. C’est donc la microstructure observée au cceur des cordons qui va servir
de base a la microstructure des piéces fabriquées. Enfin, nous avons observé que chaque grain est
constitué de plusieurs dendrites orientées dans la direction de fabrication e, (Figure 4.5), entrainant
la formation de sous-joints de grains et de désorientation intragranulaire (révélée par le critére GOS
a partir des données EBSD).

La direction d’élongation des grains et la texture cristallographique sont étroitement liées a la forme
des bains de fusion. Des différences de texture ont été observées entre les monocordons fabriqués par
WAAM et WLAM, en raison de la géométrie distincte des bains : arrondie pour le WLAM et arrondie
au centre mais aplatie aux extrémités pour le WAAM. La solidification colonnaire favorise les grains
orientés selon (001) dans la direction du gradient thermique, privilégiant ainsi ces orientations.
Enfin, nous avons observé que les grains obtenus par WLAM sont plus petits que ceux issus du
WAAM (Figure 4.4).

L’analyse de la microstructure a indiqué une solidification de type FA, de par la présence de ferrite
dite “vermiculaire” et “en lamelles” (Figure 4.6), typique pour I'acier 316L obtenu dans les conditions
de solidification de la fabrication additive par dépot de fil. La teneur en ferrite a été mesurée a 5-6%
pour le WLAM et de 8-9% pour le WAAM, ce qui est cohérent avec les prédictions du diagramme de
Schaefler. Enfin les vitesses de refroidissement basées sur la mesure des espacements dendritiques
ont été estimées a environ 100 °C/s pour le WAAM et dix fois plus & 1000 °C/s pour le WLAM.

L’étude des murs (Figures 4.11 et 4.12) a montré la présence de grains allongés sur plusieurs dizaines
de passes, fortement texturés selon (001)._  (ou e, est la direction de fabrication). Des dislocations
sans organisation particuliére ont été détectées dans Iausténite et dans la ferrite (Figure 4.24),
indiquant un stockage d’énergie pouvant conduire a une évolution de la microstructure. Enfin, le

mauvais inertage durant la fabrication a entrainé la formation d’inclusions sphériques d’environ 1 pm

de diametre (Figure 4.22), identifiées comme des oxydes complexes, avec des volumes totaux estimés
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a 1,47% pour le WLAM et 0,47% pour le WAAM.

Des essais de traction (Figure 4.26) réalisés sur des éprouvettes prélevées dans les directions de
fabrication e, et de dépot e, ont été effectués et ont révélé une légére anisotropie des propriétés
pour le mur fabriqué par WLAM, tandis que le mur fabriqué par WAAM présente des propriétés
mécaniques similaires dans les deux directions. Cette anisotropie accrue induite par le WLAM est
attribuée a des grains plus allongés et une texture cristallographique plus marquée (Figure 4.27).
Le procédé WAAM apparait ainsi plus adapté pour des applications ou I’anisotropie est un critére
limitant. Par ailleurs, des élongations a rupture (autour de 40%) et des résistances maximales a
la traction comparables & celles du 316L obtenu par des procédés conventionnels ont été mesurées
(Tableau 4.3).

Des duretés plus élevées pour les murs fabriqués par WLAM par rapport a ceux réalisés par WAAM
ont été mesurées (Figure 4.25). En particulier, les premiéres couches déposées présentent les duretés
les plus importantes (190 HVyo pour le WLAM et 182 HV;y pour le WAAM), supérieures a celles
du 316L conventionnel (150 HVyg). Cette différence peut étre expliquée par plusieurs facteurs :
la présence de ferrite, I’écrouissage induit par des cycles de chauffage/refroidissement ou encore la

présence de contraintes résiduelles.

L’étude des blocs fabriqués par WAAM et WLAM (Figures 4.29 et 4.30) a révélé une microstructure
distincte de celle des murs, avec des grains plus petits et moins allongés. De plus, ces blocs présentent
une dureté plus élevée et une taille de dendrites plus petite en comparaison aux murs. Plusieurs

zones aux textures différentes ont été observées :

e Pour le bloc réalisé par WLAM, la zone centrale de fusion (CFZ, Center of Fusion Zone) et
les extrémités des zones de fusion (SFZ, Side of Fusion Zone). La SFZ est majoritaire et est

caractérisée par une texture crystallographique selon (011))._ et une élongation des grains a

lle=
45° de la direction de fabrication e,, tandis que la CFZ prése;te une texture (001) ., avec des
grains orientés dans la direction de fabrication e.. N

e Pour le bloc réalisé par WAAM, la zone refondue (OR, overlapped area) et la CFZ, dans des
proportions équivalentes. L’OR se situe 1a ou les bains de fusion ont une bordure plate. Les
grains y présentent une texture selon (001)|._ et sont allongés dans la direction de fabrication
e,. Dans la CFZ, associée a la partie arrondie du bain de fusion, une texture selon (011)), et

une élongation des grains a 45° de la direction de fabrication e, est observée.

L’effet des traitements thermiques sur la microstructure des murs monocordons a également été
étudié. Des calculs réalisés a ’aide du logiciel Thermo-Calc indiquant les différentes phases formées
a l'équilibre thermodynamique en fonction de la température (Figure 4.33) ont montré que la tem-
pérature de traitement thermique doit dépasser 1000 °C pour éviter la formation de la phase o,
néfaste aux propriétés du matériau. Deux traitements thermiques différents ont été alors réalisés
(Figures 4.36 et 4.38) :

1. Un traitement & 1100 °C pendant 30 minutes, suivi d’'une trempe & l’eau, a conduit & une
faible modification de la taille et la morphologie des grains, mais a réduit la teneur en ferrite
a 0,7 vol.% et la dureté & 160 HV( 1 pour le mur réalisé par WLAM. Lorsque la présence de
ferrite est un facteur limitant pour ’application des piéces, ce traitement thermique permet la
réausténitisation de la microstructure sans influer sur la forme et I'orientation des grains.

2. Un second traitement a 1200 °C pendant 30 minutes, suivi d’une trempe a l’eau a conduit &

une recristallisation partielle, notamment dans les zones ou les grains sont les plus petits (au
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pied et aux bordures des murs). La dureté a diminué a 150 HVj 1, ce qui correspond a la valeur
caractéristique du 316L obtenu & I'aide de procédés conventionnels, suggérant une diminution
du taux de dislocations et la relaxation totale de ’énergie mécanique stockée dans le matériau.
La forme de grains et la texture observées dans les murs sont donc peu susceptible d’évoluer

sous leffet de la température.

4.1 Chemical composition

To probe the effect of processing on chemical composition, the composition of single-bead walls produced
by WAAM and WLAM using Set 3 (Table 3.5) and Set 2 (Table 3.4) was analyzed using ICP-AES and
elementary analysis (Table 4.1). For the major alloying elements, the composition of the 316L single-bead
walls is mainly consistent with that of the filler wire. However, a slightly reduced chromium content was
observed in the walls compared to the wire: -0.2 wt.% for WAAM and -0.8 wt.% for WLAM. The oxygen
content in the single-bead walls showed a significant increase compared to the filler wire, at 0.025 wt.% in
WAAM and was five times higher in WLAM at 0.12 wt.%. This difference is attributed to contamination
from ambient air despite the use of argon shielding near the melt pool to create an inert atmosphere.
As noted by Deng et al. [180], such oxygen levels can lead to the formation of oxide inclusions within
the metallic matrix. Additionally, increased concentrations of several minor alloying elements, including
copper, cobalt and aluminum, were detected in the walls produced using the WLAM process, likely due

to external contamination during manufacturing.

Table 4.1. Chemical compositions (wt. %) obtained by ICP-AES and elementary analysis of (a) the initial filler
wire and single-bead walls obtained by (b) WAAM (Set 3, Table 3.5) and (¢c) WLAM (Set 2, Table 5.4).

wt. % Cr Ni Mo Mn C N Si Cu Co P S Al (0]
(a) Wire 19.20 12.66 2.88 1.78 0.016  0.045 0.46 0.042 0.031 0.013 0.007 0.005 -
(b) WAAM 18.96 12.50 2.84 1.80 0.014 0.048 0.46 0.044 0.032 0.013 0.007 0.005 0.025
(¢) WLAM 18.4 12.5 2.58 1.35 0.009 0.049 0.34 0.12 0.20 0.022 0.013 0.055 0.12

The equivalent content of chromium and nickel was calculated (Equations 4.1 and 4.2 [115]).

Wt.%Creq = wt.%Cr + wt.%Mo + 1.5 x wt.%Si + 0.5 x wt.%Nb = {;fg (WrAN) (4.1)
wt.%Nigg = wt.%Ni + 30 x wt.%C + 30 x wt.%N + 0.5 x wt.%Mn = { o0 WA (4.2)

According to the Schaeffler diagram [115] (Figure 4.1a), which predicts the phase fractions in 316L
steel manufactured under welding cooling conditions based on equivalent nickel wt.%Ni,, and chromium
wt.%Crq contents, a predominant austenitic phase is expected for both WAAM and WLAM walls, with
approximately 5 vol.% of ferrite phase. The Schaeffler diagram also indicates that the ferrite content may
be slightly higher in the wall manufactured by WAAM than in the one made with WLAM.

wt.%Creq
Next, the WNieq

the WAAM and WLAM single-bead walls, respectively. These ratios were plotted on a pseudo-binary

ratio was used to predict the solidification mode, yielding values of 1.47 and 1.44 for
diagram of the Fe-Cr-Ni alloy (Figure 4.1b) [97]. Values near the transition line from the austenite-ferrite

(AF) to ferrite-austenite (FA) solidification mode (1.48) were observed, indicating that both solidification

modes are plausible under these conditions.
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Figure 4.1. Analysis of expected phases in the manufactured 316L components with WAAM and WLAM using
(a) the Schaeffler diagram [115] and (b) the Fe-Ni-Cr pseudo-binary diagram of 316L [97].

4.2 Single beads

4.2.1 Grain microstructure

Figure 4.2 shows EBSD orientation maps and associated inverse pole figures of transverse cross-sections
of the single beads manufactured with WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5).
The crystal orientations are projected along the manufacturing direction e, (Figures 4.2a and 4.2d) and
the deposition direction e, (Figures 4.2b and 4.2e), for WLAM and WAAM, respectively. Moreover, the
inverse pole figures for WAAM and WLAM are presented in Figures 4.2c and 4.2f, respectively. The
EBSD analyses of single beads fabricated with the other selected parameters (WLAM using Sets 1 and 3
(Table 3.4), and WAAM using Set 1 (Table 3.5)) are presented in Appendix B.1.

In addition, Figure 4.3 presents the grain morphology near the fusion line in a single bead produced
with WLAM using Set 1. Orientation maps of the substrate and the bottom of the deposited bead were
projected in the manufacturing direction e, (Figure 4.3a) and the deposition direction e, (Figure 4.3b),
where the dotted line indicates the boundary between the melt pool and the substrate. The corresponding
grain boundaries were identified (Figure 4.3¢c), distinguishing high-angle grain boundaries (HAGBs, dark

lines), low-angle grain boundaries (LAGBs, cyan) and ¥3-twin boundaries (red).

The 316L substrate at the bottom of the maps shows equiaxed grains with a 50 nm average diameter
and no visible texture. Each substrate grain contains >3-twin boundaries, which are characteristic of the

microstructure of austenitic stainless steels obtained using conventional processing conditions [181].

Within the melt pool, elongated grains oriented along the manufacturing direction e, with taller dimen-
sions than the substrate grains, were observed. The columnar microstructure results from directional
solidification along the thermal gradient, having a direction represented by the red arrow in Figure 4.3.
Several grains at the fusion line were observed in both the melt pool and the substrate, indicating epi-
taxial growth in which the solidification follows the pre-existing crystal orientations. Colin et al. [9§]
reported that columnar solidification is typical in additive manufacturing processes due to the important
thermal gradients. However, WLAM and WA AM additive manufacturing processes have the lowest ther-

mal gradients among other additive manufacturing processes, which increases the probability of equiaxed

103



CHAPTER 4. MICROSTRUCTURE AND MECHANICAL PROPERTIES

solidification under low dilution conditions. Nevertheless, equiaxed grains are not expected in this study

as only the single beads with a sufficient dilution were selected (c¢f. Chapter 3).

Several crystal orientations are favored, notably in the two grains marked with a circled asterisk, having
a (001)), orientation in the manufacturing direction e, (Figure 4.3a). The predominance of the (001).,
orientation results in crystal texture as the distance from the fusion line increases. In cubic crysta?s
(such as fcc-austenite and bcce-ferrite), (001) is the preferential grain growth direction [182]. Grains
with a (001)) ., orientation (aligned with the thermal gradient) will grow faster than those with other
orientations. In contrast, the orientation map projected in the deposition direction e, (Figure 4.3b) shows
no preferred orientations in this direction. However, the tallest grains are oriented between (001) ., and
(011) ¢, , for geometrical reasons due to their orientation along (001) |, in the manufacturing direction.

Finally, unlike the substrate grains, the melt pool grains contain no ¥3-twin boundaries (Figure 4.3c).

The direction of the epitaxial columnar solidification in the core region of the single beads, associated with
elongated grains oriented perpendicularly to the fusion line, is represented by black arrows in Figure 4.2.
A “skin effect” was also observed around the single beads, where equiaxed grains are reported, likely
formed due to grain nucleation resulting from ambient air cooling or columnar-to-equiaxed transition
due to a decrease in cooling rate as the solidification progresses. A similar effect was documented by
Baumard [99] in the edges of 316L components produced by L-PBF.

Inverse pole figures revealed a general texture in the manufacturing direction e., with a predominant
(green and red asterisks, for WLAM and WAAM, respectively). This orienta-

tion is expected as it aligns with the preferential growth direction under the typical cooling conditions of

orientation near (001) .,
WAAM and WLAM processes, where the thermal gradient, typically perpendicular to the fusion line, is
roughly aligned with the manufacturing direction e, [98]. However, a 15° misorientation relative to the
(001) direction was observed for the single bead manufactured by WLAM, attributed to the curvature of
the fusion line. The flatter fusion line at the sides of the bead manufactured by WAAM leads to a closer
alignment of the thermal gradient with the manufacturing direction e, but, as in WLAM, a similar 15°
misorientation was noted in the center of the fusion zone due to the convex shape of the fusion boundary.
Baumard [99] observed that in single beads manufactured with L-PBF, the convexity of the fusion line
led to a (011)| ., texture and grains elongated diagonally, reflecting a 45° misorientation between the

thermal gradient and the manufacturing direction.

In the deposition direction e, a (113) ., texture for WLAM (blue asterisk) and (111)) ., for WAAM
(pink asterisk) were observed. These textures result from the three-dimensional nature of the thermal
gradient, which has components along both the manufacturing e, and deposition e, directions. The
textures correspond to a 15° misorientation with respect to the deposition direction for WLAM and 45°
for WAAM, indicating a thermal gradient predominantly oriented in the manufacturing direction e, in
WLAM, but not in WAAM. Debroy et al. [3] noted that melt pool elongation in the deposition direction
ey correlates with the deposition speed s; a faster deposition speed, as in WLAM, leads to a solidification
mainly oriented parallelly to the manufacturing direction e, while slower deposition speeds in WAAM
lead to inclined solidification (cf. Figure 1.18).

Similar microstructures were observed in single beads manufactured by WLAM using Sets 1 and 3 (Ta-
ble 3.4) and by WAAM using Set 1 (Table 3.5), as shown in Appendix B.1. Beads produced at the
lowest powers (Set 1 for WLAM and WAAM) presented a more pronounced texture in the manufacturing

direction, likely due to the reduced convexity of the melt pool.
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Figure 4.2. EBSD orientation maps and associated inverse pole figures of transverse cross-sections of single beads
manufactured with WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5): (a) WLAM single bead,
projected along the manufacturing direction e.; (b) WLAM single bead, projected along the deposition direction
es; (c) associated inverse pole figures; (d) WAAM single bead, projected along the manufacturing direction es;
(e) WAAM single bead, projected along the deposition direction eq; (f) associated inverse pole figures. The black
arrows indicate the local trend of the direction of elongation of the grains, and the different asterisks are the

predominant textures.
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Figure 4.3. EBSD orientation maps of a transverse cross-section at the fusion line of a single bead produced by

WLAM using Set 1 (Table 3.4): (a) orientation map projected along the manufacturing direction e.; (b) ori-

entation map projected along the deposition direction ez; (c) index quality map showing high-angle (black) and

low-angle (cyan) grain boundaries, along with X3-twin boundaries (red). Grains with their easy-growth direction
aligned with the thermal gradient are marked with a circled asterisk.

Figures 4.4a and b show orientation maps of the microstructure in the center of single beads produced by
WLAM and WAAM, respectively, at a finer scale than the macrographs in Figure 4.2. The maps were
projected along the manufacturing direction e, and overlaid with HAGBs and LAGBs. Smaller grains
were observed in the single bead manufactured by WLAM. Moreover, a difference in the grain morphology
was noted: elongated grains for WLAM versus equiaxed-like grains for WAAM. These equiaxed grains
for WAAM could be formed due to the larger bead size and slower solidification rate as compared to
WLAM. Baumard [99] also observed equiaxed-like grains in the center of 316L L-PBF single beads,
noting, however, that these grains were columnar in the deposition direction. It might also be the case
for our beads manufactured by WAAM, where the grains could have an elongated shape aligned with the

deposition and manufacturing directions, appearing like equiaxed grains on the cross-sections.
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WLAM (a) WAAM (b)
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Figure 4.4 . EBSD orientation maps of transverse cross-sections of the single beads manufactured with (a) WLAM
using Set 2 (Table 3.4) and (b) WAAM using Set 8 (Table 3.5), projected in the manufacturing direction e.. The
cyan lines represent the low-angle grain boundaries (LAGBs) and the black lines the high-angle grain boundaries

(HAGBs).

Figures 4.5a and 4.5¢ illustrate the HAGBs (black), LAGBs (cyan) and YX:3-twins (red) for single beads
produced by WLAM and WAAM, respectively. Notable differences were observed between the melt pool
and the substrate:
e the substrate is constituted of numerous HAGBs, indicating relatively small grains and numerous
33-twins and few LAGBEs, typical of a recrystallized state;
e to the opposite, the deposited metal is constituted of few HAGBs, indicating relatively coarse grains,

no X3-twins and numerous LAGBs.

These differences highlight that the metal deposition by WAAM and WLAM allows for reaching a mi-
crostructure different from that of the forged and recrystallized substrate. The numerous LAGBs in the
melt pool also reflect that each grain consists of multiple dendrites growing in similar directions, as shown
in Chapter 1. In addition, the grain size in the transverse direction e, was estimated using the intercept
method (Table 4.2) to be of 27 nm for WLAM (using Set 2 (Table 374)) and of 52 pm for WAAM (using
Set 3 (Table 3.5). No apparent influence of the process parameters on the grain size was observed in both

processes.

Figures 4.5b and 4.5d present grain orientation spread (GOS) maps for single beads manufactured with
WLAM and WAAM, respectively. The presence of several dendrites within each grain causes slight intra-
granular misorientations, resulting in GOS values between 1° and 5°. The intragranular misorientation
in these grains remained low, as each dendrite maintains a similar orientation throughout the whole so-
lidification. Smaller grains without intragranular misorientation were observed near the fusion line. The
presence of smaller grains than in the rest of the single beads, caused by the initiation of the epitaxial so-
lidification, is assumed to limit intragranular misorientations as these grains can comprise fewer dendrites

than the taller grains located far from the fusion line.

Substrate grains situated far from the deposited bead showed no internal disorientation (GOS between
0° and 1°), while those close to the deposited bead exhibited higher internal disorientation (GOS between
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1° and 2°). It was assumed that the increased GOS value in these grains is the consequence of thermal
strains, indicating that this region of the substrate corresponds to the heat-affected zone. In addition,
grain boundaries and GOS maps for single beads produced by WLAM using Sets 1 and 3 (Table 3.4)
and by WAAM using Set 1 (Table 3.5) are presented in Appendix B.1. Single beads produced at the
lowest power levels exhibited more elongated grains and reduced GOS values. This observation agrees
with the observed more pronounced (001) e, texture at lower powers, as the grains are more aligned in

the manufacturing direction e, and appear bigger on the achieved cross-sections.

Hardness measurements were carried out for samples produced with various process conditions of WLAM
and WAAM (Table 4.2). The hardness seems to be slightly higher in single beads achieved by WLAM
than in those achieved by WAAM (174 HV g vs. 162 HVyg). Comparatively, the 316L substrate showed a
lower hardness of 150 HV1y. Additionally, no significant impact from the process parameters on hardness

was observed.

Compared to the conventionally manufactured 316L substrate, the increased hardness induced by both
processes may be due to the presence of ferrite in the single beads or strain hardening associated with
rapid cooling rates. This last hypothesis could explain the higher hardness in beads achieved by WLAM
compared to those achieved by WAAM, as faster solidification might induce higher residual stress and
dislocation densities [132]. This point will be discussed in more detail in Section 4.3. Conversely, the
increase in hardness is unlikely to result from Hall-Petch strengthening (grain size) since the grains in the
single beads are larger than those in the substrate, nor due to the composition of the solid solution, as
both substrate and single beads were manufactured using 316L steel with similar chemical compositions.
Table 4.2. Average grain size along the transverse direction e, and hardness of single beads produced by WAAM

and WLAM. The grain size was determined using the intercept method, averaging five line measurements, and
hardness was calculated as the average of five measurements taken with a 10 kgf load.

Process gg{;gzngz Gra‘gys(‘;;;long Hardness (HV10)
and 3.5) T
Set 1 26 167
WLAM Set 2 27 174
Set 3 25 172
Set 1 45 159
WAAM Set 3 52 162
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WLAM (a) (b)
WAAM (c)
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Figure 4.5. Grain boundary (GB) and grain orientation spread (GOS) maps from EBSD of transverse cross-
sections of single beads manufactured using WLAM and WAAM: (a) GB map of a single bead produced with
WLAM; (b) GOS analysis of the WLAM-manufactured bead; (c) GB map of a single bead produced with WAAM;
(d) GOS analysis of the WAAM-manufactured bead.
In GB maps (a) and (c), high-angle grain boundaries (HAGBs) are depicted in black, low-angle grain boundaries
(LAGBs) in cyan, and L3-twin boundaries in red.
In GOS maps (b) and (d), HAGBs are represented by black lines, while LAGBs are depicted in grey.
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4.2.2 Austenite-ferrite dendrite structure

Dendrites elongated in the manufacturing direction e, were observed on transverse cross-sections of single
beads produced by WAAM and WLAM (Figures 4.6a and b, respectively). Dendrites after WAAM are
coarser than those after WLAM.

The precise geometry of the dendrites could not be completely revealed in transverse cross-sections,
making it difficult to measure the primary dendrite spacings. To address this, we used secondary dendrite
arm spacing (SDAS) as a representative measure of dendrite size in single beads. The SDAS was estimated
at 6+ 1 pm for WAAM and approximately 3+ 1 nm for WLAM, suggesting faster solidification in WLAM
as dendrite size correlates with the cooling rate at solidification [122]. Cooling rates were estimated at
10% °C/s for WAAM and 103 °C/s for WLAM. Furthermore, no significant SDAS variation was observed
across positions within the deposited single beads, suggesting that the cooling rate variations between
the bead edges (start of solidification) and center (end of solidification) are insufficient to alter the

microstructure significantly.

WAAM (a) WLAM (b)

€z 20 pm 20 pm

Figure 4.6. Optical micrographs after electrolytic etching in a transverse cross-section of single beads produced by

(a) WAAM and (b) WLAM processes.

For WAAM, the two phases were identified by EBSD as face-centered cubic (fcc) crystals, corresponding
to austenite (cyan), and body-centered cubic (bcc) crystals, corresponding to d-ferrite (dark blue) (Fig-
ure 4.7). For WLAM, the small dimensions of ferrite areas did not allow for analyzing it confidently.

Differently from the single beads, the 316L substrate is fully austenitic.
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Melted |:| Austenite, fcc
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Figure 4.7. EBSD phase map of a transverse cross-section at the fusion line of a single bead produced by WAAM
using Set 3 (Table 3.5). Austenite is depicted in cyan, ferrite in blue and grain boundaries in black. e. indicates
the manufacturing direction, and e, the deposition direction.

EBSD settings: high voltage = 20 kV, step size = 500 nm.

Local chemical composition of single beads manufactured by WAAM was analyzed using EDS. Figure 4.8a
shows an SEM image acquired with the secondary electron detector, showing the austenite-ferrite mi-
crostructure on a transverse cross-section. Quantitative chromium and nickel content maps were gener-
ated on this surface with a 1 pm? pixel step size (Figures 4.8b and 4.8c, respectively). As expected, the
o-ferrite phase is enriched in chromium relative to the y-austenite phase, while the J-ferrite is depleted
in nickel [183, 184]. The measured weight percentages should be interpreted cautiously due to the inter-
action volume of the electron beam with the sample during EDS measurements, around 1 pm?, which is

larger than the width of ferrite regions.

Similar observations were made for single beads manufactured by WLAM (Figure 4.9). Figure 4.9a
shows an SEM image captured with the backscattered electron detector, presenting the austenite-ferrite
microstructure in a transverse cross-section, with the manufacturing direction oriented from right to left.
Figures 4.9b, 4.9c, 4.9d and 4.9e present the relative distribution of chromium, molybdenum, nickel and
manganese, respectively. As in the single bead produced by WAAM, the ferrite phase in WLAM contains
higher levels of chromium, molybdenum and lower levels of nickel than the austenite. Additionally, the
EDS analysis indicates that the spherical inclusions are manganese-rich, consistent with their identifica-
tion as manganese oxide inclusions, as it will be discussed in the next Section 4.3. More accurate chemical
quantification of chromium and nickel content in the austenite and ferrite phases, using TEM-EDS, will

be provided in Section 4.5.

111



CHAPTER 4. MICROSTRUCTURE AND MECHANICAL PROPERTIES

WAAM (a)

35
31
27
23
19
15

(b)
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20 pm e - 20 pm

Figure 4.8. EDS quantitative chemical analysis of a transverse cross-section of a single bead manufactured by
WAAM using Set 3 (Table 3.5): (a) SEM image obtained with secondary electron detector; (b) chromium content
estimation (wt.%); (c) nickel content estimation (wt.%).

EDS settings: high voltage = 20 kV, working distance = 8 mm, pizel size = 1 pm?>.

WLAM (a) (b) (c)

ez«—l ] 10 pm

Figure 4.9. EDS qualitative chemical analysis of a transverse cross-section of a single bead manufactured with
WLAM using Set 2 (Table 8.4): (a) SEM image obtained with backscattered electron detector; relative distribution
of (b) chromium, (c) molybdenum, (d) nickel, (e) manganese.

EDS settings: high voltage = 20 kV, working distance = 8 mm, pizel size = 1 pm?>.

Note that in these images, the manufacturing direction is from the right to the left of the image.

As discussed in Section 4.1, the chemical composition of the 316L components did not provide a defini-
tive indication of the solidification mode. With a Cre,/Nie, ratio close to 1.5, the solidification could
potentially follow either the AF mode, where austenite is the primary phase, or the FA mode, where
ferrite precipitates first. In the AF solidification mode, J-ferrite is formed in interdendritic regions, while
in the FA mode, it manifests as vermicular or lathy ferrite in the core of the dendrites [185, 118|. Both
processes revealed the presence of vermicular and lathy d-ferrite, indicating an FA solidification mode.
Under WAAM and WLAM cooling conditions and FA solidification, some ferrite in the core of the den-
drites does not transform into austenite, as the austenite formation gradually depletes nickel and increases
the chromium content of the ferrite, stabilizing a significant ferrite fraction within the austenite in the
final microstructure. Similar ferrite morphologies were observed in studies by Lee et al. [90] for 316L
components manufactured by CMT-WAAM with a Creq/Nieq ratio of 1.75 and by Li et al. [139] for 308L
components manufactured by WLAM with a Creq/Nieq ratio of 1.89, both in FA solidification mode.
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4.3 Single-bead walls

4.3.1 Grain microstructure
Transverse (ey,el) cross-section

Figure 4.10 presents macrographs of etched transverse cross-sections of single-bead walls. Walls in Fig-
ures 4.10a, b and ¢ were fabricated by WLAM using Sets 1, 2 and 3 (Table 3.4), respectively. Figures 4.10d
and e present the single-bead walls manufactured by WAAM using Sets 1 and 3 (Table 3.5), respectively.
Lastly, Figure 4.10f shows a WAAM wall manufactured with a welding device using Set 3. Walls in
Figures 4.10b and e were produced using the selected parameters at the end of the parametrical study
for single beads (¢f. Chapter 3).

The electrolytic etching highlighted the successive fusion lines and grains across the walls. Each single-
bead wall exhibited elongated grains, up to 10 mm long, oriented along the manufacturing direction e,
going through multiple deposited layers. This grain structure results from epitaxial solidification, where
each new layer solidifies from bottom to top, continuing the grain orientation of the preceding layer.
These observations align with those of Chen et al. [186], who observed similar elongated grains extending
through multiple layers in 316L single-bead walls manufactured by CMT-WAAM.

Due to the similar microstructure of the walls manufactured with the different processing conditions, only
the wall manufactured by WLAM using Set 2 (Table 3.4) and the wall manufactured by WAAM using
Set 3 (Table 3.5) are analyzed in this chapter.

WLAM WAAM
(a) (b) () (d) () (f)

2 mm 5 mm
l—» €y

Figure 4.10. Transverse cross-sections of single-bead walls manufactured via WLAM and WAAM under varying

process conditions after polishing and electrolytic etching: (a), (b) and (¢) WLAM using Sets 1, 2 and 3 (Table 3.4),

respectively; (d) and (e) WAAM using Sets 1 and 3 (Table 3.5), respectively; (f) WAAM using Set 3, manufactured
with a welding device.
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EBSD analyses of transverse cross-sections are displayed in Figures 4.11, 4.12, 4.13 and 4.14 for the walls
processed with WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5).

Figure 4.11 presents the EBSD maps of a transverse cross-section from the single-bead wall produced by
WLAM. Grain orientation maps are projected in the manufacturing direction (e, Figure 4.11a) and in the
deposition direction (eg, Figure 4.11b). Figure 4.11c illustrates the grain boundary map, with black lines
representing HAGBs and cyan lines indicating LAGBs. Additionally, Figure 4.11d shows the orientation
spread within each grain (GOS map), and Figure 4.11e displays the inverse pole figures associated with
the orientation maps. Similarly, Figure 4.12 presents the EBSD analysis for the transverse cross-section

of the single-bead wall produced by WAAM, divided into two sections due to its large size.

Furthermore, orientation maps are shown in Figure 4.13 at the same scale for the single-bead walls
manufactured with WLAM and WAAM, near the fifteenth and the fourth deposited layers. These maps
are projected along the manufacturing direction e, and overlaid with HAGBs and LAGBs. Figure 4.13e

provides a schematic of the solidification and the predominant texture.

Finally, Figures 4.14a and b show the aspect ratios of grains as a function of their relative area in the
transverse cross-sections of the single-bead walls for WLAM and WAAM, respectively. The associated

grain aspect ratio maps are presented in Appendix B.2.

Similarly to the single beads, the microstructure consists of two distinct regions: a core region and a skin
region. WAAM and WLAM single-bead walls displayed elongated grains oriented in the manufacturing
direction e, reaching lengths up to 10 mm. As noted in Section 4.2, this elongation is the consequence
of the epitaxial solidification, combined with a unidirectional thermal gradient along e, throughout the
entire process [186]. The grains in WLAM components are notably more elongated: 60% of the area
corresponds to grains with an aspect ratio above ten (Figure 4.14). At the same time, in WAAM, only
22% of the surface has grains of this ratio. The remaining area in WAAM is mainly occupied by grains

with an aspect ratio of around five.

Next, the grain size was measured in the transverse direction e, using the intercept method on the
boundary maps!. Profiles taken every millimeter along the walls indicate similar grain sizes for the first
five millimeters of each wall (62 pm and 61 pm in WLAM and WAAM, respectively). Figures 4.13c and
d illustrate comparable microstructures near the fourth layer for both walls. However, at the tops of the
walls (last five millimeters), the grain size in WLAM is nearly double than that in WAAM (130 pm versus
73 um). This difference was noted in Figure 4.13, where the grains in the fifteenth layer of the single-bead
walls are larger in WLAM than in WAAM. However, this could again be a local artifact due to the fewer
grains in WLAM. The difference may also result from the grains in WAAM growing in directions other

than along e, limiting the epitaxial growth along the thermal gradient for the columnar grains.

A “skin effect” is observed around the walls, with small equiaxed grains with varied orientations. While
the skin was observed at the top of the single beads (¢f. Section 4.2), it disappeared on the top of the
beads between each layer during the stacking of beads due to remelting of their upper part. Similar
conclusions were mentioned by Baumard [99] in studies on 316L single-bead components elaborated with
the L-PBF process, where the partial remelting of the beads led to the disappearance of grains at their

upper parts, resulting in the epitaxial growth of the columnar grains in the bead cores only.

A strong (001) e. texture was observed in the manufacturing direction e,, marked by a preferential crystal
alignment with the thermal gradient (green asterisk in the inverse pole figures). Similar grain elongation
and (001) ¢, texture were reported in 316L single-bead walls by Engel [107] for the L-PBF process and by

1The grain size along the manufacturing direction e, was not measured due to the excessive elongation of the grains.
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Pan et al. [187] for WAAM, indicating this microstructure is typical of single-bead components made using
additive manufacturing processes. For the single beads, we reported that the thermal gradient was not
precisely aligned with the manufacturing direction due to the rounded shape of the fusion lines. It does
not affect the grain growth in the single-bead walls, as grains are highly elongated in the manufacturing
direction e, and cross through several beads. It is assumed that this is related to the cumulative effect

of the phenomenon of growth competition for grains depending on their orientation.

In the wall produced by WLAM, almost all grains aligned along the (001) ¢, direction after the tenth
layer. For WA AM, this orientation also becomes dominant after the fifth layer. However, equiaxed-like
grains with various orientations are observed in the upper section, such as those oriented along (011) ., in
Figure 4.13b. These grains may be formed due to the larger melt pool and the lower thermal gradieng in
WAAM compared to WLAM, allowing grain growth in directions not aligned with the thermal gradient.
As a result, the density of the (001) .  texture in the inverse pole figures was reported to be lower in
the single-bead wall manufactured usirg WAAM than WLAM (Figures 4.11e and 4.12e).

Additionally, a (001)) ., texture is noted in the single-bead wall produced by WLAM. In contrast, in
WAAM, the inverse pole figures show a distribution between the (001)) ., and (011)) ., orientations,
with no dominant crystal texture along e,. This difference could be due to the smaller number of grains
visible in the WLAM transverse cross-section compared to WAAM, suggesting that the texture along e,
may be a local artifact. Additional cross-sections from different locations within the wall could provide

further insights into this observation.

Finally, the GOS maps revealed internal misorientations exceeding 1° per grain, reflecting that a grain
consists of multiple similarly oriented dendrites growing in the same general direction. A smaller fraction
of the grains showed higher GOS values, between 2 and 5°. The GOS values for WLAM and WAAM
single-bead walls are comparable with those observed in the single beads (¢f. Section 4.2), suggesting
that the crystal orientations between dendrites belonging to a single grain remain stable throughout the

solidification.
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Figure 4.11. EBSD analysis of a transverse cross-section of a single-bead wall produced by WLAM wusing Set 2

(Table 3.4): (a) orientation map projected along the manufacturing direction es; (b) orientation map projected

along the deposition direction ey; (c) grain boundary (GB) map, where black lines represent high-angle grain

boundaries (HAGB) and cyan lines indicate low-angle grain boundaries (LAGB); (d) grain orientation spread

(GOS) map, with HAGB in black and LAGB in grey; (e) associated inverse pole figures. The asterisks mark the
predominating texture.
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Figure 4.12. EBSD analysis of a transverse cross-section of a single-bead wall produced by WAAM using Set 3

(Table 3.5): (a) orientation map projected along the manufacturing direction e; (b) orientation map projected

along the deposition direction ey; (c¢) grain boundary (GB) map, where black lines represent high-angle grain

boundaries (HAGB) and cyan lines indicate low-angle grain boundaries (LAGB); (d) grain orientation spread

(GOS) map, with HAGB ‘in black and LAGB in grey; (e) associated inverse pole figures. The asterisks mark the
predominating textures.
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Figure 4.13. EBSD orientation maps of transverse cross-sections from single-bead walls manufactured with WLAM

using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5), projected along the manufacturing direction e :

(a) WLAM single-bead wall near the fifteenth deposited layer; (b) WAAM single-bead wall near the fifteenth

deposited layer; (¢) WLAM single-bead wall near the fourth deposited layer; (d) WAAM single-bead wall near the

fourth deposited layer; (e) schematic illustration of the predominant solidification direction and crystal orientation.
Cyan lines indicate LAGBs and black lines represent HAGBs.
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Figure 4.14. Relative surface area (%) occupied by grains as a function of their aspect ratio on transverse cross-
sections of single-bead walls obtained by (a) WLAM and (b) WAAM.
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Longitudinal (el €z ) cross-section

Additional EBSD analyses were performed on longitudinal cross-sections of the single-bead walls (Fig-
ure 4.15). These cross-sections were prepared from the center of the walls. Figures 4.15a and 4.15b show
the orientation maps of the entire wall manufactured by WLAM, projected along the manufacturing di-
rection e,, and the deposition direction e,, respectively. Figure 4.15c presents the associated inverse pole
figures. Similarly, Figures 4.15d and 4.15e show the orientation maps of the longitudinal cross-section of
the WAAM wall along e, and e,. Figure 4.15f presents the associated inverse pole figures for the upper

part of the component (above the section?).

EBSD orientation maps were compared at the same scale for the longitudinal cross-sections of the single-
bead walls manufactured using WLAM and WAAM, taken at both the top (Figures 4.16a and 4.16b) and
bottom (Figures 4.16¢ and 4.16d) of the components. These maps are projected along the manufacturing
direction e, and overlaid with high-angle grain boundaries. The black arrows indicate the direction of the
deposition of the successive layers. Finally, Figures 4.17a and 4.17b present the aspect ratios of grains
as a function of their relative area in the longitudinal cross-sections of the single-bead walls for WLAM
and WAAM, respectively. The histogram for the wall manufactured by WAAM is obtained only for the
upper part of the global map.

The longitudinal (@, el) cross-sections of the single-bead walls produced using WLAM and WAAM
exhibited elongated grains oriented in the manufacturing direction e, across almost the entire component
height. In the first layers, we observed a slight influence of the deposition direction on the grain elongation,
alternating between right and left (Figures 4.16c and 4.16d). This alternating effect disappears after the
third layer due to the phenomenon of growth competition for grains depending on their orientation,
resulting in no visible “zig-zags” within the microstructure despite the alternating deposition strategy.
It suggests that the thermal gradient is more closely aligned with the manufacturing direction e, than
with the deposition direction e,. In addition, we observed a slight deviation from e, of the direction of
elongation of the grains for WLAM, but not for WAAM. The faster solidification speed and the smaller
size of the melt pool in WLAM compared to that in WAAM resulted in a more significant deviation
of the grain elongation direction from the deposition direction at the top of the first deposited bead
in the longitudinal cross-section. Even though the deposition direction does not affect the direction of
solidification after the third layer, the epitaxial growth forces the grain to keep the initial orientation,
which results in the observed deviation of the microstructure with e,. Engel [107] observed similar results
in longitudinal cross-sections of 316L single-bead walls created using the L-PBF process, where elongated
grains grew in the manufacturing direction without being affected by the alternating deposition strategy.
Engel also noted that the grain elongation direction is slightly misaligned with the manufacturing direction
based on the orientation of the initial deposition layer. Similarly, Palmeira Belotti et al. [112] reported
that the deposition strategy does not significantly affect the elongation of the grains in the longitudinal
direction for 316L. components produced via WAAM, although they analyzed multi-layer components.

The grain elongation is slightly less pronounced in the components produced by WAAM than those
manufactured by WLAM. The analysis of the surface occupied by the grains depending on their aspect
ratios (Figure 4.17) showed that for both processes, most of the surface of the wall is occupied by grains
with an aspect ratio above ten (75% in WLAM and 60% in WAAM). The less pronounced elongation
in WAAM is likely due to the larger dimensions of the melt pool for this process, consistent with the
previous observations in the transverse cross-sections, even though fewer equiaxed-like grains are observed

in the longitudinal cross-section, possibly because it was taken from the center of the melt pool, where

2The WAAM wall was cut into two parts for characterization due to its dimensions.
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the thermal gradient is the most aligned with the manufacturing direction.

The analysis of the longitudinal cross-section in the last deposited layer (Figures 4.16a and 4.16b) revealed
two and three distinct solidification zones for the single-bead walls manufactured by WLAM and WAAM,

respectively.

Equiaxed grains without specific texture were observed at the top of the walls (Zone A). Combined with
the observations in the transverse cross-sections (Figures 4.11 and 4.12), it confirms that the edges of the
WAAM and WLAM single-bead walls are likely isotropic in terms of grain structure. Below Zone A, the
wall produced by WLAM directly exhibited Zone C, i.e. elongated grains. However, in the single-bead
wall produced by WAAM, an intermediate zone was observed (Zone B), with elongated grains in the
deposition direction e;. These grains were associated with the previously observed “equiaxed-like” grains
in the transverse cross-section of the WAAM wall and corresponded to solidification dendrites growing
in directions other than the manufacturing direction e.. According to Debroy et al. [3]|, the thermal
gradient is directed along the deposition direction at the rear of the fusion line in additive manufacturing
processes with low deposition speeds, such as WAAM. Zone B did not appear in the WLAM wall due to
the higher deposition speed in this process. Zones A and B are only observed for the last layer at the
top of the component manufactured by WAAM, as the upper part of the previous layers was remelted,
leaving elongated grains from Zone C through epitaxial growth. In WAAM, however, we assumed that
some grains from Zone B (directed along e,) were not fully remelted, creating initiation sites for the
solidification of grains with orientations differing from those aligned with e,, explaining the equiaxed-like

grains observed in the transverse cross-section.

As for the transverse cross-sections, a strong (001) . texture (green asterisk) was observed in the
longitudinal cross-sections of WLAM and WAAM singlg—bead walls, even in the first layers. The inverse
pole figures estimated the density of this texture at 9.2 for WLAM and 9.9 for WAAM along e.. Additional
less pronounced textures were noted in the orientation maps projected along e,. The inverse pole figures
indicated a predominance of (001)| ., for WAAM (green asterisk) and both (001); ., and (011)
textures for WLAM in the depositionidirection (green and red asterisks, respectively). -

Il e

Grain size in the deposition direction e, was measured using the intercept method for WAAM and WLAM
walls. Five profiles measuring 15,000 pm for WAAM and 10,000 pm for WLAM were taken within the
longitudinal cross-section. The grain sizes along e, were estimated to be 89 & 1 pm for WAAM and
63+ 1 pm for WLAM. These results differ from the determined grain sizes in the transverse cross-sections,
suggesting variability in grain size between manufacturing and deposition directions. Additionally, we
observed in Figures 4.16a and 4.16b that the grains, on average, are larger in WLAM than in WAAM.
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Figure 4.15. EBSD orientation maps and inverse pole figures of the longitudinal cross-section of single-bead walls

manufactured by WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5): (a) and (b) orientation

maps of the WLAM-manufactured specimen, projected along the manufacturing e. and deposition e, directions,

respectively; (c) inverse pole figures associated with the WLAM specimen; (d) and (e) orientation maps of the

WAAM-manufactured specimen, projected along the e. and ey directions, respectively; (f) inverse pole figures

associated with the WAAM specimen. The asterisks mark the predominating textures. The black arrows indicate
the direction of deposition of the three first layers.
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Figure 4.16. EBSD orientation maps of longitudinal cross-sections from single-bead walls manufactured with

WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5), projected along the manufacturing direction

e.: (a) WLAM, at the top of the wall; (b) WAAM, at the top of the wall; (¢) WLAM, at the bottom of the wall;

(d) WAAM, at the bottom of the wall. The black lines represent the HAGB, and the arrows indicate the local
deposition direction.
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Figure 4.17. Relative surface area (%) occupied by grains as a function of their aspect ratio on longitudinal cross-
sections of single-bead walls obtained by (a) WLAM and (b) WAAM.
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4.3.2 Dendrite structure

Figures 4.19a and b present optical micrographs after chemical etching of the tenth layer of single-bead
walls produced by WAAM with Set 3 (Table 3.5) and WLAM with Set 2 (Table 3.4), respectively. The
dendrites grow in the manufacturing direction (upwards in the images) and appear larger for WAAM than
for WLAM, reflecting the lower cooling rate in WAAM. In addition, while the WAAM wall dendrites
display both primary and secondary arms, those in the wall manufactured with WLAM show mainly

primary arms, distinct from the dendrite morphology observed for the WLAM single beads in Section 4.2.

In single beads, the §-ferrite morphology was identified as vermicular and lathy, characteristic of a FA
solidification mode. The single-bead wall manufactured with WAAM in Figure 4.19a shows a similar
microstructure corresponding to FA solidification. However, in the single-bead wall manufactured by
WLAM (Figure 4.19b), the d-ferrite morphology differs from that observed in the single bead made with
WLAM, predominantly taking the shape of straight lines oriented in the manufacturing direction. This

morphology can arise from two solidification mechanisms, as noted by Suutala [119]:

e vermicular ferrite (associated with FA solidification), associated with fast solidification and no SDAS
formation;

e interdendritic ferrite (linked to AF solidification), forming as straight lines between the dendrites [105].

Creq
Nicq

ratio of the 316L wire near the threshold between the solidification modes. Elmer et al. [185] also noted

As discussed in Section 4.2, both FA and AF solidification modes are possible in our case due to the

that a higher cooling rate could result in a shift from FA to AF solidification for compositions with a
%e" ratio close to both solidification domains. Given the higher cooling rates in WLAM, the hypothesis
that the WAAM single-bead wall solidified in FA mode while the WLAM wall solidified in AF mode is

possible. However, a solidification according to the FA mode and no SDAS is also plausible, especially

since FA solidification was reported for the single beads.

Primary dendrite spacings® were measured using the intercept method, with lines perpendicular to the
primary axis of dendrites. The PDAS was measured at 7.14+0.5 pm for WLAM and nearly double that for
WAAM, at 16.5+£0.5 pm. These values align with the analysis of Goland et al. [114], who reported PDAS
values of 11-14 pm for WAAM and 5-9 pm for WLAM components. Next, we investigated whether the
ferrite maintained a consistent morphology throughout the entire single-bead wall produced by WLAM.
As previously noted in Section 4.2, the dendrite size in the single bead manufactured with WLAM did
not significantly vary across the bead. However, in the tenth layer of the single-bead wall manufactured
by WLAM, the primary dendrite arm spacing (PDAS) increased from 4.1 + 0.5 nm at the bottom of the
bead to 7.1 £0.5 pm at the top. Moreover, the PDAS continued to increase at the top of each subsequent
layer, reaching 8.3 + 0.5 pm at the seventeenth layer. These variations are a result of a decrease of
the cooling rate due to the heat accumulation in the manufactured component [122] and likely influence

dendrite morphology, as a slower cooling rate can allow the formation of secondary dendrite arms.

In addition, phase analysis was conducted using EBSD on transverse, longitudinal and top cross-sections
of single-bead walls to observe dendrite structure (Figures 4.18a and 4.18b). The EBSD analyses were
performed on one grain of austenite oriented along the (100) direction in both the manufacturing e, and
deposition e, directions, in the tenth layer of single-bead walls achieved by WAAM and WLAM, to ensure

consistent dendrite solidification orientation across all maps (aligned along e.).

3PDAS measurements were reported previously to be challenging due to the difficulty of identifying the primary arms
of the dendrites; thus, SDAS was used to estimate dendrite size. However, in the case of WLAM, secondary arms are
non-existent, making it necessary to measure PDAS to compare the dendrites in the single-bead walls.
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The pseudo-3D maps illustrated the solidification morphology, with dendrites growing along e,. The
ferrite morphology in the transverse and longitudinal cross-sections is similar, mainly exhibiting primary
dendrite arms in the WLAM process, whereas, in WAAM, secondary dendrite arms were also observed.

The top sections revealed cross-sections of the dendrites, where ferrite surrounds the austenite dendrites.

The average dendrite cross-section was estimated using the intercept method by counting intersections
along ten 80 pm-long lines: five along the deposition direction e, on both the top and longitudinal
cross-sections and five along the transverse direction e, on both the top and transverse cross-sections.
Measurement uncertainties were estimated by assumirTg that one intersection with ferrite per line was

missed on average.

In the transverse direction ey, the dendrite size was estimated to be of 6.9 £ 0.7 pm for WLAM and
13 + 2 pm for WAAM. In the deposition direction e,, the estimated dendrite sizes were 6.5 £ 0.7 pm
for WLAM and 11 + 2 um for WAAM. These values are comparable to those observed using an optical
microscope. Then, the average dendrite cross-section is approximately 45 + 6 pm? for WLAM and
140 £ 40 pm? for WAAM, assuming rectangular cross-sections. The dendrite size is similar in both the
transverse and deposition directions, with WAAM producing dendrites of nearly twice larger than those
in WLAM.

WLAM (a) WAAM (b)

I:I Austenite, fcc High voltage: 20 kV
. Ferrite, bee Step size: 50 nm

Figure 4.18. Pseudo-3D EBSD phase maps of 816L single-bead walls produced by (a) WLAM and (b) WAAM

processes. The austenite phase is shown in cyan, while the ferrite phase is depicted in blue. The transverse,

longitudinal, and top cross-sections were not obtained from the same grain. However, an austenite grain aligned
along the (100) direction in both the manufacturing e. and deposition e, directions was selected for each map.

Figure 4.20 shows an optical micrograph of the twelfth layer of the single-bead wall produced by WLAM,
taken after electrolytic etching. In the lower part of the micrograph, dendrites mainly consisted of primary
arms, similar to those observed in Figure 4.19b. In the upper part of the image — with lower cooling
rates — dendrites with both primary and secondary arms appeared. Additionally, the morphology of
ferrite regions can be identified as vermicular and lathy, indicating FA solidification mode, as observed
previously in the single bead. Furthermore, continuity was noted at the boundary between the zone
where the dendrites are only constituted of primary arms and that where dendrites exhibited PDAS and
SDAS. It suggests that the entire component solidified via the FA mode, as a transition from AF to FA
mode would have resulted in a mismatch in the ferrite alignment, given that ferrite resulting from FA

mode forms within dendrite cores, while AF-mode ferrite appears between the dendrites.

We concluded that the ferrite in Figure 4.19b adopts a vermicular morphology without secondary arms,
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4.3. SINGLE-BEAD WALLS

aligning with the work of Abioye et al. [73], who observed similar microstructures in 308LSi single-bead
walls produced using WLAM. With a %Z ratio of 1.77, their component solidified in FA mode and
presented dendrites with only primary arms at the bottom of the beads and both primary and secondary

arms at their top.

WAAM (a) WLAM (b)

€z

l—v €y J _l
€ - Vermicular & Lathy 20 pm Vermicular 20 pm

Figure 4.19. Optical micrographs after electrolytic etching of ferrite in a transverse cross-section of the tenth layer
of a single-bead wall produced by (a) WAAM using Set 3 (Table 3.5) and (b) WLAM using Set 2 (Table 3.4).

WLAM

PDAS & SDAS PDAS

€z 50 pm

Figure 4.20. Optical micrograph after electrolytic etching of ferrite in a transverse cross-section of the tenth layer
of a single-bead wall produced by WLAM using Set 2 (Table 3.4).

A ferritoscope was used to analyze the ferrite phase within the austenitic matrix of the 316L single-
bead walls produced by WAAM and WLAM. The ferrite fraction was estimated to be of 5-6 vol.%
for WLAM and 8-9 vol.% for WAAM. As discussed in Section 4.1, the Schaeffer diagram predicted
approximately 5 vol.% of ferrite for the composition of the 316L stainless steel under typical welding
conditions. However, the single-bead wall manufactured by WAAM exhibited nearly double this amount,
likely due to the different cooling conditions in WAAM and GTAW welding. De Sonis [188] reported a
lower ferrite content of 5.8 vol.% in 316L multilayer components produced by WAAM, but our 316L wire
has a higher chromium content (19.2 wt.% versus 18.4 wt.%), promoting ferrite stability.

Several studies reported a higher ferrite content in WLAM components than that in WAAM [15, 114]. For
instance, Goland et al. [114] found ferrite contents of 7 vol.% for WLAM and 4 vol.% for WAAM in 316L
multilayer components. Their wire had a lower chromium content (18.15 wt.%) than ours (19.2 wt.%),
which can explain the different ferrite fractions between WAAM components. However, it does not justify
why they reported higher ferrite rates after WLAM than after WAAM, while we observed the opposite.
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Finally, the presence of zones with only primary dendrite arms may explain the lower measured ferrite
content in our component manufactured by WLAM compared to the one produced by WAAM, contrary to
the findings of Elmer et al. [15]. In their study, the solidification microstructure of components produced
by WLAM contained numerous secondary arms, increasing the final ferrite content. This difference is
due to variations in cooling rates caused by the geometry and therefore the heat accumulation in the
manufactured components: while Elmer et al. [15] studied multi-layer components, our analysis focused

on single-bead walls.

Ferrite orientation maps were analyzed within austenite grains with a (001) orientation relative to the
manufacturing and deposition directions. These orientation maps are displayed in Figure 4.21, with
the main maps depicting ferrite orientations and the inserts showing austenite orientations. In the
manufacturing direction e, (Figure 4.21a for WAAM and Figure 4.21b for WLAM), ferrite consistently
aligned with the (001) direction of the austenite, for both processes. This alignment matches the findings
of Inoue et al. [189], who reported that both ferrite and austenite tend to align their (100) direction with
the thermal gradient imposed by the heat source, close to e, in the single-bead walls. In the deposition
direction e, ferrite in the WAAM component was oriented close to (100)| ., within an austenite grain
oriented along (100) ., (Figure 4.21c). This orientation relationship indicate;only a slight misorientation
between ferrite and algtenite, aligning with the findings of Chen et al. [127] for GMAW-fabricated 316L
components. In contrast, the ferrite in the WLAM component displayed an orientation close to (011) in
the deposition direction, resulting in a 45° misorientation relative to the austenite crystal (Figure 4.21d).
Zhai et al. [190] reported a similar orientation relationship in 304L stainless steel produced via L-PBF.
Our observations showed a similar 45° misorientation on the top cross-section, while the longitudinal
cross-section showed a 0° misorientation between ferrite and austenite, as for WAAM. This variation
suggests that, in WLAM, ferrite locally adopts distinct orientations relative to the austenite without
maintaining a consistent orientation relationship across the entire component. Inoue et al. [191] noted
that multiple ferrite orientations could coexist within a single austenite grain, independently of the
austenite solidification process. The authors reported that no orientation relationship governs vermicular

ferrite and austenite solidification under additive manufacturing cooling conditions.
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Figure 4.21. EBSD orientation maps of ferrite within an austenite grain aligned along the (100) direction, analyzed

in both the manufacturing e, and deposition e, directions from transverse cross-sections of single-bead walls

produced by WAAM and WLAM: (a) WAAM, projected in the manufacturing direction e.; (b) WLAM, projected

in the manufacturing direction e.; (¢c) WAAM, projected in the deposition direction e.; (d) WLAM, projected in
the deposition direction ex. The top-left insets show orientation maps for austenite.

Finally, no o phase was detected in the single-bead walls produced by either WAAM or WLAM. It
suggests that the cooling conditions in both processes were sufficient to limit the heat accumulation in the
components, preventing o phase formation. However, this conclusion should be interpreted cautiously, as
studies reporting ¢ phase in as-built components were based on multi-layer components, while our study
focused on single-bead walls. Multi-layer components experience significant thermal cycling, which could

promote o-phase formation [192].
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4.3.3 Inclusions

We previously noted that Al,O3-MnO-MgO oxides were present in the initial wire. The inclusions in
single-bead walls manufactured using WAAM and WLAM were observed through optical microscopy on
non-etched, polished transverse cross-sections (Figures 4.22a and b, for WAAM and WLAM, respectively).
Numerous round-shaped inclusions, likely oxides, were visible in the metallic matrix, particularly in the
wall manufactured by WLAM (Figure 4.22b), suggesting that the inert gas shielding was significantly
less effective during WLAM manufacturing compared to WAAM.

High-resolution optical micrographs were analyzed to quantify the global volume of these inclusions. A
threshold was applied to the binary black-and-white image to distinguish inclusions (dark regions). The
estimated volume fraction of inclusions was 0.47 vol.% for WAAM and three times higher at 1.47 vol.%
for WLAM. Also, the WAAM single-bead wall characterized using ICP-AES was produced with a semi-
manual welding device instead of the WAAM platform. This wall exhibited a two-times lower inclusion
volume fraction of 0.20 vol.% than with the WAAM platform, indicating a better control of the inert

atmosphere.

These findings highlight the need to improve the inert gas shielding in WAAM and WLAM platforms to

minimize oxygen contamination and reduce the inclusion volume in the manufactured components.

WAAM (a) WLAM (b)
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Figure 4.22. Optical micrographs of the polished surface of the transverse cross-section of a single-bead wall
manufactured with (a) WAAM and (b) WLAM (observation without chemical etching).

Finally, the chemical composition of the oxides in WAAM and WLAM single-bead walls was obtained
qualitatively using SEM-EDS. A close-up micrograph of the inclusions in WLAM (Figure 4.23) indicates
that these inclusions have the specific shape of oxides [173]. Moreover, EDS measurements indicated
a higher content of manganese, aluminum, silicon and oxygen in the inclusions than in the matrix,
consolidating the assumption that, as in the filler wire, these inclusions are a complex mix of Al,O3 —
MnO — SiO; oxides. We were not able to get the precise chemical composition of the oxides with SEM-
EDS due to the small size of the oxides (less than 1 pm in diameter). Further characterizations can be

achieved using WDS-EPMA measurements, as for the filler wire.
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Figure 4.23. Close-up micrograph of two oxide inclusions obtained with SEM and secondary electron detector in

a single-bead wall achieved by WLAM.

4.3.4 Crystal defects

Bright-field TEM images were acquired near the (001) zone axis in both the austenite and ferrite of
WAAM and WLAM single-bead walls (Figure 4.24), focusing on regions near the tenth deposited layer,
where the (001)) ._ crystal orientation has become predominant. Figure 4.24a is focused on the austenite
of the WLAM w;ﬂ, Figure 4.24b the austenite of the WAAM wall, Figure 4.24c the ferrite of WLAM
and Figure 4.24d on the ferrite in WAAM.

Dislocations were observed in both phases, with a qualitatively significant density, as expected due to the
manufacturing conditions. The thermal cycling during successive layer deposition and the rapid cooling
rates induced plastic strain hardening and residual stress accumulation in various layers [132]. Numerical
analyses, presented in Chapter 5, showed that residual stresses persist throughout the component, with
varying intensities, due to the combined effects of strain hardening during multiple cooling cycles and

recovery.

No particular organization of dislocations (such as cells) was observed. It contrasts with the L-PBF
process, where dislocations within the austenite matrix are often organized into cellular structures [132].
Similar disorganized dislocations were noted by De Sonis [116], who observed bright-field TEM images
of 316L tiles manufactured using the GMAW-WAAM process. However, he reported that the dislocation
density was higher, potentially due to:
e the use of the GMAW process instead of GTAW, where the higher deposition rate may lead to a
greater deformation rate;
e the characterization of tiles rather than single-bead walls, as the increased number of deposited
beads could lead to more pronounced thermal strain hardening;
e localized factors, which may not fully represent the overall material or could vary based on the
acquisition conditions relative to the zone axis;

e a difference in the thickness of the thin foils used to observe the dislocations.
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Figure 4.24. TEM analysis of the single-bead walls manufactured with WAAM and WLAM and associated crys-

talline diffraction patterns near the (001) zone azis: (a) and (b) bright-field images of the austenitic phase in the

WLAM and WAAM specimens, respectively; (c¢) and (d) bright-field images of the ferritic phase in the WLAM
and WAAM specimens, respectively. High voltage setting: 200 kV

130



4.3. SINGLE-BEAD WALLS

4.3.5 Mechanical properties
Hardness

Microhardness profiles along the manufacturing direction were acquired for WLAM and WAAM walls
using a 0.1 kgf load (Figures 4.25a and b) for the walls produced under different process conditions:
WLAM using Sets 1, 2 and 3 (Table 3.4), and WAAM using Sets 1 and 3 (Table 3.5). The process
parameters had little effect on the hardness, as all the walls exhibited similar profiles. However, hardness
values were slightly higher in WLAM components compared to WAAM ones. Additionally, hardness
values decreased from the bottom to the top of the walls:

e 220 HVg; (bottom) to 185 HV( ; (top) for WLAM;

e 205 HVg; (bottom) to 180 HV( ; (top) for WAAM.

The macrohardness was also measured using a 10 kgf load at the top and bottom of walls produced with
WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5) to compare the values with those
determined for single beads in Section 4.2. The macrohardness was reported to be higher in the wall
produced by WLAM than in that produced by WAAM and decreased from the bottom to the top of the
single-bead walls:

e bottom - 190 HV19 (WLAM) and 182 HV;y (WAAM) (higher than the hardness values of 174 HVyq

(WLAM) and 162 HV1o (WAAM) for single beads);
e top - 153 HV;o (WLAM) and 157 HV;9 (WAAM) (lower than the hardness values for single beads).

Xu et al. [104] and Chen et al. [127] observed similar microhardness profiles in 316L single-bead walls
fabricated by WLAM (from 210 HV( 3 at the bottom to 189 HVg 3 at the top) and WAAM (from
202 HVy 5 at the bottom to 180 HVy 5 at the top). Moreover, it was also observed that single-bead walls
made by WLAM are harder than those made by WAAM.
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Figure 4.25. Hardness profiles along the manufacturing direction e. from transverse cross-sections of single-bead

walls produced by (a) WLAM and (b) WAAM under varying process conditions (Sets 1, 2 and 3 (Table 3.4) for

WLAM; Sets 1 and 3 (Table 8.5) for WAAM). Hardness measurements were performed with a 0.1 kgf load. The

lines are obtained by plotting the moving average around the five closest values. The WAAM curves are divided
into two parts, as the sample was cut in two to enable analysis.
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The variations of the hardness in the 316L single-bead walls manufactured with WLAM and WAAM can
be attributed to multiple factors:

1.

Differences in chemical composition; however, variations in the composition of the solid solution

are not considered to occur, as the same wire was used for all components.

. The ferrite content in the austenitic matrix, as ferrite is harder than austenite [181]. However, no

significant variations in the ferrite fraction were observed between the top and bottom of the walls.
Additionally, while the walls manufactured by WAAM contain more ferrite than those manufactured
with WLAM, the hardness is higher in the walls manufactured by WLAM, suggesting that the ferrite

fraction alone can not explain the variations in hardness.

. The variations in the grain and dendrite sizes, related to Hall-Petch strengthening, as mentioned by

Le et al. [65]. If the grain size were the only dominant factor, the first deposited layer of the walls
would have the same hardness as a single bead, as the deposition conditions were identical, which
was not the case. However, the last deposited layer of the wall shows lower hardness compared to
single beads, which is likely due to the larger grain and dendrites that form at the top of the wall,
resulting from epitaxial growth due to unidirectional thermal gradients and lower cooling rates due
to the increasing difficulty to dissipate the heat in the components.

The effect of strain hardening: plastic strain is formed due to mechanical blockages during the
deposition and is accumulated during the successive heating and cooling cycles, despite some recov-
ery [103, 137]. Higher plastic strains are expected at the bottom of the wall because the substrate
limits the shrinkage of the first layers and because this area endures all the heating/cooling cycles.
In contrast, the top layers endure a smaller amount of thermal cycles and are free to deform. The
plastic strain is associated with dislocation density and increased hardness. It justifies why the first
layer of the single-bead walls is harder than the single beads with equivalent microstructure. Fi-
nally, the faster cooling rate in WLAM enhances strain hardening compared to WAAM, resulting in
higher hardness in WLAM components. Bertsch et al. [132] noted that components manufactured
with faster cooling rates (as in L-PBF) showed a higher dislocation density than those experiencing

lower cooling rates (as in DED processes).

. Residual stresses induced by the boundary conditions and the geometry. As for strain hardening,

higher residual stresses are expected at the bottom of the wall than at the top.

To conclude, increased hardness in components achieved by WAAM and WLAM compared to 316L

manufactured using conventional processes would be mainly due to the strain hardening and is susceptible

to increase if the number of deposited layers increases.
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Tensile tests

The mechanical properties of 316L stainless steel components produced using WAAM (Set 3 - Table 3.5)
and WLAM (Set 2 - Table 3.4) were examined through tensile testing. Flat specimens with dimensions
of 10 x 40 x 2 mm? were machined from each component in the manufacturing and deposition directions.

Each test was performed at room temperature under a constant strain rate of 1073 s~ 1.

Figures 4.26 a and b show the resulting engineering stress-strain curves for WLAM and WA AM, respec-
tively. Two tensile tests were conducted in the manufacturing direction for WLAM (WLAM-V sample)
and in the deposition direction for WAAM (WAAM-L sample). For WLAM-L and WAAM-V samples,
three tests were performed?. Table 4.3 summarizes the obtained mechanical properties (yield strength,
tensile strength, and ultimate strain before fracture), measured from the stress-strain curves. Addition-
ally, Figure 4.27 provides orientation and grain boundary maps for the grains within the tensile specimens.
Figures 4.27a, b and ¢ show maps for the WLAM specimen in the manufacturing direction (WLAM-V),
Figures 4.27d, e and f for the WAAM specimen in the manufacturing direction (WAAM-V), Figures 4.27g,
h, and i for the WLAM specimen in the longitudinal direction (WLAM-L), and Figures 4.27j, k, and 1
for the WAAM specimen in the longitudinal direction (WAAM-L).

The mechanical behaviors of the single-bead walls manufactured with WLAM and WAAM have notable
differences. The WLAM specimen exhibited some anisotropy, with a tensile strength 64 MPa higher
in the manufacturing direction than in the deposition direction (586 MPa versus 522 MPa) and a yield
stress 39 MPa higher (416 MPa versus 377 MPa). In contrast, tensile specimens manufactured by WAAM
displayed similar mechanical properties in both manufacturing and deposition directions (538 MPa versus
531 MPa) and yield stress (374 MPa versus 382 MPa). The measured mechanical properties are consistent
with the observations of Elmer et al. [15], who reported yield stresses between 320 and 410 MPa and
tensile strengths between 550 and 610 MPa in 304L components manufactured with both WLAM and
WAAM processes.

The observed anisotropy for WLAM wall is attributed to the grain elongation and texture in the WLAM
specimens (c¢f. Figures 4.27a, b, ¢ for the manufacturing direction and g, h, i for the deposition direction).
It differs from the findings of Xu et al. [104], who observed higher tensile strength in the deposition
direction for 316L single-bead walls manufactured with WLAM. However, they reported a less columnar

microstructure than ours.

Similar results to our findings were observed by Palmeira Belotti et al. [84], who reported higher tensile
strength in the manufacturing direction, e,, than in the deposition direction e,, for 316L components
manufactured by WAAM, with a microstructure constituted of elongated and textured grains, similar to
our WLAM wall. We then assumed that the dislocation slip may be restricted by the small size of the
elongated grains in the deposition direction, where the numerous grain boundaries limit the appearance of

striction within the tensile test, resulting in higher tensile strength than in the manufacturing direction.

In contrast, the grains in WAAM tensile specimens were more equiaxed than WLAM ones (¢f. Fig-
ures 4.27d, e, f for the manufacturing direction e., and j, k, 1 for the deposition direction e, ), contributing
to a more isotropic mechanical response. These results diverge from the observations of Laghi et al. [131]
and Long et al. [77], who reported higher tensile strengths in the deposition direction for 316L components
manufactured by WAAM. More tensile testing is needed to confirm/infirm the isotropy in WAAM, as the

microstructure of our WAAM tensile specimens may not fully represent the entire wall, given that the

4Bach condition was initially tested three times. However, one test for WLAM-V sample and one for WAAM-L sample
were excluded as necking occurred outside the gauge area.
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single-bead wall manufactured by WAAM showed elongated grains along the manufacturing direction,

suggesting potential anisotropy (c¢f. Section 4.3).

In the deposition direction e,, the tensile strength is 16 MPa higher in WAAM than in WLAM, contrary
to observations by Elmer et al. [15], who reported a higher tensile strength for WLAM compared to
WAAM. This discrepancy may result from the lower average grain size in the WAAM tensile specimens
than in the WLAM tensile specimens due to numerous equiaxed grains, enhancing the tensile strength
through Hall-Petch effect. For the longitudinal cross-sections, WAAM processing resulted in larger grain

and dendrite sizes and a higher ferrite content than WLAM, which may explain the observed differences.

Next, measured tensile strengths are lower than those obtained for powder-based additive manufacturing
processes. Suryawanshi et al. [193] measured tensile strength of 622 MPa and yield stress of 512 MPa
in 316L components manufactured using L-PBF, attributed to the finer grain size, dendritic structure,
and the higher thermal strain hardening [132]. Additionally, the strong texture in the components con-
tributes to anisotropy of mechanical properties, governed by the Schmid factor related to the grain orien-
tation [194]. Palmeira Belotti et al. [84] noted that tensile testing at 45° in WAAM components relative
to the manufacturing direction results in different mechanical properties than in both the manufacturing

and deposition directions.

Finally, both WLAM and WA AM specimens showed ultimate strains around 40% across all the tested con-
ditions, comparable with the typical elongation range of 40-45% for conventional rolled 316L steel [195].
We also noted higher ultimate strain for WAAM samples due to the fewer oxide inclusions content (cf.

Section 4.3.3), as oxide inclusions in WLAM and WAAM can serve as initiation sites for fracture [116].
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Figure 4.26. Engineering tensile curves for samples machined from single-bead walls produced by (a) WLAM

and (b) WAAM, tested along the manufacturing direction e, (WLAM-V, WAAM-V), and deposition direction ex

(WLAM-L, WAAM-L). Tests were conducted at room temperature with a constant strain rate of 1073 571, using
flat tensile specimens with dimensions of 10 x 40 x 2 mm?> and a gauge area of 10 X 5 x 2 mm?>.
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Table 4.3. Mechanical properties (yield stress, tensile strength, and ultimate strain) of 316L single-bead walls
manufactured by WLAM using Set 2 (Table 3.4) and WAAM using Set 3 (Table 3.5).

Process Tensile Direction Yie(llsﬂ:s):;ess Tensi(l&;t;;ength Ultirnat:e strain
WLAM Deposition direction e, 377+5 522+ 5 0.40 £ 0.01
Manufacturing direction, e, 416 £5 586 £ 5 0.37 £0.01
WAAM Deposition direction ey 374+5 538 +t5 0.47 £0.01
Manufacturing direction e, 38245 531 +5 0.43 £ 0.01
WLAM WAAM
(a) Proj. e,  (b) Proj.ex (c) (d) Proj.e, (e) Proj.ex (f)
€z
€y l—» €z
High-angle grain
boundaries (> 5°)
(8) Proj.c (i) Proj.e:
[111]
X0
&
&8
. Y & .
(h) Proj.ez (k) Proj.es
[001] [011]

) Step size: 9 pm
(i) High voltage: 20 kV )
Working distance: 25 mm

Figure 4.27. EBSD orientation maps and grain boundary maps of transverse cross-sections from tensile test
specimens: (a) and (b) orientation maps of the WLAM specimen along the manufacturing direction (e., WLAM-
V), projected along e and ey, respectively; (c) grain boundary map associated with the WLAM-V specimen;
(d) and (e) orientation maps of the WAAM specimen along the manufacturing direction (e, WAAM-V), pro-
jected along e and es, respectively; (f) grain boundary map associated with the WAAM-V specimen; (g) and
(h) orientation maps of the WLAM specimen along the deposition direction (ey, WLAM-L), projected along e.
and ey, respectively; (1) grain boundary map associated with the WLAM-L specimen; (j) and (k) orientation maps
of the WAAM specimen along the deposition direction (ez, WAAM-L), projected along e. and e., respectively; (1)
grain boundary map associated with the WAAM-L specimen.
High-angle grain boundaries (HAGB, > 5°) are depicted in black on all GB maps.
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The fracture surfaces resulting from the tensile tests performed at room temperature were then analyzed
using SEM (Figure 4.28). Figure 4.28a shows the fracture surface of the sample machined from WAAM
single-bead wall after tensile testing in the deposition direction e,, while Figure 4.28b displays the fracture
surface of the sample machined from WLAM wall in the same direction. Additionally, Figure 4.28c
provides a close-up of the fracture surface of the sample machined from a single-bead wall manufactured
with WLAM.

The fractographies of WLAM and WAAM specimens exhibit circle-like dimples typical of transgranu-
lar ductile fracture. This fracture behavior was expected, as necking occurred during the tensile tests,
which is also consistent with the usual mechanical response of 316L stainless steel at room tempera-
ture [131]. Notably, no differences were observed in the fracture profiles between the specimens tested in

the manufacturing e, and the deposition e, directions.

Finally, Figure 4.28c highlights unbroken oxide inclusions at the bottom of the dimples in both WAAM
and WLAM samples, indicating that these oxide-metal interfaces act as microvoid initiation sites leading
to failure. Similar results were reported by de Sonis [116] for 316L components manufactured by WAAM,
where they reported that the average dimple size in the WAAM fracture surfaces obtained by impact

toughness tests was 2.9 num, which is consistent with the dimple sizes observed in our fractographies.

WAAM (a) WLAM (b)
10 pm 10 pm
WLAM (c)
€y
l >e Oxide
T
€z - inclusion
1 pm

Figure 4.28. Fractographies at room temperature of the single-bead wall of 316L steel manufactured with (a) WAAM
and (b) WLAM, after tensile tests in the manufacturing direction e.. (c¢) Ozide inclusions in dimples in the sample
obtained by WLAM. SEM settings: secondary electron detector, high voltage = 15 kV, working distance = 10 mm.
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4.4 Tiles

4.4.1 Grain structure

The grain microstructures of the 6 x 20-layer tiles manufactured by WLAM and WAAM were analyzed on
transverse cross-sections using orientation maps obtained by EBSD (Figures 4.29 and 4.30, respectively).
The dimensions of the tile manufactured by WLAM allowed the characterization of the entire transverse
cross-section (e, —e,). However, the larger size of the tile manufactured with WAAM required sectioning
it into six parts toicarry out EBSD analysis. Only two sections were characterized: the upper middle

and upper right®.

Orientation maps were projected in the manufacturing direction e, (Figures 4.29a for WLAM and 4.30a
for WAAM), and in the deposition direction e, (Figures 4.29b and 4.30b). In addition, the associated
inverse pole figures were obtained for the full WLAM section (Figure 4.29¢) and separately for the upper-
middle and upper-right sections of the WAAM tile (Figures 4.30c and d, respectively). Moreover, the
black arrows on the maps indicate the deposition order of successive beads in the same layer, dotted lines

denote fusion boundaries between adjacent beads, and the colored asterisks indicate the main textures.

In addition, Figure 4.31 shows the orientation maps projected in the manufacturing direction e,, at the
scale of the deposited beads in both WLAM and WAAM tiles. This figure also includes a schematic
drawing of the solidification direction and the grain orientations across the characterized zones for beads
positioned in the middle (Figures 4.31a for WLAM and 4.31c for WAAM) and at the right edge (Fig-
ures 4.31b for WLAM and 4.31d for WAAM) of the seventeenth deposited layer of the WLAM and
WAAM tiles.

Finally, Table 4.4 provides a comparative analysis of hardness measurements taken with a 10 kgf load
at different positions in the single beads, single-bead walls (bottom and top), and tiles (bottom-right,
bottom-middle, top-right, top-middle) manufactured by the WAAM and WLAM processes.

Compared to the single-bead walls, the grains in the tiles are less elongated and not consistently aligned
with the manufacturing direction (¢f. the grain aspect ratio maps presented in Appendix B.3). During
the manufacturing of multilayer components, the thermal gradient is not consistently oriented in the
manufacturing direction due to the influence of previously deposited beads in each layer, limiting the
grain elongation across multiple beads. Furthermore, the microstructure in the tile manufactured with
WLAM differed from that achieved by WAAM.

In the WLAM tile (Figure 4.29c¢), two primary textures were identified:

<001>H e <011>H €.
A- — an NES ==
" {<001>|em 4B {<001>||ew

Several zones were defined based on these textures. Texture A appeared at the edges of the tile (Edge
Region, ER) and at the center of the deposited beads in the middle section of the tiles (Center of Fusion
Zone, CFZ). Texture B is found at the sides of the deposited beads in the middle of the tile (Side of
Fusion Zone, SFZ) and the central part of the beads at the tile edges (also labeled SFZ). For the single
bead located in the tile center (Figure 4.31a), the (001) ., texture is visible in the CFZ, with elongated
grains indicating solidification along the e, direction. In the SFZ, the (011)) ., texture is caused by

5The middle-bottom and right-bottom sections were also analyzed but not processed due to their similarity to the upper
sections.
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the elongated grains growing at a 45° angle to e,, influenced by the rounded shape of the melt pool
and the dendritic solidification perpendicular to the fusion line. Similar textures have been observed
by Dépinoy et al. [196] in 316L tiles manufactured with L-PBF, where rounded melt pools produced a
strong (001)| ., texture in bead centers (CFZ) and a (011)| ., texture in bead sides (SFZ). However,
the L-PBF microstructure showed a stronger texture than WEAM, which we attributed to larger melt
pool dimensions and lower thermal gradients in WLAM, allowing more dendritic deviation and crystal

orientation variety.

At the edges of the WLAM tile (Figure 4.31b), the shape of the melt pools is flatter, similar to those
in WLAM single-bead walls, with elongated grains extending through multiple layers at a 45° angle
to the e, direction. The ER region presents elongated grains in the manufacturing direction, textured
with (001)) ¢, also observed in L-PBF components with flatter bead morphologies, as reported by Ishi-
moto et al. [197].

In the tile manufactured by WAAM, the same (001); ., and (011) . textures were observed (Fig-
ure 4.30), but with an inverse distribution in the com;oncnt as com;arcd to the WLAM tile. The
(001) ¢, texture was observed at the sides of the beads, attributed to the flat fusion boundary in this
zone (overlapping region, OR), where beads are remelted by the adjacent beads within the same layer.
Moreover, the (011)| ., texture appeared in the bead centers (CFZ), where the fusion boundary follows
a rounded shape. These two similar zones (OR and CFZ) were observed by Monier [28] in 316L. CMT-
WAAM tiles. This unique bead shape in WAAM-manufactured tiles, resulting from the larger dimensions
of the beads, creates microstructural differences between WAAM and L-PBF or WLAM components.

Distinct microstructures were also observed at the WAAM tile edges. The edge overlapping region
(ORE) presented similar elongated grains as in the OR, though slightly deviated to the right at a 20°
angle. Palmeira Belotti [112] reported a similar grain deviation in 316L. WAAM components, where a 30°
deviation was attributed to the rotation of the thermal gradient at the component edges. Finally, the

ER region appeared to result from surface nucleation during solidification.

In the deposition direction e, the textures of WLAM and WAAM tiles are different. In the WLAM tile, a
strong (001) ., texture is present, similar to that in 3161, L-PBF tiles, as reported by Ishimoto et al. [197],
indicating a thermal gradient within the transverse plane with a limited deviation in the deposition
direction. Oppositely, in the CFZ of the WAAM tile, a (112) ., texture appears, suggesting a thermal
gradient with components in both the manufacturing e, and depzsition e, directions, consistent with the

rear melt pool solidification previously observed for WAAM longitudinal cross-sections [3].

Finally, hardness in the centers of the tiles is higher compared to single-bead walls, with a value comprised
between 218 to 205 HV1g for WLAM and 197 to 195 HVy for WAAM, from the bottom to the top. No
significant variation was observed between the right and middle sections of the tiles. The increased
hardness likely results from a higher strain hardening rather than the grain size variation, as the grain
dimensions in CFZ and ER regions differ, yet hardness remains unaffected. Goland et al. [114] reported
comparable hardnesses in 316L WAAM and WLAM tiles (182 HVy 5 for WAAM and 196 HVq 5 for
WLAM), consistent with our findings.
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Table 4.4. Determined hardnesses with a 10 kgf load in the different manufactured components (single beads,
single-bead walls, and multilayer tiles) with WLAM and WAAM processes.

(V1) WLAM WAAM
Single bead 174 162
Bottom 190 182
Wall Top 153 157
Right-bottom 205 190
Til Right-top 207 182
e Middle-bottom 218 197
Middle-top 205 195
WLAM (a) Proj. e, (b) Proj. e
CFZ CFZ CFZ CFZ FZ CFZ CFZ CFZ

c
ER | s¥7 | [sr7) \SFZ\ ’SFZ‘ ‘ SFZ ‘ ER ER \SFZ HSFZHSFZ‘ ‘SFZ‘ \ SFZ ‘ ER

CFZ : center of fusion zone
SF7Z : side of fusion zone
ER : edge region

[111]
xen
%@&
?*0 go“
[001] [011]

Step size: 5 pm
High voltage: 20 kV
Working distance: 30 mm

--------------- Fusion lines

111] (c) [111] Density (-)
A . (0o1),,
(001),,
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| * {<001>ue_x

001] [011] [001] 011]

Figure 4.29. EBSD analysis of the transverse cross-section of a tile manufactured with the WLAM process: (a) and

(b) orientation maps, projected respectively in the manufacturing direction, e., and the deposition direction e.;

(c) associated inverse pole figures. The black arrows depict the order of deposition of the successive beads in the
same layer, and the asterisks indicate the main textures.
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WAAM (a) Proj. e, () [111]
| crz | or | cFz | OR| | | ER

Density (-)

€z {z w2y, Fusion lines OR : overlapping region
= Step size: 5 pm CFZ : center of fusion zone
e High voltage: 20 kV ORE : overlapping region at edge
Y Working distance: 30 mm ER : edge region

2] - [001] [011]

Figure 4.30. EBSD analysis of the transverse cross-section of a tile manufactured with the WAAM process: (a) and

(b) orientation maps, projected respectively in the manufacturing direction e, and the deposition direction e,. The

left part of the map corresponds to the upper middle part of the transverse cross-section of the tile. The right part

of the map corresponds to the upper right part of the transverse cross-section of the tile; (c¢) inverse pole figures

associated with the right part of the maps; (d) inverse pole figures associated with the left part of the maps. The

black arrows depict the order of deposition of the successive beads in the same layer, and the asterisks indicate the
main textures.
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Figure 4.31. EBSD orientation maps and schematic representation of the solidification for the seventeenth de-

posited layer of tiles manufactured by WLAM and WAAM, located at the center and edges of the component.

The maps are projected along the manufacturing direction e.: (a) close-up of a single bead in the center of the

tile manufactured with WLAM; (b) close-up of a single bead at the edge of the tile manufactured with WLAM;

(c) close-up of a single bead in the center of the tile manufactured with WAAM; (d) close-up of a single bead at
the edge of the tile manufactured with WAAM.
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4.4.2 Dendrite structure

In the tile manufactured by WAAM, dendrite morphology is similar to that of the WAAM single-bead
wall (Figure 4.19), showing bands of ferrite situated between both the primary and secondary dendrite

arms, indicating FA solidification mode.

Figures 4.32a and b show optical micrographs taken after electrolytic etching of a transverse cross-section
of the tile built by WLAM near the edge and the center of the tenth deposited layer, respectively. In
the single-bead wall produced by WLAM, we previously observed in Figure 4.19 that the ferrite phase
was only located between primary dendrite arms near fusion lines but was present in both primary and
secondary dendrite arm spacings (PDAS and SDAS) at the center of the deposited bead. In the WLAM
tile (Figure 4.32), vermicular and lathy ferrite was consistently observed throughout the component,
appearing between primary and secondary dendrite arms. In addition, the primary dendrite arm spacing
(PDAS) was estimated using the intercept method. In the tenth layer of the WLAM-manufactured tile,
the PDAS was measured to be of 5.6 + 0.5 pm near the edges and 1.5 times smaller, of 3.8 + 0.5 pm,
in the tile center. These values are lower than the PDAS observed in the single-bead wall achieved by
WLAM (7.1+0.5 pm). This difference is attributed to the higher cooling rates in the WLAM tile, where
the heat dissipates more efficiently into the solidified neighboring metallic beads rather than ambient
air. These findings align with observations made by Akbari and Kovacevic [109], who reported that
tiles manufactured with WLAM experience higher cooling rates than thin walls, resulting in lower PDAS
(4+ 0.5 pm versus 5.5 £ 0.5 pm).

WLAM (a) (b)
Vermicular
Lathy
€z
l—» €y
€z o 20 pm Vermicular 20 pm

Figure 4.32. Optical micrographs after electrolytic etching in a transverse cross-section of the tenth layer of the

tile produced by WLAM. (a) Right part and (b) Middle part.
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4.5 Effect of heat treatment on single-bead walls

To identify heat treatment conditions to avoid the formation of o-phase, we first analyzed the chemical
composition of austenite and ferrite using STEM/EDS in single-bead walls manufactured by WAAM and
WLAM (Table 4.5).

After both WAAM and WLAM processes, the nickel content in austenite was approximately twice than
that of ferrite. Conversely, ferrite displayed higher concentrations of chromium and molybdenum. How-
ever, WLAM ferrite contained about 3 wt.% less chromium and 2 wt.% more molybdenum than WAAM
ferrite.

Table 4.5. Chemical composition (wt.%) determined by STEM-EDS of the austenite and ferrite in 316L single-
bead walls manufactured with WAAM and WLAM processes.

(wt. %) Phase Fe Ni Cr Mn Mo Si
Austenite 64.4 12.0 19.3 2.1 1.9 0.4
WAAM  poite  61.6 6.0 27.5 1.8 2.3 0.9
Austenite 66.0 11.1 18.9 1.5 2.4 0.2
WLAM  poite 634 6.1 24.6 1.3 43 0.3

Using the measured phase composition, simulations using Thermo-Calc software with the TCFE9 database
were conducted to determine the equilibrium volume fractions of various phases (Figure 4.33). A calcula-
tion based on the global chemical composition of the WAAM and WLAM components, obtained through
ICP-AES, was also performed (Figure 4.33c). Continuous lines represent the volume fractions of the
different phases for WAAM, while dotted lines represent the volume fractions of the different phases for
WLAM.

At equilibrium, simulations indicated that the o-phase may form up to 900 °C in WAAM and 950 °C in
WLAM austenite and up to 900 °C in WAAM and 1000 °C in WLAM ferrite. Literature suggests that the
o-phase can precipitate at the austenite grain boundaries [96], though it most often forms in ferrite [198].
Laves phase, m-phase (labeled as PI in Figure 4.33), CraN phase (labeled as HCP), and My3Cg carbides,
are expected to coexist with the o-phase. For example, 2-3% of austenite at equilibrium could transform
into Laves phase if the temperature is below 750 °C for a sufficient time. Taking into account their low
fraction, these phases were excluded from our analysis. Py-Renaudie’s thesis work [96] discusses Laves

phase precipitation in aged welded structures made from 316L steel.

Below 1000 °C, approximately 30-40% of the ferrite could transform into o-phase in WAAM and WLAM
components. Additionally, above 1200 °C, up to 10% of austenite could transform into ferrite at equilib-

rium. Finally, between 600 °C and 800 °C, up to 60% of ferrite may transform into austenite.

Therefore, to avoid o-phase formation, the heat treatment temperatures should exceed 1000 °C. Thus,
we selected temperatures of 1100 and 1200 °C. A 30-minute holding time was chosen, as de Sonis [116]
demonstrated complete recrystallization of CMT-WAAM 316L tiles at 1200 °C after 30 minutes. Fur-
thermore, a 30-minute hold at 1100 °C is expected to dissolve ferrite as this phase is not stable at this
temperature, without causing recrystallization, as observed by Monier [28]. The heat treatment was

followed by a quenching to avoid ferrite re-formation.
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Figure 4.33. Phase fractions at equilibrium in WLAM and WAAM single-bead walls (Thermo-Calc software with

TCFe9 database) using the determined chemical compositions of (a) the austenite, (b) the ferrite with STEM-

EDS (Table 4.5) and (c) the nominal composition of the 316L stainless steel determined using inductively coupled
plasma spectroscopy.
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4.5.1 Dendrite microstructure

Figures 4.34a and b compare the dendrite microstructure in the single-bead wall produced using the
WLAM process, shown respectively in as-built state and after a 30-minute heat treatment at 1100 °C,
followed by quenching. The optical micrographs were taken from transverse cross-sections near the tenth

deposited layer, at the middle of the single-bead walls, after electrolytic etching with oxalic acid.

The heat treatment led to the transformation of ferrite into the austenite phase, with only a minimal
amount of ferrite remaining in the heat-treated component. This ferrite takes a globular form (Fig-
ure 4.34b). Ferritescope measurements indicated a ferrite content of 0.7 vol.% in the heat-treated state,
significantly reducing from the as-built ferrite content of 5-6 vol.%. Similarly, after a 30-minute heat
treatment at 1200 °C, no ferrite was observed in the single-bead walls achieved by WAAM and WLAM.
Monier [28] observed a similar decrease of the ferrite fraction in a 316L tile manufactured using WAAM,
following a 1-hour heat treatment at 1050 °C, although some areas retained up to 4.5 vol.% of residual

globular ferrite. Moreover, no chemical heterogeneity was found in the austenite using SEM-EDS.

WLAM (a) As-built (b) 1100 °C - 30 min

€z

l—» €y J _'
€z o 20 pm 20 pm

Figure 4.34. Optical micrographs after electrolytic etching in o transverse cross-section of the tenth layer of the
single-bead wall manufactured with WLAM (a) before and (b) after heat treatments at 1100 °C for 30 min.

4.5.2 Grain microstructure

Figures 4.35a and b present the microhardness profiles along the manufacturing direction e, of single-
bead walls made using WLAM and WAAM, respectively, for each heat treatment condition (1100 °C -
30 min and 1200 °C - 30 min for WLAM; 1200 °C - 30 min for WAAM®). Figure 4.36 shows the EBSD
orientation maps obtained from the transverse cross-section of a single-bead wall manufactured with
WLAM after heat treatments at 1100 °C for 30 minutes (Figures 4.36a and b) and at 1200 °C for 30
minutes (Figures 4.36c and d). The orientation maps are projected along the manufacturing direction e,
in Figures 4.36a and ¢ and along the deposition direction e, in Figures 4.36b and d. These orientation
maps were used to generate grain boundary (GB) and Grain Orientation Spread (GOS) maps for the
wall produced with WLAM (Figure 4.37). HAGBs are shown in black, LAGBs in cyan, and ¥3-twin
boundaries in red. The GB maps for the WLAM components after heat treatment at 1100 °C for 30
minutes and at 1200 °C for 30 minutes are shown in Figures 4.37a and c, respectively, while the GOS

maps for these treatments are presented in Figures 4.37b and d.

6The EBSD analysis of the single-bead wall achieved made with WAAM treated at 1100 °C - 30 min was not achieved
to optimize the analysis time.
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A similar EBSD analysis was conducted on a single-bead wall manufactured with WAAM after heat
treatment at 1200 °C for 30 minutes (Figure 4.38). Orientation maps projected along e, and e, are
shown in Figures 4.38a and b, respectively. The corresponding GB and GOS maps are presented in

Figures 4.38c and d.

Lastly, EBSD orientation maps were obtained at the same scale for single-bead walls made with WAAM
and WLAM after a 30-minute heat treatment at 1200 °C, showing regions near the fifteenth deposited
bead (Figures 4.39a and b for WLAM and WAAM, respectively) and near the third deposited bead
(Figures 4.39¢ and d for WLAM and WAAM, respectively).
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Figure 4.35. Hardness profiles along the manufacturing direction e., achieved on a transverse cross-section of
single-bead walls manufactured by WLAM and WAAM, in their as-built state, and after heat treatments at 1100 °C
for 30 min and 1200 °C for 30 min.

The heat treatment carried out at 1100 °C for 30 minutes applied to the WLAM single-bead wall did
not result in significant microstructure variation at the grain scale. Figures 4.36a and b show a similar
microstructure to the as-built state, with elongated grains in the manufacturing direction and a texture
along (001) ... Monier [28] observed similar results for a WAAM tile heat-treated at 1050 °C for
1 hour, conch;hng that the ferrite dissolution did not affect the grain microstructure for these treatment
conditions. Additionally, the microhardness profile decreased from approximately 200 HV(; in the as-
built state to 160 HVg 1 in the heat-treated component. This reduction in hardness is likely due to a

combination of dislocation recovery and a lower ferrite content.

In contrast, the heat treatment at 1200 °C for 30 minutes resulted in partial recrystallization in the
WLAM single-bead wall. Complete recrystallization was observed in the first ten deposited layers, with
equiaxed grains with no specific orientation, no visible GOS or LAGB, and multiple ¥3 twin boundaries,
all characteristic of recrystallized grains. However, beyond the tenth layer, the recrystallization was

limited to the edges of the walls, with the main microstructure still comprising elongated, textured
grains, as in the as-built state.
This partial recrystallization may have multiple origins:

e smaller grain size at the bottom of the walls, promoting easier nucleation of new grains;

e higher thermal strain hardening at the bottom of the wall compared to the top part, thus more

driving forces for recrystallization;
e insufficient conditions of the heat treatment for full recrystallization.
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The hardness decreased to 150 HV( ; for both processes, which aligns with the hardness of conventionally
manufactured 316L steel. Achieving this hardness suggests that most of the stored dislocation energy
has been consumed. A longer heat treatment may lead to grain coarsening of the already recrystallized

areas, potentially resulting in full recrystallization but with a notably larger grain size.

The single-bead wall manufactured using the WAAM process, analyzed after a 1200 °C - 30 minutes heat
treatment, presented similar results. Complete recrystallization was observed only in the first five layers,
with no visible recrystallization in subsequent layers. The hardness similarly dropped to 150 HVy 1,

comparable to conventional stainless steel.

Several authors such as de Sonis [116] and Goland [114] obtained fully recrystallized WAAM and WLAM
tiles with a 1200 °C heat treatment for 30 minutes and 2 hours, respectively. However, their studies used
multilayer tiles, which differ microstructurally from single-bead walls. Wang et al. [141] observed only

partial recrystallization in a component treated at 1200 °C for 1 hour, agreeing with our results.
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Figure 4.36. Orientation maps obtained by EBSD of the transverse cross-section of a single-bead wall manufactured
with WLAM after heat treatments at (a) and (b) 1100 °C for 30 mins and (c) and (d) 1200 °C for 30 min. (a) and
(c) Projection in the manufacturing direction e, (b) and (d) Projection in the deposition direction e .
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Figure 4.37. Grain boundaries maps and GOS maps of the single-bead wall manufactured with WLAM, after heat

treatments at (a) and (b) 1100 °C and (¢) and (d) 1200 °C for 30 min. (a) and (c) Grain boundary maps. The

black lines correspond to HAGB, the cyan lines to LAGB, and the red lines to X3-twins. (b) and (d) GOS maps.
The black lines represent the HAGBs, and the grey lines the LAGBs.
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Figure 4.38. EBSD analysis of the transverse cross-section of a single-bead wall manufactured with WAAM after

heat treatment at 1200 °C for 30 min. (a) and (b) Orientation maps, projected in the manufacturing direction e,

and the deposition direction e, respectively. (c) Grain boundary map. The black lines correspond to HAGBs, the

cyan lines to LAGBs, and the red lines to ¥3-twins. (d) GOS map. The black lines represent the HAGBs, and
the grey lines the LAGBs
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Figure 4.39. Orientation maps obtained by EBSD of the transverse cross-section of single-bead walls manufactured

by WLAM and WAAM processes after heat treatments at 1200 °C for 30 min. The maps are projected in the

manufacturing direction e : (a) WLAM single-bead wall, near the fifteenth deposited layer; (b) WAAM single-bead

wall, near the fifteenth deposited layer; (¢) WLAM single-bead wall, near the third deposited layer; (d) WAAM

single-bead wall, near the third deposited layer. The cyan lines represent the LAGBs, and the black lines represent
the HAGBs
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4.6 Conclusion to Chapter 4

We characterized the microstructure and mechanical properties of 3161, components produced by WAAM
and WLAM processes. First, single beads were analyzed to better understand the origin of the microstruc-

ture in more complex components:

e Two distinct microstructural regions were observed : (i) elongated grains in the core formed by
epitaxial dendritic solidification and (ii) a “skin” of equiaxed grains. The core region, which is less
likely to remelt during the deposition of neighboring layers, will determine the microstructure of

multi-layer components.

e The direction of elongation of the grains and the crystallographic texture were linked to the shape
of the melt pool. Therefore, different textures were observed for WAAM and WLAM (due to the
different shapes of the melt pools): rounded for WLAM and rounded in the middle, flat at the edges
for WAAM. In addition, smaller and more elongated grains were observed after WLAM compared
to WAAM.

e One grain comprises several dendrites growing in the manufacturing direction with similar orienta-

tions, creating low-angle grain boundaries (LAGBs) and grain orientation spread (GOS).

e Finally, the single beads solidified according to a ferrite-austenite (FA) mode typical for 316L steel
manufactured with wire additive manufacturing processes. The solidification cooling rates were
estimated at 10% °C/s for WAAM and ten times higher at 10* °C/s for WLAM. In addition, the
ferrite content was measured at 5-6 vol.% in WLAM and 8-9 vol.% in WAAM.

The microstructure of single beads was observed to evolve during the manufacturing of more complex
components due to the deposition of neighbor layers. Next, the microstructure and the mechanical
properties of single-bead walls achieved by WAAM and WLAM were analyzed:

e clongated grains throughout dozens of layers, oriented in the manufacturing direction e., were
observed for both processes, with a strong (001)) .  texture. In addition, dislocations with no
particular organization were detected within the austenite and the ferrite, indicating the presence

of stored energy for potential microstructural evolution;

e tensile tests were conducted in manufacturing e, and deposition e, directions, showing anisotropy for
the single-bead wall manufactured by WLAM. The WAAM specimen displayed similar mechanical
properties in both directions, making this process more adapted if anisotropy is a limiting factor in
the applications of the component. In addition, compared to conventionally rolled 316L steel, the
components manufactured by WAAM and WLAM exhibited similar ultimate strains (around 40%)

and tensile strengths;

e higher hardness values were measured for WLAM than for WAAM, with the first layers exhibiting
the greatest hardness (190 HVg for WLAM and 182 HV;, for WAAM). These values are higher
than the hardness of conventional rolled 316L steel (150 HV1g), caused by the presence of ferrite,

greater hardening and residual stresses.
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Next, we observed that the microstructure of tiles was different from that of single-bead walls, with
smaller and less elongated grains. In addition, higher hardness values and lower dendrite spacings were
measured for tiles than for single-bead walls. Different regions associated with specific microstructures

were also defined:

e For the WLAM tile, the center of the fusion zone (CFZ) and the side of the fusion zone (SFZ)
exhibited different textures and directions of grain elongation, with the SFZ representing most of
the components. In this area, the (011) e, texture associated with elongated grains growing at a

45° angle to the manufacturing direction e, is predominant.

e For the WAAM tile, the overlapped region (OR) and the center of the fusion zone (CFZ) are the
two main regions in equivalent proportions. The OR has a predominant (001) e. texture whereas
the CFZ has a (011) ., predominant texture.

In addition, no ¢ phase was observed within the manufactured components. Finally, the effect of pro-
cessing heat treatments on the microstructure of single-bead walls manufactured by WAAM and WLAM

was studied:

e Thermo-Calc computations of the equilibrium volume fraction of 316L phases in WAAM and WLAM
components indicated that the heat treatment temperature should exceed 1000 °C to avoid ¢ phase

formation.

e The first treatment conducted at 1100 °C for 30 mins, followed by a quench, did not result in
significant variation of the grain shape. However, it reduced the ferrite content to 0.7 vol.% and
hardness to 160 HV( ; for WLAM. If the presence of ferrite is a limiting factor in the applications

of an industrial component, this heat treatment allows the component to be re-austenitized.

e The second heat treatment conducted at 1200 °C for 30 mins resulted in partial recrystallization
at the bottom and the edges of the single-bead walls, where the smallest grains were observed. In
addition, their hardness decreased to 150 HV 1, corresponding to the value of 316L steel in its

conventional state, suggesting that most of the stored dislocation energy has been released.
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Finite element modeling
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CHAPTER 5. FINITE ELEMENT MODELING

Résumé en frangais du Chapitre 5 : simulation numérique

Un modéle thermomécanique de la fabrication de piéces en acier 316L par WAAM et WLAM a été
développé a 'aide du logiciel Cast3M, basé sur la méthode des éléments finis. Ce modéle intégre
une procédure d’ajout progressif d’éléments au maillage pour représenter I’apport de matiére. La
séquence de fabrication, incluant la stratégie de dépot, les durées d’allumage et d’extinction de la
source d’énergie, les temps de refroidissement interpasse et les déplacements de la téte de fabrication,
est définie en fonction des paramétres expérimentaux (Figure 5.4). La géométrie étudiée est celle
d’un mur de 20 passes déposé sur un substrat, en reprenant la géométrie des essais expérimentaux
(Figure 5.5).

Les propriétés du matériau sont dépendantes de la température et sont renseignées de la température
ambiante jusqu’a la fusion (Figure 5.1). Afin de compenser ’absence de modélisation des effets fluides
dans le bain de fusion, nous avons majoré la valeur de la conductivité thermique dans le métal liquide.
Le modéle prend en compte des hypothéses thermiques et mécaniques non linéaires. La thermique
inclut la conduction dans la piéce, le refroidissement par convection, le pompage thermique de la
table d’essai et le rayonnement. La source de chaleur est modélisée par une distribution gaussienne
isotrope, avec un rayon de Gauss adaptable dans la direction de fabrication pour reproduire la
pénétration du bain. La mécanique repose sur un comportement quasi-statique élastoplastique,
intégrant soit une loi d’écrouissage isotrope, soit une loi d’écrouissage cinématique, afin d’encadrer

les déformations et les contraintes dans la piéce.

La calibration thermique a été réalisée a partir de données expérimentales, a la fois & 1’échelle du
mur (mesures thermocouples) et & celle du cordon (pénétration, largeur, hauteur), garantissant
un bon apport d’énergie et une distribution thermique réaliste. Les taux de rendement obtenus,
de 90% pour le WAAM et 46% pour le WLAM, sont cohérents avec les valeurs de la littérature.
La validation mécanique repose sur la comparaison des déformations du substrat (Figure 5.13),

modélisées numériquement aprés débridage et mesurées expérimentalement par profilométrie laser.

L’analyse thermique révéle des zones d’accumulation de chaleur en lien avec les irrégularités
géométriques observées avec une stratégie de dépot unidirectionnelle (Figure 5.12). Le modéle mé-

canique identifie également des zones aux déplacements plus importants (Figure 5.14).

L’analyse des contraintes résiduelles pour une piéce fabriquée par WAAM met en évidence des zones
atteignant 400 MPa avec une loi d’écrouissage isotrope, notamment aux extrémités des cordons et

au sommet de la piéce (Figure 5.15).

Malgré les limitations dues & I’absence de modélisation des effets fluides, nous avons appliqué de

maniére qualitative le modéle a 1’échelle du cordon.

Les temps de refroidissement interpasse ont été optimisés pour éviter ’accumulation de chaleur tout
en maximisant le taux de dépdt. Un temps de refroidissement interpasse constant entraine une
accumulation progressive de chaleur, tandis qu’un temps variable ajusté selon le nombre de cordons

permet de maintenir la température sous 200 °C (Figure 5.20).
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Le modéle montre, en accord avec les observations expérimentales, que le WLAM conduit & des
vitesses de refroidissement supérieures a celles du WAAM, avec une réduction progressive de cette
vitesse au fur et & mesure de la fabrication (Table 5.3). Cependant, le modéle sous-estime la vitesse
de refroidissement en raison d’une représentation imparfaite de la taille et de la morphologie des
cordouns et de la zone fondue. Les tendances sont cependant reproduites (Figure 5.21) : la vitesse de
refroidissement chute significativement au cours des cinq premiéres passes, en raison de la dissipation
thermique permise par le substrat. Au-dela, un temps de refroidissement interpasse variable assure
une vitesse de refroidissement stable d’environ 550 °C/s avec le nombre de passes, conduisant a un
espacement dendritique primaire de 10 pm. En revanche, des temps de refroidissement constants
de 0 et 20 s conduisent & une diminution respective de la vitesse de refroidissement de 400 °C/s et

200 °C/s entre la cinquiéme et la vingtiéme passe.

Enfin, la précipitation de phases indésirables telles que les carbures et la phase sigma peut étre
controlée en limitant le temps passé dans la plage de température 500-900 °C. Pour le WAAM,
ce temps cumulé augmente avec la réduction du temps de refroidissement interpasse, soulignant
Iimportance de son controle pour préserver les propriétés du matériau (Figure 5.22). Au WLAM, ce
probléme semble écarté du fait de la plus faible énergie injectée dans la géométrie et des plus forts

gradients thermiques.

5.1 Implementation of the modeling

A thermomechanical finite element model was implemented using Cast3M [199]. A transient thermal
analysis is first applied to the geometry to estimate the evolution of the thermal field during manufac-
turing. This thermal loading is used in a second step to estimate the evolution of stresses and strains

during manufacturing, based on a quasi-static elastoplastic mechanical model.

5.1.1 Parameters for 316L stainless steel

The temperature dependency of the physical parameters of 316L steel was considered in the modeling.
For that sake, we used the parameters of 316L steel experimentally determined by Depradeux [200],
represented by black crosses in Figure 5.1. The evolution of the thermal conductivity A (Figure 5.1a), the
density p (Figure 5.1b), the heat capacity ¢ (Figure 5.1c), the Young modulus F (Figure 5.1d), the linear
thermal expansion a (Figure 5.1e) and the yield strength o, (Figure 5.1f) is reported for temperatures
going from room temperature to metal melting temperature zone (above 1450 °C, represented by the
blue dotted area). Linear evolution relationships have been used in the numerical model to determine
the physical parameters associated with temperatures between two experimental measurements. For
temperatures outside the range covered by the experimental data, the evolution of the physical parameters
was considered constant and equal to their value at the closest bound of their definition interval. One
can notice that the value of the thermal conductivity A (Figure 5.1a) evolves linearly in the temperature
range where the metal is solid, then increases suddenly above the melting temperature. The value of A
in the melted zone was artificially increased to compensate for the fact that the developed model does
not account for fluid phenomena in the molten metal, such as the Marangoni effect, even though they

are predominant in the heat exchanges at the liquid state in the 316L steel [52].
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Figure 5.1. Material parameters for the AISI 316L stainless steel as a function of temperature: (a) thermal

conductivity A; (b) density p; (c) heat capacity ¢; (d) Young modulus E; (e) linear thermal expansion o; (f) yield

strength oy. The experimental data (black crosses) were taken from Depradeuz [200]. The blue dotted area
corresponds to the domain in which the metal is liquid.
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Some temperature-independent parameters were also used, as presented in Table 5.1. The values of the
liquidus temperature T}, , the room temperature Tj, the Poisson’s ratio v, and the mass enthalpy of fusion

H 455 were also taken from the work of Depradeux [200].

Moreover, hardening of the 316L steel was considered in the finite element model, based on isotropic and
kinematic assumptions, as it will be presented in Section 5.1.2. The modeling of kinematic hardening uses
experimental values of the hardening modulus of 316L steel as a function of the temperature determined
by Depradeux et al. [200] (Figure 5.2a). Finally, to model the isotropic hardening, we applied stress-plastic

strain curves as a function of the temperature, reported by Depradeux [200] (Figure 5.2b).

Table 5.1. Temperature-independent parameters for the AISI 316L stainless steel [200].

Physical parameter Value

Tpn [°C] 1450

T, [°C] 20

v [—] 0.3

Hnass. [J~kg_1] 2.5 10°
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Figure 5.2. (a) Hardening modulus as a function of temperature. Exzperimental data (black crosses) was taken
from Cambon et al. [158]. The blue dotted area corresponds to the domain in which the metal is liquid. (b) Stress-
plastic strain curves as a function of temperature, based on experimental values determined by Depradeuz [200].

5.1.2 Constitutive equations
Thermal modeling

The transient thermal analysis considers conduction, convection, radiation and heat transfer from the
substrate to the welding table (illustrated by red marks and comments in Figure 5.5b). The set of ther-
mal equations involved in the modeling is given in Equations 5.1 to 5.4. The heat equation governs the
temperature of the component (Equation 5.1). Thermal conduction is modeled according to Fourier’s
law (Equation 5.2). Conditions of heat exchange are applied at the boundaries of the mesh. Convection
with the ambient air is defined at the boundary 09, according to Newton’s law (Equation 5.3), with
a convective exchange coefficient H;. The heat losses from the component into the welding table at
the boundary 025 are also modeled using Newton’s law, with an equivalent convective exchange coefli-
cient Hy. Finally, thermal radiation cooling is also considered at the boundary 0f2%, defined physically
by Stephan-Boltzmann’s law (Equation 5.4). This equation is linearized with an equivalent “convective
exchange coefficient” equal to Hg (T3). One can note that the temperature-dependency of the thermo-

physical parameters of 316L stainless steel and the consideration of thermal radiation make the thermal
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problem non-linear.

p(T) - ¢(T) - 88—7; +div (q) = 59 (z,2%) on Q° (5.1)

q=—X\T) - grad(T) on Q° (5.2)

q-n=H (T —Ty) where i =Hy on 00 (5.3)
- H=H, on 69%

q-n=cop (T*—Ty) = Hg (T*) (Ty — T) on 095 (5.4)

The next step is to model the heat source (electrical arc or laser). The thermal power used in the
modeling corresponds to experimental conditions, i.e. Nsource X @ezp, Where Qc,p denotes the thermal
power supplied by manufacturing process, and 7source, its efficiency. The values of efficiency for WAAM
and WLAM processes were found based on temperature measurements and represent the amount of
power lost due to energy transfer using an electrical arc or a laser. It will be discussed in Section 5.1.4.
It was found that a part of the “numerical” power is lost as it is introduced outside the limits of the
mesh due to its discretization. Figure 5.3 presents the Gauss volume distribution of the applied power
at a given arbitrary time step while manufacturing a single bead with WAAM. The part of the volume
distribution surrounded in blue is injected outside the numerical geometry (in grey) and is not considered
for the thermal resolution. To ensure that the mesh still receives a power corresponding to 7source * Qeap
on average, we determined a “heat source numerical correction coefficient” Nyum, set up at 78.5 and 79.7%
for WAAM and WLAM, respectively. Thus, the total introduced power in the mesh is Qg - 2urce.
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Figure 5.3. Gauss volume distribution for the applied power during the deposition of a single bead with WAAM
process. The numerical geometry corresponding to the single bead is depicted in grey. The part of the volume
power not injected into the mesh is surrounded by blue.
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Next, we assumed that the total power of the heat source is distributed in two ways in the model: (i) the
power required to bring the wire to its melting temperature Ty,s and (ii) the remaining power as a

volume Gaussian distribution (Equation 5.5):

Nsource
Qemp . - that + chlt + Qcomp (55)
num —/_/ H/_/
Applied to Applied to
total power the wire the volume

e (i) First, the required power to bring the wire to its melting temperature is expressed by computing
the required energy to heat the wire from room temperature to melting temperature (Equation 5.6),
based on the volumetric heat capacity p(T') x ¢(T'), and the required energy to melt the wire (change

of state, Equation 5.7), based on the latent heat of fusion of the material, H,,,ss.

- de Trus
Qheat = 4 Uy - A p(T) . C(T)dT (56)
0
7 dy?
Qmelt = p(Tfus) : Hmass . T ) (57)

e (ii) The remaining thermal power, Qcomp (Equation 5.8), is distributed in the mesh volume accord-
ing to the Gaussian function (Equation 5.9), where =5 denotes the center position, moving according
to loading conditions. The values of the Gauss radii Ry and Z; were calibrated using the observed
dimensions of the melt pool (Table 5.2). Finally, the sy coefficient ensures that the integration of
5% (z,2°) on the whole half-space under the z, coordinate of . equals the total Gaussian power
Qcomp (Equation 5.10).

Qcomp = Qezp :

ource : dw2 : dw2 Trus
[1Source T T - / p(T) - «(T)dT (5.8)

Tus'Hmass' Vw T
P(Tfus) v )

TINum 4 To

(x;0$8>2 n (y}—%oys>2+ (z;ozs>2]> 59)

com 25
with: sg = ZCS-RZM/ e such as: ///KZS s@ (z,2°)dV = Qcomp (5.10)

This distribution between Queat; @melt and Qcomp is justified experimentally by the fact that the wire

is already liquid when touching the molten pool. However, the actual temperature of the wire can be
underestimated, as temperatures over 2700 °C can be found in the wire under the electrical arc in the
WAAM process [163].

159



CHAPTER 5. FINITE ELEMENT MODELING

Mechanical modeling

In the continuity of the thermal modeling, a quasi-static non-linear elastoplastic mechanical model was
applied to the geometry, considering the substrate clamping and contact with the table, as shown by blue
marks and comments in Figure 5.5a. In addition, the framework of small displacement and small strain

using an implicit solver was considered.

Equations 5.11 to 5.14 present the local mechanical formulation of the problem. First, the static equi-
librium equation involves no body force (Equation 5.11). The used counstitutive equation is expressed
in Equation 5.12, taking into account the plastic strain g” and the thermal expansion gth. In addition,
the Hook tensor C°(7T') is temperature-dependent as the Young’s modulus is. The strain induced by the
thermal expansio?l at a given time is computed using Equation 5.13 by considering that the reference

temperature for which the thermal strain is zero is the room temperature Tj.

div (g) =0 on Q° (5.11)
g=C(T): (g—g"—¢") on @ (5.12)
eth = a(T) (T —Tp) on Q° (5.13)

Two hardening laws were modeled and compared to describe the elastoplastic behavior of the material:
e Isotropic hardening. In this case, the plasticity criterion is expressed by Equation 5.14, where
Jo refers to the second invariant of the stress tensor, and R(p) a function introduced to model
the isotropic hardening. The evolution of the parameter R(p) is defined by the hardening curves

presented in Figure 5.2b.

f(e,R) =T (c) — o, — R(p) on Q° (5.14)

¢ Kinematic hardening. In this case, the plasticity criterion is expressed by Equation 5.15, where

H(T) refers to the kinematic strain hardening modulus presented in Figure 5.2a.
2
fle—X)=T(e—-X) -0, onQF, whereéng(T) gP (5.15)

Temperature annealing was considered by setting the hardening variables p or X to zero when the
temperature exceeds 1000 °C. Moreover, the mechanical behavior is assumed to be purely thermo-elastic

above this temperature.

Finally, displacement boundary conditions are prescribed on the supporting substrate. Contact conditions
with the table are applied on the bottom surface of the substrate (U, > 0). The screws that clamp the
substrate on the table are modeled by an elastic stiffness K*® defined at nodes located at the same points

as they were on the upper surface of the substrate. The value of K* is computed using the diameter of the

screws and the Young’s modulus of 316L stainless steel at room temperature, considering that the screws

experience purely elastic strain. K® acts on the U, component of displacement on these nodes, whereas

their U, and U, components are set to zero. However, no pre-stress is applied to take into account the

initial tightening of the screws. The only external loading applied to the system is temperature variations.
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5.1.3 Finite element discretization
Thermal modeling

The thermal equations were discretized in space using the classical finite element method [201], with non-
linearities due to the evolving geometry and the temperature dependencies of the finite element matrices.
The time and temperature-dependent differential equation was solved using the first-order Euler implicit
algorithm. The convergence criterion is based on the temperature, whose relative variation between two
iterations must be less than 10~*: this criterion allowed us to reach the accuracy of the solution within
a few degrees Celsius. The overall simulations of the WAAM and WLAM processes then involved about
20 000 time-steps and approximatively 100 000 finite elements at maximum. The computing times were
around 10° s for both processes with a 14-core, 128 GB RAM configuration.

Mechanical modeling

The static equilibrium equation was discretized using a classical finite element method. Boundary con-
ditions on displacements are prescribed by introducing Lagrange multipliers. The temperature changes
were applied step by step to describe the temperature evolution in the component during manufactur-
ing. The time discretization is the same as for the thermal analysis. At each time step, the mechanical
equilibrium (Equation 5.11) is solved according to a fixed-point algorithm with a convergence criterion

equal to 10~* with respect to the internal forces induced by thermal expansion.

Definition of the deposition sequence

The addition of material was modeled by incrementally adding blocks of finite elements to the mesh at
various time steps, enabling it to evolve from an initial substrate to the final component shape. At the
same time, the deposition sequence experienced by the geometry was defined by determining the on/off
sequences and the movements of the heat source and the wire. The SOUDAGE procedure of Cast3M
allowed us to determine this deposition sequence by inputting the provided experimental data, ¢.e. the
deposition speed, the wire feed speed, the power of the heat source, the deposition path, the interlayer
cooling times and the width of a deposited single bead. This last parameter is required since our model
cannot estimate it. The width can be measured only after experimental manufacturing, which limits our
model to be used only a posteriori to manufacturing. However, one can estimate the width of beads
by considering the measured and interpolated values obtained based on the WAAM and WLAM process

parameters, as shown in Chapter 3.

In this study, we modeled the manufacturing using the following sequences:
e holding time of 0.5 s at the beginning of each bead deposition, where the power is applied without
displacement of the heat source, as achieved experimentally to initiate the melt pool;
e metal beads deposition sequences where the deposition head is moving, and the power is set on;
e waiting sequences at the end of each bead deposition where neither power nor displacements are
modeled, corresponding to the experimental interlayer cooling times;
e deposition head movements between each deposition where no power is applied, corresponding

to the e.-increments to achieve the successive layers.
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Figure 5.4a and b defines, respectively, the displacement of the deposition head along its trajectory and
the on/off sequences for the power and the wire supply associated with the deposition sequence of the
first ten layers of a 200 mm-long single-bead wall manufactured with WAAM process.
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Figure 5.4. Deposition sequence of the first ten layers of a 200 mm-long single-bead wall manufactured by WAAM.
(a) Displacement of the deposition head along its trajectory (curvilinear abscissa) and (b) applied power and wire
volume flow as a function of time.

Definition of the geometry

The final geometry of the manufactured components was meshed using three-dimensional cubic linear
finite elements. The deposited wall and the substrate are modeled, as presented in Figure 5.5a for the
WAAM process, to fit with the experimental manufacturing, presented in Figure 5.5b. Moreover, the
numerical beads are modeled as rectangles to facilitate the global conformity of the mesh, with a height
equivalent to the experimental mean height of the beads. However, it is worth noting that rectangular-
shape modeling does not affect thermal and mechanical prediction compared to arc-shape modeling, as
reported by Prajadhiama et al. [150]. Two different mesh sizes were applied in our study: a fine mesh at
and near the deposit and a coarser mesh elsewhere. This approach is usable for small components as the

number of introduced finite elements remains reasonable, as for simulations of the WAAM process.

The location of the thermocouples point is also considered, as shown in red in Figure 5.5a. Moreover,
several hanging nodes are left when using the non-conform interface between the fine and coarse mesh
zones. These nodes are treated by applying linear relationships between the unknowns (thermal or
mechanical fields) of the fine and coarse meshes. Further detail is given in Appendix C.1. For the
WLAM process, the selected mesh sizes are based on the transposition of the geometrical dimensions
of WAAM to the geometrical dimensions of WLAM. Assuming that the single beads manufactured by
WLAM are four times smaller than those manufactured by WAAM, the mesh size and the computing
time in WLAM were one quarter of those determined for WAAM. Table 5.2 presents the final chosen

mesh sizes.
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(a) Radiation ), (b) WAAM
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thermocouples
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805,

Coarse mesh far
from the deposition

Figure 5.5. Example of a wall built by WAAM: (a) simplified geometry with mesh used for modeling, (b) as-built
geometry (the considered thermal and mechanical hypotheses are represented in red and blue, respectively).

Next, the WAAM procedure of Cast3M was used to create the evolving mesh associated with the man-
ufacturing. Figure 5.6a presents the evolving geometry, where the different added blocks are depicted in
distinct colors. The final geometry is indicated by blue outlines. The size of the added blocks, specified
in Table 5.2, was calibrated using a convergence study to minimize thermal discontinuities along the
deposited beads. The trajectory of the deposition head forms a continuous path, represented with red
and green lines in Figures 5.6a and b. The red lines represent the movements of the deposition head with
power and wire supply while the green lines indicate the displacement of the deposition head from one
layer to another. The energy conservation equation for the nodal fields was satisfied by ensuring their

adaptation to the new mesh at each element addition sequence (Appendix C.2).

Computing time can become a limiting factor in the simulation of wire additive manufacturing, as the
number of elements can significantly increase, particularly for large components or for modeling WLAM
with finer mesh size. A fine mesh is necessary only near the manufacturing zone due to the high thermal
gradients caused by the movement of the energy source. An evolving re-meshing procedure was thus
introduced for the WLAM process to create an adaptive mesh based on the position of the energy source.
As shown in Figure 5.6b, a fine mesh zone moves along the wall length, following the movements of the
energy source, where coarser meshes corresponding to the previous weld bead are already implemented.
The fine mesh maintains a chosen radial distance from the center of the energy distribution. The re-
meshing procedure was used to simulate manufacturings with the WLAM process, as the thin dimensions

of the components produced using this process would require a consequent number of finite elements.
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Figure 5.6. Finite element meshes used for modeling WAAM and WLAM processing of 316L stainless steel walls:

(a) Finite element addition procedure. Each color block represents elements added during successive discretization

steps to achieve the final geometry (outlined in blue). The required deposition sequence is represented by a con-

tinuous path of red and green lines and grey and purple dots. Red lines indicate deposition sequences, while green

lines indicate adjusting movements. Purple dots represent interlayer waiting sequences and grey dots initiation

sequences. (b) Remeshing procedure. The fine mesh near the heat source is replaced by a coarser mesh (shown in
white) at 10 mm from the center of the heat source.

Table 5.2. Simulation parameters used for FEM modeling of 816L walls manufactured using WAAM and WLAM.

Parameter WAAM WLAM
Fine mesh size, e; [mm] 1 0.25
Coarse mesh size, ez [mm] 6 6
Material addition step size eg [mmm] 2 2
Computing time step, 8t [ms] 71.7 17.9
Gauss radius in the e, and e, direction, Ro [mm] 5 1.5
Gauss radius in the e, direcgon,Zg [mm] 0.5 0.5
Heat source numerical correction, Nnum. [—] 0.785 0.797
Heat source efficiency, Nsource [—] 0.90 0.46
Emissivity, € [—] 0.40 0.40
Mass enthalpy of change of state, Hass. [J.kg_l] 2.5 x 10° 2.5 x 10°
Convective exchange coefficient with the air, Hy [W.m™2.K 1] 10 10
Convective exchange coefficient with the table, Ha [W.m™2.K 1] 300 300
Room reference temperature, Tg [°C] 20 20
Liquidus temperature point, Tfys [°C] 1450 1450
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5.1.4 Model calibration

A convergence study was achieved to calibrate the mesh sizes, finite element addition steps, and computing

times used in the numerical model (Figure 5.7).

Figure 5.7a presents the maximum temperature reached along the deposition direction on the substrate
surface, 2 mm from the deposited single bead, using the WAAM process with different material addition
steps of 1 mm, 2 mm, 4 mm, and 6 mm. The mesh size in the deposited area (fine mesh) and the
computing time step were maintained constant at 1 mm and 47.8 ms, respectively. The maximum
temperature along the e, profile decreased as the material addition step decreased, given that a more
significant part of the power distribution is lost outside of the mesh. As mentioned in Section 5.1.2, this
effect was later compensated by introducing a “numerical efficiency” coefficient 7,4, The thermal profiles
associated with the 4 mm and 6 mm material addition steps were irregular. The material addition step
ez of 2 mm was selected due to its regular thermal distribution along the deposition direction, avoiding

an unnecessary increase in computing time associated with a 1 mm step.

Figure 5.7b displays the maximum temperature reached along the deposition direction on the substrate
surface, 2 mm from the deposited single bead, using different mesh sizes in the finely meshed area (0.5 mm,
1 mm, and 2 mm). The material addition step was maintained at 2 mm, and the computing time step at
47.8 ms. Similar thermal profiles were obtained with mesh sizes of 0.5 mm and 1 mm, while a decrease
in temperature was observed with the 2 mm mesh size. Therefore, a mesh size e¢; of 1 mm was selected

for the finely meshed zone.

For the coarse mesh zone, no differences in thermal profiles were observed with mesh sizes of 2 mm,
4 mm, 6 mm, and 8 mm. Additionally, a coarse mesh did not significantly reduce computing time, as
most finite elements were in the finely meshed zone. Hence, a mesh size e; of 6 mm was selected for the

coarse zone for geometrical reasons.

Figure 5.7c illustrates the maximum temperature reached along the deposition direction on the substrate
surface, 2 mm from the deposited single bead, with different computing time steps §t of 47.8 ms, 95.6 ms,
71.7 ms, and 191.2 ms. The material addition step was maintained at 2 mm, and the mesh size in the
fine zone was kept at 1 mm. The maximum reached temperature was similar across all computing time
steps, but the profiles were irregular for the computing time steps of 191.2 ms and 95.6 ms. Therefore, a

computing time step of 71.8 ms was selected.

Finally, Figure 5.7d presents the time-evolution of the temperature on the substrate surface at a point
located 2 mm from the deposition in the middle of the substrate along the deposition direction, depending
on whether an increase in computing time steps following a geometric sequence with a ratio of 2 was
applied during the cooling sequences. Only a slight difference (< 20 °C) was observed in the temperature
at the end of cooling, which justifies our choice to lower the computing time during the cooling sequence

by progressively increasing the time step.

The selected values of el, e; and ez in the numerical model are summarized in Table 5.2.

165



CHAPTER 5. FINITE ELEMENT MODELING

(a) (b)
800»T T T T ' T T T T ' T T T T ' T T T T ' T T T TA SOOVT T T T ' T T T T ' T T T T ' T T T T ' T T T TA
L —— 1lmm 4 mm ] L —— 0.5 mm 2 mm |
- [ —— 2 mm 6 mm J1 - L —— 1mm 4
9 700» i 9 700k i
o L 1 5 l ]
= =
2 i 1 2 [ 1
= 600 -~ & 600 -
o - E = o E
| 12 ]
g I 1 & i 1
5} 3 {1 o - 1
B 500 - B 500 .
400 1 1 1 1 ' 1 1 1 1 ' 1 1 1 1 ' 1 1 1 1 ' 1 1 1 400 1 1 1 1 ' 1 1 1 1 ' 1 1 1 1 ' 1 1 1 1 ' 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Deposition direction, e, (mm) Deposition direction, e, (mm)
(c) (d)
800 T 600 ——————T——T——T—
i —— 47.8 ms 95.6 ms ] 500 - —— geometric sequence |
— [ —— 71.7 ms 191.2 ms | linear ]
) 700» 1 ©
N L 1 < 400 1
e | 1 2 ]
2 i 1 2
= 600 -~ £ 300 -
= r 1 =
@ @ J
<5 r 1 =
g r 1 & 200 .
[ B 1 Q
& 500 4 H i
] 100 7]
400 L—— TS SRS S S S ST ST S S NS 0
0 0.05 0.1 0.15 0.2 0.25 0 100 200 300 400 500 600
Deposition direction, e, (mm) time (s)

Figure 5.7. Mazimum temperature reached along the deposition direction at 2 mm from the deposit on the substrate

surface, for (a) different material addition step sizes es, (b) different mesh sizes in the fine mesh area e1 and

(c) different time steps 6t. (d) Ewvolution of the temperature as a function of time at a numerical thermocouple

located at 2 mm from the deposit in the middle of the substrate along the deposition direction, depending on whether
the cooling times are progressively increased during the cooling sequences.

The numerical parameters left for calibration of the numerical thermal field are the exchange coefficients
with ambient air and testing table, the efficiencies of the heat sources and their spatial distribution based

on their Gauss radii in both the deposition direction and the manufacturing direction.

The exchange coefficients with the air and the work table H; and Hs and the heat source efficiencies
Nsource Of the thermal supply were calibrated based on experimental data obtained from the thermocouple
measurements. The two obtained convection coefficients H; and Hs, presented in Table 5.2, have the
same values for the WAAM and the WLAM model. The value of H; = 10 W.m~2.K~! is within the

usual range of values for natural convective heat exchange in ambient air [202].

The efficiency coefficients, 1source, were set at 90% for WAAM and 46% for WLAM, which is in the usual
range of experimental efficiency values for such processes:
e Collings et al. [203] estimated the arc efficiency (ratio of the power applied to the component to
the total arc energy) in GTAW welding of stainless steel to be in the range from 77 to 90%.
e Tadamalle et al. [204] reported that the coupling efficiency (i.e. the ratio between the power going
in the component and the output power from the laser source) in laser welding of 316L stainless
steel with a Nd:YAG laser is within the range 38 to 55%.
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Figure 5.8 compares the experimental temperature, measured at the surface of the substrate at 4 mm
from the border of the deposited metal, with the computed temperature for the first, the tenth, and
the twentieth layer, after cooling under 100 °C, for the WAAM process (Figure 5.8a) and the WLAM
process (Figure 5.8b). These experimental data were used as a reference for calibrating the numerical
thermal parameters Hi, Hs, and 7source- A satisfying correspondence was found between numerical and
experimental results with the calibrated parameters given in Table 5.2 for both manufacturing processes.
However, some limitations can be found. The cooling rate was slightly overestimated after depositing
the first layer in the WAAM process (see the curve tail), whereas it was underestimated for the WLAM
process. Moreover, the model underestimates the temperature of the twentieth layer in both cases. Never-
theless, we concluded that the model can predict the temperature of the component during manufacturing
with relatively good accuracy for both WAAM and WLAM processes.
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Figure 5.8. Time-evolution of temperature during the deposition of the 1%¢, the 10" and the 20" bead of single-

beads manufactured by (a) WAAM and (b) WLAM. Numerical results and temperature measurements made with

a K-type thermocouple placed at the surface of the substrate and 4 mm far from the deposit were compared. Note
that the y-axis is different between the two graphs, while the x-azis remains the same.

Finally, the Gauss radius in the deposition direction Ry and in the manufacturing direction Zy were
calibrated based on comparisons of the measured mean penetration of the fusion zone of a single bead
achieved with the optimal parameter sets determined in Chapter 3 (Figure 5.9a and b, for WAAM and
WLAM, respectively). Ry was considered equal to half of the width of a bead so that power is distributed
across the entire width of the bead. The values of Z, presented in Table 5.2, were selected to minimize
the depth of the numerical fusion zone while ensuring the complete melt of the finite elements in the
single beads. It is worth noting that the geometric shape and the depth of the numerical fusion zone still
do not match the experimental ones since fluid effects, predominant in the experimental melt pool [163],
were not considered. The selected Gauss radii for WAAM and WLAM are presented in Table 5.2.

Figures 5.10a and 5.10b present respectively the temperature during the deposition of a single-bead
wall with WLAAM and WAAM. The melted zone is visible in the thermal field (T > 1450°C), and
the component is cooled quickly behind it. The isotherm at T" = 1450 °C was extracted in the middle
of the deposition of each layer, and the obtained surface was re-meshed, as presented in Figure 5.10c.
The remeshing of the fusion boundary was achieved with the @ISOSURF procedure of Cast3M with a

triangular mesh.
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Figure 5.9. Comparison of the shape of the experimental (blue outlines) and numerical fusion zone (red outlines)
for the selected set of parameters during (a) WAAM and (b) WLAM single bead manufacturing.
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Figure 5.10. Contour plots of the thermal fields during manufacturing of a specimen achieved by (a) WLAM and
(b) WAAM. (c) Illustration of the meshing of the melting isotherm for the WAAM process.
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5.2 Thermal modeling at the component scale

5.2.1 Thermal field

To determine the accuracy of the thermal model at the macroscopic scale, calculated and measured
thermal fields obtained with thermal cameras in the specimens during their manufacturing by both
WAAM and WLAM processes were compared in Figure 5.11. The walls measured 200 mm long for
WAAM and 100 mm for WLAM. Experimental thermal fields at the end of the deposition of the fourteenth
bead form elongated ellipses of isotherm behind the melt zone (Figures 5.11a and 5.11c). These zones,
corresponding to red regions, were not accurately measured, particularly for WAAM where the fusion
zone is not visible, due to the considered uniform thermal emissivity assumption despite the difference
of emissivity between liquid and solid 316L [202]. Finally, both processes exhibit high thermal gradients,
especially in the manufacturing direction (the e, axis), characteristic for additive manufacturing processes,

potentially leading to anisotropic properties in the produced components [205].

Figures 5.11b and 5.11d present the thermal fields estimated by the model for equivalent conditions. Good
agreement between the numerical and experimental thermal fields is obtained, with minor differences
around the melt zone, which appears smaller according to the model. The agreement can be improved
by modifying the energy distribution and using a Goldak heat source [206|, which will calibrate the
dimensions of the melt pool. However, this study maintains model simplicity and avoids additional

calibration to ensure transferability across different manufacturing conditions or processes.

The average thermal gradient and cooling rate between 1450 and 800 °C were estimated based on the
numerically predicted thermal fields in Figure 5.11. We measured the distance between the isotherms
along the deposition direction (e;) at the top of the fourteenth layer. For the WLAM process, the
thermal gradient was estimated at 9 °C/mm, while for the WAAM process, it was 16 °C/mm. The
thermal gradient is nearly twice as large for WAAM compared to WLAM due to the four times higher
deposition speed, which enables the heat to dissipate more effectively throughout the metallic component.
The cooling rate was estimated at 114 °C/s for the WLAM process, compared to 54 °C/s for the WAAM
process and, thus, approximately two times higher for WLAM than for WAAM, attributed to the finer

scale of the components and the lower amount of energy introduced.
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Figure 5.11. Comparison of temperature fields on specimens measured by thermal cameras and obtained from the

numerical model: (a) Experimental temperature field for WLAM specimen; (b) numerical temperature field for

WLAM specimen; (c) experimental temperature field for WAAM specimen; (d) numerical temperature field for

WAAM specimen. Temperature fields are shown at the end of the deposition of the fourteenth layer of a 100 mm-
long wall for WLAM and a 200 mm-long wall for WAAM.
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5.2.2 Heat accumulation

Next, we used the numerical model to predict thermal features leading to defects in the built components.
Two specimens were thus achieved using WAAM under identical manufacturing conditions, differing only
in the deposition strategy. One wall was produced using a unidirectional deposition strategy, while the
second used a bidirectional deposition strategy. The average temperature at each point during the manu-
facturing process was estimated using the thermal numerical model to assess potential heat accumulation
(Figure 5.12), which could lead to macroscopic deformations in the components [155]. Indeed, heat accu-
mulation increases the local energy, enlarging the melt pool and causing irregularities in the height and
width of the wall [90]. Only temperatures exceeding 500 °C were considered for computing the average
to minimize the influence of colder areas far from the deposition zone. The average then corresponds
to the “average temperature” observed near the fusion zone when the component is hot. This approach
is reasonable as potential deformations occur at high temperatures, as indicated by Depradeux’s mea-
surement of Young’s modulus of 316L steel, decreasing from 197 GPa at room temperature to 7 GPa at
1200 °C [200]. The numerical predictions of the average temperature distribution for points exceeding
500 °C are presented in Figures 5.12a and 5.12b for the unidirectional and bidirectional deposition strate-
gies, respectively. These sections are located transversely at the center of the walls, corresponding to the
peak temperatures predicted by the Gaussian heat source model. It is worth noting that the predicted
average temperatures are overestimated because the numerical model did not consider fluid flow effects,

which are critical for the fusion zone geometry [162].

In the case of the wall produced using a unidirectional deposition strategy (Figure 5.12a), one can observe
that the average temperature in a significant part of the walls is approximately 700 °C. However, a zone
exceeding 1000 °C is observed at the end of the deposited beads, indicating significant heat accumulation.
In contrast, the wall fabricated with the bidirectional deposition strategy exhibits a more uniform tem-
perature distribution. Experimental observations (Figures 5.12¢ and 5.12d) show significant wall collapse
at the end of the beads in the unidirectional strategy, whereas the bidirectional strategy results in more
consistent wall height. The experimental macroscopic collapse correlates with the substantial numerical

heat accumulation in the unidirectional deposition strategy.
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Figure 5.12. Analysis of average temperatures for unidirectional and bidirectional deposition strategies and corre-

sponding specimens produced by WAAM: Numerical prediction of the average temperature distribution for points

exceeding 500 °C using (a) a unidirectional deposition strategy and (b) a bi-directional deposition strategy; (c) wall
produced with a unidirectional deposition strategy; (d) wall produced with a bi-directional deposition strategy.
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5.3 Mechanical modeling at the component scale

5.3.1 Substrate deflection

We are now interested in studying the strains using the mechanical model for the manufacturing condi-
tions presented previously, leading to macroscopic deformations when using the unidirectional deposition
strategy. Figure 5.13 presents the experimental and numerical displacements in the e, direction observed
at the end of the deposition process, following the cooling and unclamping of the WAAM specimen.
Figures 5.13a and 5.13b compare the experimentally measured Z-displacements obtained through laser
profilometry with the numerically predicted displacements in the e, direction along profiles on the e; and
e, axes, respectively, as illustrated in the Figure 5.13c, representing the final numerical displacements in
t_he substrate and the WAAM component. The numerical predictions show a good fit with the experi-
mental data, with a maximum deflection of 2 mm. This deflection is mainly attributed to the shrinkage
of the deposit during cooling, which pulls on the substrate surface. Along the e, axis, which corresponds
to the deposition direction, the minimum deflection occurs near the middle of the substrate. However,
the displacements are not symmetrical due to the unidirectional deposition strategy. Along the e, axis,
which is transverse to the deposition direction, the maximum deflection is observed at the center of the
substrate, where the wall is deposited. The computational time required for the mechanical modeling of

this geometry was approximately seven days.

2 (a) (©) U (mm)
E 2 (. T T T | T T T T | T T T T | T T T T | T T T T E
=~ 15 z_ : Experimental _;
=} 1E ——— Numerical 3 2.0
o E E
-E 0.5F < 3 1.8
= S B R s
[} 0 1.6
F 0 50 100 150 200 250

1.4

Position along e, (mm)

1.2
g (b)
S 1 Frrrr[prrrrrrrrrrrrprr oo 10
< 0.8 ;— Experimental —;
5 0.6 - Numerical E 0
g 04p ; E 0.6
S 02F =
] E E
= oE 3 0.4
A0 25 50 75 100 125 150 =1 02

Position along e, (mm)

Figure 5.13. Comparison of the experimental and numerical displacements in the e. direction at the end of the

deposition after cooling and unclamping the WAAM specimen: (a) experimental laser profilometry and numerical

e -displacement evolution along the e, axis near the manufacturing area; (b) experimental laser profilometry and

numerical e.-displacements evolution along the e, axis at the extremity of the substrate; (c) numerical estimation
of the e,-displacements after complete cooling and unclamping of the component.
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5.3.2 Total displacements

The numerical estimation of the total displacements after unclamping was computed along the manu-
facturing direction (e, axis) for the two walls manufactured by WAAM with bidirectional (Figure 5.14a)
and unidirectional deposition strategies (Figure 5.14b). The mechanical model predicts a displacement
of about 1.8 mm at the end of the deposited beads in the wall manufactured with unidirectional depo-
sition strategy (Figure 5.14b) in qualitative agreement with experimental observation (Figure 5.12c). In
contrast, the wall manufactured with a bidirectional deposition strategy (Figure 5.14a) shows lower dis-
placements in the e, direction, consistent with the macroscopic regularity observed for the experimental

wall.

WAAM (b)
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Ul = Uzz + Uy2 + Uz2 (mm)

Figure 5.14. Numerical prediction of the displacement along the e. axis at the end of the deposition, before
unclamping, for two specimens manufactured by WAAM with (a) bi-directional and (b) unidirectional deposition
strategy.

It was mentioned in Section 5.1.2 that two hardening models (isotropic and kinematic) were tested
for mechanical resolution. Only small differences were found in predicting the displacement field with
isotropic and kinematic models, which made us consider that both models can be used to estimate
deformations during manufacturing with WAAM and WLAM.
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5.3.3 Residual stresses

The mechanical model enables the estimation of residual stresses in the component at the end of the de-
position after unclamping the substrate. The presence of residual stresses can deteriorate the mechanical
behavior of the manufactured parts and, for instance, favor crack propagation [207]. Figure 5.15 presents
the estimated residual stresses for the 200 mm-long single bead wall manufactured by WAAM using (a
and b) isotropic and (¢ and d) kinematic hardening. The residual stresses are displayed at the end of
the cooling of the component before (Figure 5.15b and d) and after (Figure 5.15a and ¢) unclamping the

substrate from the testing table.

It was found that the unclamping lowers the residual stress level in the component, which is the conse-

quence of the elastic return of the component, which is now free to deform.

For the isotropic hardening model after unclamping, the residual stresses in the wall are predominantly
estimated to be around 100-300 MPa, rising to 300-400 MPa at the extremities and 400-500 MPa near
the top of the wall. These values are consistent with the residual stresses measured by Elmesalamy
et al. [208] using the contour method for multipass welds on clamped 10-mm thick substrates using laser
and GTAW processes. They reported tensile residual stress values between 200-450 MPa in the welded
zone for the GTAW process and slightly lower values between 100-350 MPa for the laser process, which

are comparable to the experimental manufacturing carried out in this work using WLAM and WAAM.

However, even if variation trends are similar, lower residual stresses around 200-300 MPa were obtained
after unclamping with the kinematic hardening law. Muransky et al. [148] demonstrated that an isotropic
hardening model in welding tends to overestimate the residual stresses. In contrast, a kinematic hardening
model tends to underestimate them. Thus, the isotropic and kinematic models can be considered as upper
and lower bounds for residual stress predictions. Finally, a mixed isotropic-kinematic hardening model,
such as the one developed by Chaboche [209], would have likely provided more accurate residual stress

values but encountered convergence issues in this study.

WAAM von Mises stress (MPa)

500

400

300

200

100

Figure 5.15. Residual von Mises stresses in a 20-layer single bead wall manufactured by WAAM. (a) Unclamped
component with isotropic hardening model; (b) clamped component with isotropic hardening; (c) unclamped com-
ponent with kinematic hardening; (d) clamped component with kinematic hardening.
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5.4 Qualitative modeling at the fusion zone scale

The previous sections demonstrated the reliability of the numerical model at the macroscopic scale,
effectively estimating heat accumulation and substrate deflection and qualitatively predicting macroscopic
geometrical irregularities in the specimens. We now focus on the post-treatment of the model results at
the scale of the deposited bead. At this finer scale, the model encounters limitations due to certain
assumptions, such as omitting fluid dynamics in the melt pool, which affects its shape and thermal
distribution [163]. Despite these limitations, the following work aims to provide qualitative insights into

the microstructural homogeneity of the manufactured components.

5.4.1 Geometry of the deposited beads

The first application of the model at the mesoscopic scale was to study the shape of the fusion zone for
different process parameters (Figure 5.16, where the red part represents the melted area). In particular,
the aim was to establish criteria for the difference between a numerical fusion zone resulting from a
set of parameters leading to a continuous bead and one leading to an irregular bead. In the case of a
continuous experimental bead (Figure 5.16¢), the numerical model estimates that the entire bead has
been melted and that the fusion zone has a good penetration into the substrate (Figure 5.16a). In the
case of a discontinuous experimental bead (Figure 5.16d), the numerical model predicts an incomplete
fusion of the deposited bead (Figure 5.16b) as the red area does not cover all the added bead. This type
of post-treatment allows us to determine the feasibility of the deposition based on the manufacturing
conditions (power, deposition speed, wire speed) and the estimated theoretical width of the bead (based

on the interpolations presented in Chapter 3).

() (b)

T> 1450 °C\. T > 1000 °C T> 1450 °C

T > 1000 °C

(c) (d)

—— 20 mm Lbew —— 20 mm

Figure 5.16. Predicted numerical shape for the fusion zone compared with single beads manufactured with WAAM
process, depending on the set of parameters. (a) Transverse cross-section of the estimated numerical single bead

with Qexp = 2400 W, s = 200 mm.min >, v, = 2500 mm.min" ', resulting in the formation of the contin-
uwous single bead (c); (b) transverse cross-section of the estimated numerical single bead with Qezp = 1800 W,
s = 150 mm.min™ ", v, = 1875 mm.min~", resulting in the formation of the discontinuous single bead (d). The

melted area (T > 1450 °C) is represented in red, the area where the temperature exceeded 1000 °C is represented
in yellow, while the area where the mazimal temperature remained under 1000 °C' is represented in green.
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Our next focus was to compare the experimental shapes of the fusion zones in transverse sections of
single-bead walls (colored in red in Figures 5.17a and 5.17c for WLAM and WAAM, respectively) to
the model predictions (Figures 5.17b and 5.17d for WLAM and WAAM, respectively). The different
numerical fusion isotherms (1450 °C) are depicted in blue, and the characterized deposited beads (first,
tenth and twentieth layers) are depicted in light blue. The analyzed area corresponds to the cross-section

of a bead remelted during the deposition of the next one (layers 2 and 11, respectively).

For the manufacturing of a single-bead wall using the WLAM process, the numerical model indicated that
each deposited layer resulted in the complete remelting of the layer below the processed one (Figure 5.17b).
In addition, the depth of the remelted zone increases as the number of deposited beads increases. For
the WAAM process, a significant fraction of the previous layer was numerically observed to be remelted
(Figure 5.17d). However, experimentally, only a small part of the previous layer was observed to remelt
for the WAAM and WLAM processes (Figures 5.17a and 5.17d). Additionally, the experimental fusion
zones exhibited a left-right alternation due to fluid movements or slight trajectory shifts, which are not

captured in the numerical model.

Our model does not allow to reproduce the precise form of the fusion zones. However, trends in their
changes can be identified. If one analyses the shape of the numerical melting zones, the first three layers
are rounder due to their proximity to the substrate, as the heat is conducted in several directions in the
substrate. In the rest of the wall, the shape of the numerical fusion zones remains regular. More accurate
prediction of the experimental morphologies would require the addition of a capillarity-gravity model to
estimate the shape of the deposited beads, as developed by Mohebbi et al. [153], and a hydrodynamic
model for the melt pool shape [162]. However, this would significantly increase the computing time
(around 15 days for 6 seconds of WAAM manufacturing on a 7-core, 30 GB RAM configuration, as
reported by Cadiou et al. [163]).

Differences in final geometries were observed between the experimental and numerical walls achieved by
WAAM and WLAM (Figure 5.17). The difference in height between experimental and numerical walls
after the twentieth deposited layer is around 5% for WLAM and less than 1% for WAAM. Although the
difference in the width of the numerical and experimental WLAM walls is acceptable at the macroscopic
scale, it suggests that dimension calibration based only on the first layer is insufficient to predict the
global wall dimensions for the WLAM process precisely. In contrast, the width of the first bead in the
WAAM process is close to the general average width of the wall, leading to a better prediction of the

final wall dimensions.

The observed geometrical differences could be corrected by measuring the wall after manufacturing and
adjusting the input layer width in the model, such as calibrating a Goldak heat source to reduce fusion
zone penetration in the previous layer [206]. However, this study did not perform post-manufacturing
calibration to ensure that the model remains adaptable between the WAAM and WLAM processes and

across various experimental conditions.
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Figure 5.17. Successive fusion zones in experimental and numerical transverse cross-sections of single-bead walls

manufactured by WLAM and WAAM: (a) experimental 24-layer WLAM wall after polishing and electrolytic

etching; (b) numerical WLAM specimen; (c) experimental WAAM specimen after polishing and electrolytic etching;

(d) numerical WAAM specimen. Fusion zones boundaries are shown in red, and the numerical successively added
blocks of elements are displayed in shades of blue.

5.4.2 Cooling rates at solidification
Experimental measurements

We focused on calculating cooling rates during the solidification after reaching 1450 °C and comparing
them to experimental data. The experimental cooling rates were estimated from measurements of primary
dendrite arms oriented in the manufacturing direction (e, axis) in transverse cross-sections after chemical
etching. The resulting microstructures in the tenth layer of specimens manufactured by WAAM and
WLAM are presented in Figures 5.18a and 5.18b, respectively. The estimated cooling rates in the first,
tenth and twentieth layers of WAAM and WLAM specimens are presented in Table 5.3. These cooling
rates were estimated by measuring the PDAS using Equation 2.2. The measured cooling rates are
mostly in the order of magnitude of 100 °C/s for the WAAM process and approximately ten times higher
(1000 °C/s) for the WLAM process. The lower cooling rate in the WAAM process results in a coarser
microstructure as compared to the WLAM (Figure 5.18). These values of cooling rates are in agreement
with the literature data:
e Ou et al. [210] estimated the solidification cooling rate in the WAAM process in the order of
magnitude of 100 °C/s for the H13 steel.
e Akbari and Kovacevic [109] reported solidification cooling rates in the WLAM process in the order
of magnitude of 1000 °C/s for the 316LSi steel.
e Finally, Goland et al. [114] reported solidification cooling rate values between around 200-400°C/s
for the WAAM process and around 750-4500 °C/s for the WLAM process, based on similar mea-

surements of the dendritic size, for the 316L steel.
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Additionally, the cooling rate significantly decreases between the first and the tenth layers for both
processes and between the tenth and the twentieth layers for the WLAM process. The difference in
cooling rates between the first and the tenth layers is attributed to the substrate effect, as heat can
quickly dissipate by conducting into the substrate. This effect diminishes as the number of deposited
layers increases. The significant difference between the cooling rates in the tenth and twentieth layers of
the WLAM wall is explained by heat accumulation in the component due to insufficient interlayer cooling

times. Heat accumulation in the component makes energy dissipation more difficult.

Numerical post-processing

The cooling rates at solidification were also estimated with the numerical model, using the methodology
illustrated in Figure 5.19 for the WAAM process'. For that sake, the 1450 °C isosurface corresponding
to the fusion temperature of 316L steel was extracted from the geometry and remeshed (Figure 5.19a).
The part of the surface located in front of the deposited bead (black surface) was not considered, as it
will be remelted in the next time steps, unlike the rear part, where solidification conditions will control
the microstructure formation. The thermal gradient was extracted from the thermal field and projected
into the surface (Figure 5.19b). The solidification rate was computed using trigonometric relationships,
assuming that the size of the melt pool does not increase during the manufacturing. The solidification
speed, therefore, varies from 0 mm/s at the deepest point of the melting surface to the deposition speed at
the rear of the fusion zone (3.33 m/s=200 in Figure 5.19¢, corresponding to the deposition speed applied
during the manufacturing of a single-bead with WAAM process). Finally, the cooling rate at solidification
was determined by multiplying the thermal gradient and the solidification rate (Figure 5.19d). One can
observe that the solidification cooling rate is not homogeneous across the fusion isosurface. However,
the upper part of the surface will be remelted in case of stacking when depositing the bead above. For
comparison purposes, we extracted one cooling rate value in the middle of the field depicted in Figure 5.19.
We considered that this point is likely not to be remelted and corresponds to the position in which the

experimental measurements were acquired (microstructures of Figure 5.17).

Analysis of cooling rate calculations

Following this procedure, the cooling rates were estimated for the first, tenth and twentieth layers of
the single-bead walls manufactured with WAAM and WLAM, as presented in Table 5.3. The calculated
cooling rates for the WAAM process are in the same order of magnitude (100 °C/s) as the experimental
values. The calculated cooling rates in WLAM are underestimated (about half of the experimental values)
but still five times higher than the calculated values in the WAAM process, indicating that the induced
thermal gradients are the highest in WLAM.

Table 5.3. Experimental and numerical estimation of the cooling rate (°C/s) in the first, tenth and twentieth
layers of the specimens manufactured using WAAM and WLAM.

. WLAM WAAM
Layer in the wall - . n .
Numerical Experimental Numerical Experimental
Layer 1 1800 4000 4 600 240 800 £ 300
Layer 10 550 3000 £+ 1000 140 120 £ 10
Layer 20 400 1100 + 200 110 300 £ 100

1The same methodology was applied for the WLAM process.
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Figure 5.18. Micrographs of austeno-ferritic microstructure in transverse cross-sections of the tenth layer in
specimens: (a) WAAM process; (b) WLAM process.
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Figure 5.19. (a) Representation of the extracted fusion contour during a bead deposition with WAAM process.
Numerical estimation of (b) the thermal gradient, (c) the solidification rate and (d) the fusion cooling rate at the
back of the fusion contour. The front of the melt pool is blackened as it is remelted by the back of the fusion zone.
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5.4.3 Interlayer cooling time control

The thermal model can be now used to optimize the interlayer cooling time during manufacturing.
Too short cooling time can lead to macroscopic or microscopic heterogeneities in the produced compo-
nents [155]. Conversely, excessively long cooling times are industrially undesirable as they increase the

overall manufacturing time.

The WLAM manufacturing of a 100 mm-long specimen with a constant interlayer cooling time of 20 sec-
onds was carried out experimentally and numerically. Figure 5.20a illustrates the maximum temperature
reached in the wall over time. The blue curve represents the evolution of the maximum temperature
at each time step during manufacturing, with the maximum temperature at the end of each interlayer
cooling period indicated by dots (local numerical minima). These numerical results are compared with
experimental data, with measured temperatures at the end of each cooling period shown within black
error bars. For the manufacturing process shown in Figure 5.20a, the applied interlayer cooling time of
20 s was sufficient to cool down the built wall under the threshold of 200 °C for the first six layers. How-
ever, beyond the seventh layer, the temperature at the end of each cooling period exceeded 200 °C due to
heat accumulation. The experimental values closely matched the numerical predictions, demonstrating
a similar trend of heat accumulation in the WLAM component manufactured with a constant interlayer

cooling time.

A numerical post-processing procedure was implemented to optimize the interlayer cooling time, ensuring
that the components cooled to temperatures below the threshold of 200 °C. It involved conducting a new
thermal simulation of the entire manufacturing process, with extended interlayer cooling times to ensure
complete cooling to room temperature between layers. The post-processing step determined the required
cooling time to reach 200 °C and incorporated these times into a third simulation with adapted interlayer
cooling durations, as presented in Figure 5.20b. The required interlayer cooling time increases with the

number of layers, reflecting the greater difficulty in dissipating heat further from the substrate.
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Figure 5.20. FExperimental and numerical evolution of the maximum temperature reached in a 100 mm-long

specimen manufactured by WLAM: (a) constant interlayer cooling time of 20 s; (b) Evolving interlayer cooling

time ensuring T' < 200 °C' at the end of each cooling period. The experimental uncertainty bars are obtained by
knowing the measurement precision of the thermal camera.
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5.4.4 Cooling rate control

The thermal model can be further used to analyze the evolution of the cooling rate during solidification
within deposited beads. In the first deposited layers, the cooling rate is affected by the substrate.
However, one of the objectives of this study is to investigate the potential cooling conditions that result
in constant cooling rates in the walls when the number of layers is significant and the influence of the
substrate can be neglected. Maintaining a constant cooling rate throughout the manufacturing process
enhances the microstructural regularity of the components by influencing dendrite size [122], which is

linked to mechanical properties.

Figures 5.21a and b present the cooling rate during solidification obtained by experimental measurements
and by using the thermal model, respectively, in the specimen manufactured by WLAM with different
interlayer cooling time conditions: constant at 0 and 20 s, and variable interlayer cooling time ensuring
T < 200 °C, as discussed in the previous paragraphs. Similar trends were obtained for the experimental

and numerical results.

With the controlled interlayer cooling times (cyan curve), the cooling rate decreases between the first and
fifth layers as the substrate still influences the cooling. However, between the fifth and twentieth layers,
where the effect of the substrate becomes negligible, the cooling rate remains almost constant, as does
the dendrite size (Table 5.3).

In contrast, for the walls manufactured with a constant interlayer cooling time of 20 s (blue curve), where
heat accumulation was observed, the cooling rate at the fusion temperature decreases between the fifth
and twentieth layers (570 °C/s versus 350 °C/s, respectively). When the interlayer cooling time is brought
to zero (purple curve), the decrease in the cooling rates is amplified (530 °C/s for the fifth layer versus

100 °C/s for the twentieth layer), resulting in a variation of the dendrite spacing of almost a factor two.
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Figure 5.21. Evolution of (a) the experimental and (b) the predicted numerical cooling rate during solidification in

100 mm-long specimens manufactured by WLAM under different interlayer cooling conditions: constant interlayer

cooling times of 0 s (purple) and 20 s (blue) and evolving interlayer cooling times ensuring that decreases to 200 °C

before new layer deposition (cyan). Ezxperimental uncertainty bars are obtained by taking into account errors in
dendritic spacing measurements and the dispersion of the obtained values.
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5.4.5 Prevention of microstructural defects

We mentioned that the exposure of 316L steel in the temperature range of 500 to 900 °C can promote
the formation of carbides or o-phase, decreasing the corrosion resistance and fracture toughness of the
components [211, 212, 213]. Figures 5.22a and b illustrate the cumulative time spent within the 500-
900 °C temperature range in the specimens fabricated using WAAM and WLAM, respectively. This
cumulative duration increases with the height of the wall for both processes. Additionally, the time spent
at the specified temperature remains constant along the deposition direction at the same wall height. The
cumulative time within the 500-900 °C range reaches a maximum of 220 s for the WAAM single-bead
wall and 80 s for the WLAM process. According to experimental data available in the literature [129],
these durations are not long enough for phase transformation. However, other specimens fabricated using
WAAM were modeled by varying the interlayer cooling times (0 s, 50 s, 100 s and 200 s), as presented in
Figure 5.23. It was observed that the duration within the temperature range of 500-900 °C can extend
to 15 minutes when no interlayer cooling time is applied. This duration can further increase when the
number of deposited beads is more significant, for instance, in multi-layer block manufacturing. Such
prolonged exposure to elevated temperatures could lead to the formation of the o phase if the cooling
control within the component is inadequate. This kind of numerical analysis can help to mitigate such a

risk.

WAAM (a) t500-900°C ()

—10 mm

Figure 5.22. Cumulative time spent in the temperature range 500-900 °C for the specimens manufactured using
(a) WAAM and (b) WLAM.
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Figure 5.23. Cumulative time spent in the temperature range 500-900 °C' for the specimens manufactured by
WAAM applying interlayer cooling times of (a) 0 s; (b) 50 s; (¢) 100 s and (d) 200 s.
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5.5 Conclusion to Chapter 5

A thermomechanical model has been developed for both WAAM and WLAM processing of 316L stainless
steel components. This model is based on the finite element method and incorporates a finite element
addition procedure for material deposition, considering non-linear thermal and mechanical assumptions.
Calibration of the thermal model was performed using experimental data at the macroscopic scale (single-
bead walls) and the morphology of the first deposited bead at the mesoscopic scale to ensure agreement of
total heat input and distribution. Heat distribution within the manufactured components was accurately
reproduced, enabling numerical tracking of the thermal and mechanical history of the components. The
model was also applied qualitatively at the scale of the deposited bead despite the strong limitations

imposed by the fact that the fluid effects were not considered.

The following conclusions were obtained:

e The thermal model allowed to reveal hot areas when examining the average temperature in the
component throughout manufacturing, linked to local heat accumulation. These areas correspond
to the experimentally observed geometrical irregularities in height for a unidirectional deposition
path.

e Interlayer cooling times based on component geometry were optimized to prevent heat accumulation
while maximizing the deposition rate. It was found that constant interlayer cooling time leads to
heat accumulation as the number of deposited layers increases. The evolving interlayer cooling time
ensures a sufficient cooling of the component below a threshold temperature of 200 °C before each
new layer deposition.

e The mechanical model also identified zones with higher displacements compared to the rest of the
manufactured components, corresponding qualitatively to visually observed geometrical irregulari-
ties in height in the experimental walls.

e Residual stress distribution at the end of deposition was analyzed for a WAAM component, identi-
fying areas with high residual stresses (up to 400 MPa) that could negatively impact the mechanical
properties of the material [207]. The areas of highest residual stress are located at the start and
end of the beads and the top of the finished part.

e According to experimental observations and numerical model, the WLAM process induces higher
cooling rates than the WAAM process. Moreover, the cooling rate decreases with the increase in
the number of layers. However, the model for the WLAM process underestimated the cooling rate
due to inaccurate reproduction of the size and morphologies of the deposited beads.

e It was observed that the cooling rate during solidification decreased during the deposition of the
first five layers due to the effect of the substrate. Beyond the fifth layer, the wall manufactured with
controlled variable interlayer cooling times maintained a regular solidification cooling rate of about
550 °C/s, which resulted in a constant dendrite size of around 10 pm. In contrast, components
produced with constant interlayer cooling times of 0 and 20 s exhibited a decrease in cooling rates
of approximately 200 °C/s and 400 °C/s, respectively, between the fifth and twentieth layers.

e Finally, potential precipitation of phases detrimental to the properties, like carbides and o-phase,
can be confidently prevented by controlling the time spent by a component within the 500-900 °C
temperature range. We demonstrated that for the WAAM process, this cumulative time increases

as the applied interlayer cooling time decreases, insisting on the need to control this parameter.
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Conclusion

The main objectives of this work were to assess the influence of the processing parameters of WAAM
and WLAM used to manufacture components of 316L austenitic stainless steel on (i) their geometrical
regularity, (ii) their microstructure, (iii) their mechanical properties and (iv) their thermal stability. As a
typical geometrically complex component comprises thin and thick parts and angles, single beads, single-
bead walls and multilayer tiles were achieved. First, the influence of the deposition speed s, the wire feed
speed v,, and the power of the energy source ()¢, on the morphology of the beads was studied. Using the
obtained results, process conditions for the manufacturing of single-bead walls and tiles were determined.
It was observed that the volume energy density influences the continuity of the single beads. Moreover,
an inappropriate height increment, deposition strategy, interlayer cooling time and overlap between two
adjacent beads can lead to macroscopic deformations and deposition issues while manufacturing single-
bead walls. The chosen deposition path should homogeneously distribute the heat in the component
during manufacturing to obtain the desired geometry. The heat input should be adjusted to ensure
adequate cooling time between two layers. In addition, an overlap of 70% has to be selected to obtain
a surface with minimum roughness while manufacturing tile layers. We also concluded that the power

used for tiles has to be 20% higher than those used for single-bead walls.

The resulting microstructure of WAAM and WLAM components consisted of elongated grains formed by
epitaxial dendritic solidification. For single beads, different textures and directions of elongation of the
grains were observed, as compared to WAAM and WLAM, due to the different shapes of the melt pools.
Moreover, an austenitic-ferritic microstructure was formed, with ferrite fraction estimated at 8-9 vol.%
for WAAM and 5-6 vol.% for WLAM for cooling rates at 10? °C/s for WAAM and ten times higher for
WLAM.

For the single-bead walls, elongated grains throughout dozens of layers, oriented along the manufacturing
direction e,, were observed for both processes, with a strong (001)| ., texture. The mechanical behavior
during tensile tests of the single-bead wall achieved by WLAM showed some anisotropy, whereas the
WAAM specimen displayed similar mechanical properties in both manufacturing and deposition direc-
tions. In addition, compared to conventionally wrought 316L steel, the components manufactured by

WAAM and WLAM exhibited similar ultimate strains (around 40%) and tensile strengths.

Next, we observed that the microstructure of tiles was different from that of single-bead walls. For the
WLAM tile, the center of the fusion zone (CFZ) and the side of the fusion zone (SFZ) exhibited different
textures and directions of grain elongation. In the SFZ, the (011)| ., texture associated with elongated
grains growing at a 45° angle to the manufacturing direction e, is pgdominant. For the WAAM tile, the
overlapped region (OR) and the center of the fusion zone (CFZ) are the two main regions in equivalent
proportions. The OR has a predominant (001)|| ., texture whereas the CFZ has a (011))| ., predominant

texture.
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Finally, the effect of post-processing heat treatment on the microstructure of single-bead walls manufac-
tured by WAAM and WLAM was studied. One heat treatment at 1100 °C for 30 mins reduced the ferrite
content in the single-bead wall. If the presence of ferrite is a limiting factor for an industrial component,
this heat treatment allows the component to be re-austenitized. Another heat treatment at 1200 °C for
30 mins did not result in complete recrystallization of the single-bead wall despite the complete release
of the dislocation energy. It is then assumed that the grain microstructure of single-bead walls achieved
by WAAM and WLAM will remain stable under thermal exposure.

Finally, a thermomechanical model has been developed for the WAAM and WLAM processing of 316L
stainless steel components to describe their thermal evolution and mechanical state. This model allowed
us to obtain additional information for experimental measurements, improving our understanding of
the processes. The thermal model allowed for revealing hot areas linked to local heat accumulation.
Controlling interlayer cooling times based on component geometry prevented heat accumulation while
maximizing the deposition rate. Conversely, constant interlayer cooling time increases heat accumulation
as the number of deposited layers increases. The evolving interlayer cooling time ensures a sufficient
cooling of the component below a threshold temperature of 200 °C before each new layer deposition
and maintains a regular solidification cooling rate, which results in a constant dendrite size. To obtain
the best microstructural homogeneity in the manufactured components, it is important to control the
temperature before the deposition of each new layer, which is associated with preventing macroscopic
collapses. Finally, potential precipitation of phases detrimental to the properties, like carbides and o-
phase, can be prevented by controlling the time a component spends within the 500-900 °C temperature

range.

The study of single-bead walls and tiles achieved by WAAM and WLAM allowed for understanding the
influence of the process parameters on their geometry, as well as understanding their microstructural
specificities and their solidification cooling rate, using experimental and numerical results. The study
identified the various criteria required for the production of a homogeneous component in terms of both
geometry and microstructure. This study also showed that, despite a different microstructure, the com-
ponents produced by WAAM and WLAM have tensile properties comparable to those of 316L in the

wrought state, thus exceeding the required industrial standards.
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Conclusion en frangais

Cette étude avait pour objectif d’évaluer 'influence des paramétres des procédés WAAM et WLAM
sur des piéces fabriquées en acier inoxydable austénitique 316L, en analysant leur régularité
géométrique, leur microstructure, leur propriétés mécaniques et I’évolution de leur microstructure
sous l'effet de la température. L’étude paramétrique a mis en évidence I'impact de la densité vo-
lumique d’énergie sur la continuité des cordons déposés et 'importance de la calibration de la
stratégie de dépot ainsi que du temps de refroidissement interpasse afin d’éviter 1’apparition de

défauts géometriques (pertes de hauteur) et microstructuraux (porosité).

Les murs monocordons fabriqués par WAAM et WLAM possédent une microstructure constituée
de grains allongés dans la direction de fabrication e., une texture selon (001)| .. et une fraction
de ferrite de 89 vol.% dans le cas du WAAM et 5-6 vol.% dans le cas du WLAM. Les essais
mécaniques ont révélé que, malgré les différences microstructurales, les propriétés en traction des
piéces fabriquées sont comparables a celles de 'acier 316L forgé. L’effet des traitements thermiques
sur la microstructure de murs monocordons a également été étudié : un traitement a 1100 °C pendant
30 min a permis de réduire la teneur en ferrite, tandis qu’'un traitement & 1200 °C pendant 30 min a
conduit & une stabilisation de la microstructure en entrainant une recristallisation seulement limitée

au pied et aux bordures des murs fabriqués.

Les blocs multicouches fabriqués par WAAM et WLAM possédent des microstructures distinctes,
différentes de celle observée dans les murs monocordons. Au WAAM, deux zones majoritaires sont
identifiées au centre et aux extrémités des cordons déposés. Au WLAM, une texture majoritaire

selon (011)) ., est observée, due a la forme arrondie des bains de fusion.

Enfin, un modéle thermomécanique basé sur la méthode des éléments finis a été développé afin
de mieux comprendre ’évolution thermique et I’état mécanique des piéces fabriquées par WAAM et
WLAM, soulignant I’importance du controle du temps de refroidissement interpasse pour assurer une
vitesse de refroidissement homogéne ainsi qu’éviter la formation de phases néfastes aux propriétés

du matériau, dans le cas d’accumulation de chaleur.
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Perspectives

The investigation of the influence of the process parameters on the geometry of the manufactured com-
ponents allowed us to establish optimal conditions for manufacturing single-bead walls and tiles of 316L
steel using WAAM and WLAM. Further research could refine the threshold values leading to incorrect
deposition and define precise feasibility windows by expanding the achieved dataset and experimental
range. It would enable an extensive mapping of the influence of the process parameters on bead geometry,

facilitating the selection of appropriate conditions adapted to each fabrication.

Porosity was observed in the tiles manufactured by WLAM. Future work is required to understand better

the effect of process parameters on the formation of pores.

To validate the determined processing conditions for WAAM and WLAM, a complex component consist-
ing of thin and thick sections and angles could be manufactured. Additional studies will be required to
assess the impact of angles, junctions and crossings on the geometrical accuracy. To illustrate this per-
spective, we achieved an X-shaped component integrating thin and thick sections, resulting in a geometry
with a thick central part and thin edges (Figure 5.24). The manufacturing parameters corresponded to
those used for single-bead walls at the edges (thin sections) and those used for tiles in the central section
(thick section, 20% increase in power, 70% overlap between successive beads). The deposition strategy
was designed to distribute heat as evenly as possible by alternating the order of deposition of the layers
and their direction, following a methodology similar to that used for the manufacturing of tiles. For the
X-shaped component achieved by WLAM, we observed a height irregularity of 1 to 2 mm in the central
region, where bead overlap occurs (Figure 5.25). This height variation remained constant with increasing
number of layers and did not interfere with the manufacturing. However, it highlights the need for further

research to assess for height irregularities at transitions between thin and thick sections.

The microstructure and mechanical properties of single-bead walls (thin sections) and the influence of
heat treatments on the microstructure were analyzed. Additional tensile testing at 45° between the
manufacturing e, and deposition e, directions could be conducted to assess the anisotropy of the mate-
rial further. The heat treatment at 1200 °C for 30 minutes exhibited limited recrystallization. Future
studies should investigate extended heat treatment durations to determine the potential evolution of
the microstructure. For industrial applications, the findings suggest that elongated grains and inherent
anisotropy in thin sections of components achieved by WLAM and WAAM are unavoidable. Alternative

manufacturing strategies should be explored to promote recrystallization or limit texturing.

Although no o-phase formation was detected in the achieved components, future research is required to
determine the stability range (time and temperature) of this phase known to be negative for mechanical

properties.

The microstructure of tiles (thick sections) was also examined, revealing notable differences from single-

bead walls, suggesting that the mechanical properties and the behavior of the microstructure under
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thermal exposure may vary. Future work should then assess the mechanical properties and the effects
of heat treatments on tiles achieved using WLAM and WAAM processes and compare the results with

those of single-bead walls.

The developed thermomechanical model successfully predicted thermal fields, strains, residual stresses
and cooling rates in single-bead walls. Two hardening behaviors were studied for the mechanical model
to estimate the upper and lower bounds of residual stresses and strains: isotropic hardening and kine-
matic hardening. Future work should incorporate a mixed isotropic-kinematic hardening model, such as
the Chaboche model [209], to improve the accuracy of estimating the mechanical fields. Additionally,
the model can be extended to simulate the manufacturing of tiles and complex components, enabling
comparisons of thermal, mechanical, and cooling rate fields with those of single-bead walls. This would

likely necessitate new calibrations and optimizations to reduce computational time.

Finally, one limiting factor for numerical modeling remains the generation of the mesh of the studied ge-
ometry. Developing a program that converts robot-generated trajectory files into simulation-compatible
meshes would allow for evaluating a larger range of processing and geometrical conditions before manu-

facturing.

(a) (b) (c)

Layer 1

i ; ‘;s‘ | ;
Laye> <
2 1

Figure 5.24. (a) X-shaped component manufactured with WAAM process. (b) Used deposition strategy. (c) X-
shaped component manufactured with WLAM process.

Height irregularity

Single-bead Overlapped Single-bead
ey s region region region

Figure 5.25. Side view of the X-shaped component elaborated with WLAM process.
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Perspectives en francais

I’étude de l'influence des paramétres des procédés WAAM et WLAM sur la géométrie des piéces
fabriquées a permis de déterminer des conditions de fabrication de murs monocordons (sections
fines) et de blocs (sections épaisses) en acier 316L. De futurs travaux permettraient d’affiner les
seuils critiques d’énergie volumique conduisant & la fabrication de cordons irréguliers et ainsi définir

des fenétres de faisabilité expérimentale, facilitant le choix de conditions de fabrication.

Afin de valider les parameétres de fabrication établis dans cette étude pour les procédés WAAM
et WLAM, une piéce en forme de “X” intégrant des sections fines et épaisses ainsi que des angles
a été réalisée. De nouveaux travaux sont nécessaires pour évaluer I'impact de la géométrie sur la
régularité de hauteur des piéces fabriquées. Dans le cas de la piéce en forme de “X” réalisée dans notre
étude, une variation de hauteur est observée dans la zone centrale en comparaison aux extrémités,

ne perturbant toutefois pas la fabrication.

De la porosité a été observée dans le bloc fabriqué par WLAM. Une nouvelle étude sera nécessaire

pour mieux comprendre I'impact des paramétres du procédé WLAM sur la formation de ces pores.

L’analyse microstructurale des murs a montré une recristallisation limitée aprés un traitement ther-
mique & 1200 °C pendant 30 minutes. Des traitements plus longs pourront étre réalisés afin d’étudier

I'impact du temps de traitement thermique sur I’évolution de la microstructure.

L’anisotropie de la piéce et 1’élongation des grains semblent inévitables dans les murs fabriqués
par WAAM et WLAM. Des stratégies alternatives de fabrication pourraient étre envisagées afin de

favoriser la recristallisation ou de limiter la texture et I’élongation des grains.

L’étude de la microstructure des blocs a révélé des différences notables avec la microstructure des
murs, ce qui suggére des potentielles variations de propriétés mécaniques et de 'impact des traite-
ments thermiques sur la microstructure. De nouvelles études sur les blocs, comparées aux résultats

obtenus pour les murs, sont alors nécessaires.

Le modéle thermomécanique développé a permis de prédire les champs thermiques, les déformations,
les contraintes résiduelles et les vitesses de refroidissement dans les murs. L’intégration d’un modéle
d’écrouissage mixte (de type Chaboche) pourrait améliorer la précision des calculs mécaniques. De
plus, Iextension du modéle aux blocs et aux piéces complexes pourrait étre étudié. Enfin, une
des limites actuelles de notre modéle numérique est la génération manuelle des géométries et des
maillages. Le développement d’un programme convertissant les fichiers trajectoire générés par le
robot en maillages utilisables pour la simulation permettrait d’évaluer de plus nombreuses conditions

de fabrication avant leur mise en ceuvre expérimentale.
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Appendix A

Complements for Chapter 3

A.1 Detailed parameters for single bead manufacturing

Table A.1. Considered parameters and geometry for single bead manufacturing with WAAM and WLAM. Red
highlighting corresponds to the parameters leading to an irregular/discontinuous deposition, and green indicates
the optimized parameters.
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N° Qexp s Vo E; drate S w h h D Fratio Dilution
- W mm/min mm/min J/mm g/min mm? mm mm mm mm - %
‘WA AM process
2 2400 200 1875 720.0 17.0 10.60 9.15 1.68 1.14 0.38 5.45 25.1
3 2400 200 1250 720.0 11.3 7.07 8.86 1.21 0.85 0.68 7.35 44.4
e O R R R I I R

720 339 2121 | () ) ) ) ) )
6 2400 150 1875 960.0 17.0 14.14 10.26 1.92 1.36 0.55 5.35 28.7
7 2400 250 1875 576.0 17.0 8.48 8.68 1.49 1.01 0.43 5.83 29.7
8 2400 100 1875 1440.0 17.0 21.21 12.07 2.41 1.78 0.87 5.00 32.9
9 2400 300 1875 480.0 17.0 7.07 7.85 1.34 0.94 0.37 5.88 28.2
DSOS o0 o0 0o | 0 O 0 0 | O O
11 3000 200 1875 900.0 17.0 10.60 11.61 1.39 0.97 0.80 8.38 45.2
12 3600 200 1875 1080.0 17.0 10.60 13.03 1.22 0.84 1.52 10.68 64.3
960.0 28.3 23.56 9.48 3.23 2.40 0.39
960.0 22.6 18.85 10.64 2.36 1.74 0.40 4.51 18.8
720.0 17.0 14.14 () ) -) (=) () )
1200.0 17.0 14.14 12.51 1.61 1.17 0.93 7.76 44.3
720.0 17.0 8.48 10.85 1.21 0.85 0.77 9.00 47.7
900.0 28.3 17.67 10.84 2.15 1.58 0.52 5.05 24.7
960.0 11.3 9.42 10.28 1.47 1.03 0.74 7.00 42.0
900.0 22.6 14.14 10.71 1.84 1.34 0.57 5.81 30.0
576.0 22.6 11.31 (-) ) () (-) () )
1080.0 17.0 21.21 (-) (-) (-) (-) (-) ()
900.0 33.9 21.21 10.39 2.67 1.98 0.46
1080.0 33.9 21.21 13.38 2.19 1.62 0.84 6.12 34.1
WLAM process
1 1000 500 700 120.0 6.3 1.58 2.88 0.74 0.52 0.02 3.87 3.5
2 1000 700 900 85.7 8.1 1.45 2.74 0.69 0.48 0.02 3.97 3.4
(S GG o0 se0|  200.0 4.5 1.88 3.07 0.84 0.57 0.08
4 1000 700 500 85.7 4.5 0.81 2.86 0.40 0.27 0.03 7.19 9.1
5 1000 300 900 200.0 8.1 3.39 3.08 1.39 0.97 0.02 2.22 1.7
6 2400 1400 1000 102.9 9.0 0.81 3.27 0.34 0.25 0.29 9.53 54.4
7 2400 1600 1200 90.0 10.9 0.85 3.22 0.40 0.26 0.25 8.06 49.2
8 2400 1200 800 120.0 7.2 0.75 3.42 0.39 0.27 0.33 8.71 55.4
9 2400 1600 800 90.0 7.2 0.57 3.28 0.31 0.21 0.26 10.44 56.0
10 2400 1200 1200 120.0 10.9 1.13 3.36 0.46 0.32 0.30 7.26 48.3
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11 2400 1000 1400 144.0 12.7 1.58 3.35 0.67 0.45 0.33 4.98 42.2
12 2400 1200 1600 120.0 14.5 1.51 3.42 0.64 0.43 0.26 5.36 38.3
13 2400 800 1200 180.0 10.9 1.70 3.26 0.72 0.48 0.41 4.55 46.2
14 2400 800 1600 180.0 14.5 2.26 3.74 0.92 0.57 0.33 4.06 36.2
15 1000 700 1100 85.7 9.9 1.78 2.84 0.68 0.45 0.01 4.20 1.2

600.0 4.5 5.65 ) ) ) ) ) )

1029 163 145 “) “) “) “) “) “)
18 2400 1400 2200 102.9 19.9 1.78 3.27 0.67 0.43 0.20 4.90 31.4
19 2400 1200 2400 120.0 21.7 2.26 3.34 0.84 0.53 0.26 4.00 32.7
20 2400 1200 2000 120.0 18.1 1.88 3.30 0.84 0.54 0.27 3.91 33.4
21 2400 1000 1800 144.0 16.3 2.04 3.37 0.93 0.59 0.32 3.64 35.4
22 2400 1000 2200 144.0 19.9 2.49 3.27 0.98 0.66 0.36 3.33 35.1
24 2400 800 2400 180.0 21.7 3.39 3.16 1.41 0.99 0.32 2.23 24.3
25 2400 600 2200 240.0 19.9 4.15 3.42 1.63 1.17 0.40 2.11 25.5
26 2400 600 1800 240.0 16.3 3.39 3.62 1.31 0.92 0.42 2.78 31.2
27 2400 400 1600 360.0 14.5 4.52 3.63 1.62 1.23 0.65 2.24 34.4
28 2400 400 2000 360.0 18.1 5.65 3.35 2.02 1.61 0.57 1.66 26.0
29 3500 1600 3000 131.3 27.1 2.12 3.22 0.86 0.59 0.38 3.74 39.6
30 3500 1400 2800 150.0 25.3 2.26 3.36 0.95 0.62 0.44 3.53 41.5
31 3500 1400 3200 150.0 28.9 2.59 3.31 0.98 0.64 0.45 3.38 41.1
32 3500 1200 3000 175.0 27.1 2.83 3.23 1.16 0.81 0.46 2.80 36.5
33 3500 1200 3400 175.0 30.7 3.20 3.33 1.13 0.79 0.51 2.94 39.2
34 3500 1200 2600 175.0 23.5 2.45 3.35 1.10 0.75 0.39 3.05 34.2
36 3500 1000 3200 210.0 28.9 3.62 3.34 1.42 1.00 0.46 2.36 31.5
37 3500 800 2600 262.5 23.5 3.68 3.85 1.44 1.05 0.52 2.67 33.0
38 3500 800 3400 262.5 30.7 4.81 3.54 1.62 1.16 0.54 2.19 31.5
39 3500 800 3000 262.5 27.1 4.24 3.53 1.55 1.16 0.51 2.27 30.6
40 3500 600 2800 350.0 25.3 5.28 3.91 1.81 1.33 0.67 2.16 33.4
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A.2 Interpolation setup using ANOVA

An interpolation was developed using Python (Statsmodels module) to approximate a relationship be-
tween the geometrical features of the manufactured single beads, the process parameters (Qesp, s, and
Uy ), the applied linear energy Ej, and the surface of the cross-section above the substrate S, as ex-
pressed in Equation A.1 where aq to as are the coefficients to calibrate. The interpolation allows for the

estimation of geometrical ratios (width/height and dilution) for a given set of parameters.

v
param = ag + al.szp + ag.?w + az.s + a1V + a5.Qeap (A1)

This equation only considers physical terms, giving it some physical meaning, unlike conventional quadratic
interpolations [214], though at the expense of interpolation precision. To later assess its validity, two sets

of parameters were not taken into account to create the interpolation:

WAAM — 7. s =250 mm/min; v,, = 1875 mm/min; Qcp = 2400 W and
WLAM —11. s =1000 mm/min; v,, = 1400 mm/min; Q. = 2400 W.

These sets of parameters will be used as reference points to compare the predicted geometrical ratios

from the interpolation and the experimentally measured values.

An analysis of variance (ANOVA) was conducted on the geometrical features to enhance the accuracy of
the interpolation. This ANOVA analysis aimed to assess the contribution of each term in the interpolation
and identify non-significant terms, which could then be excluded from the model. Furthermore, the
ANOVA was designed to ensure that the order of terms in the equation does not impact the coefficients
ag to as. To achieve this, the relative contribution of each term was calculated using a calibrated
equation that accounts for all the other terms rather than sequentially adding terms as done previously.
This approach is based on the methodologies outlined by Mohammed et al. [66], who conducted a similar
study on the influence of process parameters on the geometrical features of cobalt-based alloy single beads
manufactured by WLAM, and Kumar et al. [214], who investigated the effect of process parameters in
WAAM manufacturing for 304L stainless steel. Several statistical parameters were then employed to

perform the ANOVA and assess the significance of each term:

e The “sequential sum of squares” for each parameter is computed. This value corresponds to the
correction due to the introduction of a given parameter in the residual error of the model, which is
expressed as Y . (y; — 4;)?, where y; is the experimental value and g; is the estimated value using
the model in its current state.

e The “degrees of freedom” represent the amount of independent variables available for estimating
each parameter. In our case, each process parameter contributes to 1 degree of freedom, such that
the model has five degrees of freedom, corresponding to the five terms in the interpolation. The
residual degrees of freedom, which reflect the remaining independent information after fitting the
model, are calculated as the difference between the total number of experimental data points (38
for WLAM and 17 for WAAM) and the total number of model parameters (five process parameters
plus the geometrical feature, totaling six). Thus, the residual degrees of freedom are 31 for WLAM
and 11 for WAAM.

e The F-value is an indicator of the statistical meaning of each parameter. Its value is obtained by
dividing the “mean squares” (i.e. the ratio between the sum of squares and the degrees of freedom)
of the introduced parameter and the residual associated with this parameter introduction in the

model. For instance, we can check that the F value of the last parameter is equal to the ratio
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between the mean squares of s - v,, and the mean squares of the residual of the model.

e The p-value is the probability of finding a similar F-value if the parameter does not influence the
model fit. According to Mohammed et al. [66], the parameter is significant if the p-value is lower
than 5-10~2 and not significant if it is higher than 1-1072. Some parameters might simultaneously
be significant and non-significant and can be kept in the model fit.

e Finally, the relative contribution of each term in the equation is obtained by dividing the sum of
squares of each term by the total sum of squares of the model. This value is linked to the p-value,

as a term with a high p-value will have a low contribution to the equation.

Each of these statistical terms was then computed using the ANOVA to assess the contribution of each
term to the width/height ratio for the WAAM (Table A.2) and WLAM (Table A.4) processes, and the
dilution ratio (Tables A.3 and A.5 for WAAM and WLAM, respectively). The non-significant terms are
highlighted in red, while the most significant ones are in blue. Finally, Equations A.2, A.3, A.4 and
A5 correspond to the estimated width/height and dilution ratios for single beads produced via WAAM
and WLAM processes, respectively, depending on the process parameters. These equations estimate the
expected geometrical features for single beads manufactured with a given set of parameters within the

experimental range.

For the WAAM process, the ANOVA indicated that the interpolation of the width/height ratio and the
dilution ratio is mainly governed by both E; and S, which is consistent with the experimental observations
showing that the applied linear energy mainly affects the width of the bead. At the same time, the cross-

sectional section above the substrate influences its height.

For the WLAM process, it indicated that S and v,, contributed the most to interpolating the width /height
ratio. Changes in the volume of supplied metal (or the wire feed speed) will lead to a variation in the
width/height ratio, as it will mainly modify the height. In addition, the ANOVA indicated that E; is not
significant, which was expected as we mentioned that the diameter of the pool melted by the laser does
not significantly change with its applied energy, and so does the width of the beads. Finally, we reported
that the deposition speed s is the most influential factor in interpolating the dilution ratio, likely because
a lower deposition speed increases the time the laser spends in a given area, enabling it to create a deeper

melt pool. In contrast, the width of the melt pool mainly stays unchanged.
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A.2. INTERPOLATION SETUP USING ANOVA

Table A.2. ANOVA of the width/height ratio of the beads manufactured using the WAAM process.

Source Sum of Degrees of F value p value Contribution
squares freedom Prob > F (%)

Model 64.0 5 101.1 8.18e-09 -

E,; 27.5 1 217.3 1.37e-08 43

S 40.6 1 320.4 1.75e-09 63

s 9.8 1 77.5 2.60e-06 15

Qexp 6.8 1 54.0 1.45e-05 11

Vaw 2.9 1 23.3 5.33e-04 5

Residual 1.4 11 - - -

Table A.3. ANOVA of the dilution ratio of the beads manufactured using the WAAM process.

Source Sum of Degrees of F value p value Contribution
squares freedom Prob > F (%)

Model 2777.2 5 49.8 3.48e-07 -

E; 1414.9 1 126.8 2.23e-07 51

S 1849.2 1 165.7 5.63e-08 67

s 337.1 1 30.2 1.87e-04 12

Qezp 220.1 1 19.7 9.92e-04 8

Vaw 97.7 1 8.8 1.30e-02 4

Residual 122.7 11 - - -

(%) waay ©297-1071-5-513-1072 - By +6.68 - 10™* - s +5.81- 1073 - Qeap — 4.21- 107 - v, +4.35 - 1072
while s € [100,300] mm/min, v, € [1250,3750] mm/min, P € [1800,3600] W

(A.2)

(d)yany ~ 1355 —1.20-1072 - B +1.33- 1072 - 5+ 3.30 - 102 - Qe — 243102 - v, — 12,5
while s € [100,300] mm/min, v, € [1250,3750] mm/min, P € [1800,3600] W

(A.3)

Table A.4. ANOVA of the width/height ratio of the beads manufactured using the WLAM process. The non-
significant terms are highlighted in red, while the most significant ones are in blue.

Source Sum of Degrees of F value p value Contribution
squares freedom Prob > F (%)

Model 159.6 5 59.3 6.03e-15 -

Ey 1.3 1 2.5 1.26e-01 1

S 27.7 1 51.5 4.52e-08 17

s 8.6 1 16.0 3.63e-04 5

Qexp 3.9 1 7.2 1.15e-02 2

Vo 15.5 1 28.9 7.38e-06 10

Residual 16.7 31 - - -

Table A.5. ANOVA of the dilution ratio of the beads manufactured using the WLAM process. The non-significant
terms are highlighted in red, while the most significant ones are in blue.

Source Sum of Degrees of F value p value Contribution
squares freedom Prob > F (%)

Model 6434.8 5 43.6 4.07e-13 -

Ey 1642.3 1 55.6 2.12e-08 26

S 1047.7 1 35.5 1.39-06 16

s 5319.6 1 180.1 1.87e-14 83

Qezp 184.0 1 6.2 1.81e-02 3

Vaw 166.3 1 5.6 2.40e-02 3

Residual 915.6 31 - - -

(%) wpay ~ 1.76-1071- 8 —2.90 - 1072 - v, +4.27-1073 - s+ 1.00- 1073 - Qeqpp + 2.68

while s € [500,1600] mm/min, v, € [500,3400] mm/min, P € [1000,3500] W

(A4)

(d)wiam ~2.87-107%-s4+1.05-107 - B —1.97- S+ 1.44 - 1072 - Qeqp — 1.29 - 1072 - v, — 20.3
while s € [500, 1600] mm/min, v, € [500,3400] mm/min, P € [1000,3500] W

(A.5)



APPENDIX A. COMPLEMENTS FOR CHAPTER 3

Moreover, Figures A.la and b present a comparison between the experimentally measured values and
the predicted values based on Equations A.2 and A.3 for WAAM and A.4 and A.5 for WLAM, for the
width /height and the dilution ratios, respectively. The geometrical features of single beads manufactured
by WAAM are depicted in red, while the ones of single beads manufactured by WLAM are in blue. The
data points somehow align along the y = z, indicating a satisfactory fit. The R? values of the fit for the
WAAM process are 0.98 for the width /height ratio and 0.96 for the dilution ratio, showing the robustness
and significance of the interpolations, as these values exceed 0.95. For the WLAM process, lower R?
were found (0.89 for the width/height ratio and 0.87 for the dilution ratio). However, it was observed
that the interpolation resulted in an error of at maximum =+1 for the width/height ratio and £10% for
the dilution ratio, which we assumed to be sufficient to determine the general geometrical features of the
single beads to assess for the feasibility of the manufacturing. In practice, we can estimate that a single
bead with a predicted width/height ratio above 5 or below 1 or a predicted dilution ratio above 40% is

likely to have a geometry outside our selection criteria.

(a) (b)

12 | T T T ‘ T ; T ‘ T T T ‘ T T T ‘ T T l\‘ T T d 70 T ‘ T , ‘ T ‘ T ‘ T T
- WAAM: R” = 0.98 Py A - WAAM: R” = 0.96
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Measured w/h ratio (-) Measured d ratio (%)

Figure A.1. Comparison between the experimental (a) width/height ratio and (b) dilution ratio and their computed
values using the interpolation (Equations A.2, A.8, A.4 and A.5). Red crosses represent the WAAM process
conditions, blue crosses the WLAM conditions.

As mentioned earlier, one set of parameters for WAAM (s = 250 mm/min; v,, = 1875 mm/min; Qeyp =
2400 W) and one for WLAM (s = 1000 mm/min; v,, = 1400 mm/min; Qeyp = 2400 W) were excluded
from the interpolation to assess for its robustness. The comparison between the predicted width/height
ratio and dilution ratio and the experimental measurements are compared in Table A.6. For the WAAM
process, a good coincidence is found between the predicted and the measured ratios (+0 for w/h and +1
for d). The difference is slightly higher for the single bead manufactured by WLAM (-0.6 for w/h and
+5 for d). However, we considered that this precision is sufficient to estimate the magnitude ranges of
the geometrical features of the manufactured single beads with WAAM and WLAM, demonstrating the

good accuracy of the interpolation for values taken inside the experimental amplitude range.

Table A.6. Comparison of the measured and estimated (ANOVA) geometrical ratio for single beads manufactured
with WLAM and WAADM.

(%)ANOVA (%)mcasurcd (d)ANOVA (d)measured
WAAM 5.8 5.8 28 29
WLAM 5.6 5.0 37 42
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A.3. MICROSTRUCTURAL DEFECTS

A.3 Microstructural defects

The presence of microstructural heterogeneities in the manufactured tiles was investigated. For the
block produced by WAAM, an X-ray scan confirmed the absence of porosity within the part. However,
numerous pores were detected in the tile manufactured by WLAM, as seen in the transverse section
shown in Figure A.2a. These pores appeared between the layers, forming straight lines aligned with the
deposited beads. Such interlayer porosity indicates incorrect process calibration and recovering issues,

primarily due to insufficient applied volume energy [52].

However, upon examining a micrograph of an etched transverse section of the tile, it was observed that
all these pores are not located at the fusion boundaries visible on the micrograph (Figure A.2b). Another
hypothesis is that these pores may be attributed to irregularities in the wire unwinding process or the
entrapment of fumes from the manufacturing process within the molten pool. Due to time constraints and
the focus of the thesis, we have decided not to address this issue. We, however, observed in Figure A.2b
that the presence of pores does not seem to affect the shape of the grains, allowing the microstructure to
be studied.

(a)

Porosity

4 mm 2 mm

Figure A.2. Pores in a 6 x 20 tile produced with WLAM: (a) transverse cross-section presenting intra- and
interlayer porosity; (b) Intralayers pores.
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APPENDIX B. COMPLEMENTS FOR CHAPTER 4

B.1 Single beads

WAAM

Step size: 4 pm
High voltage: 20 kV
Working distance: 25 mm

WAAM

Step size: 4 pm
High voltage: 20 kV
Working distance: 25 mm

(a) 2400 W - Proj. e,

(b) 2400 W - Proj. e,

(c) 3000 W - Proj. e,

(d) 3000 W - Proj. e,
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Figure B.1. EBSD orientation maps of transverse cross-sections of single beads manufactured with WAAM using
(a) and (b) Set 1 and (c) and (d) Set 3 (Table 3.5). (a) and (c) projection along the manufacturing direction e .

(b) and (d) projection along the deposition direction e .
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B.1. SINGLE BEADS

WLAM

WLAM

WLAM

(a) 1000 W - Proj. e, Sz

(c) 2400 W - Proj. e,

Step size: 4 pm
High voltage: 20 kV
Working distance: 25 mm

(e) 3500 W - Proj. e, (111]
€: <
*@Q\
Y"& &
[001] [011]

(b) 1000 W - Proj. e,

(d) 2400 W - Proj. e,

(f) 3500 W - Proj. e,

Figure B.2. EBSD orientation maps of transverse cross-sections of single beads manufactured with WLAM using
(a) and (b) Set 1, (c) and (d) Set 2 and (e) and (f) Set 8 (Table 3.4). (a), (c) and (e) projection along the
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WLAM (a) 1000 W Densit
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Max: Max: Max: 6
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Figure B.3. Pole figures associated with EBSD maps of transverse cross-sections of single beads produced by
WLAM wusing (a) Set 1, (b) Set 2 and (c) Set 3 (Table 3.4) and by WAAM using (a) Set 1 and (b) Set 8
(Table 3.5).
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B.1. SINGLE BEADS

WAAM

WAAM

WAAM

WAAM

(a) 2400 W
€z
L—b €y
o it 4
High-angle grain
boundaries (> 5°)
Low-angle grain
boundaries (2 - 5°)
R Twin boundaries
(b) 2400 W
o I
. 2-5 5-15
. > 15 GOS (°)
(c) 3000 W
€z
l—b €y
e htd
High-angle grain
boundaries (> 5°)
Low-angle grain
boundaries (2 - 5°)
E— Twin boundaries
(d) 3000 W

W oo

Figure B.4. Grain boundary (GB) and grain orientation spread (GOS) maps from EBSD of transverse cross-
sections of single beads manufactured by WAAM using (a) and (b) Set 1 and (c) and (d) Set 3 (Table 3.5). In
GB maps (a) and (c), high-angle grain boundaries (HAGBs) are depicted in black, low-angle grain boundaries
(LAGBs) in cyan and X3-twin boundaries in red. In GOS maps (b) and (d), HAGBs are represented by black

lines while LAGBs are depicted in grey.
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WLAM (a) 1000 W .. (b) 1000 W

WLAM (c) 2400 W (d) 2400 W

WLAM (e) 3500 W (f) 3500 W

High-angle grain boundaries (> 5°) 0-1 . 1.9 . 9.5

Low-angle grain boundaries (2 - 5°)

-1 1 GOS (°
——  Twin boundaries oo 15 . > 15 ©

Figure B.5. Grain boundary (GB) and grain orientation spread (GOS) maps from EBSD of transverse cross-

sections of single beads manufactured by WLAM using (a) and (b) Set 1, (c) and (d) Set 2 and (e) and (f) Set 3

(Table 8.4). In GB maps (a), (¢) and (e), high-angle grain boundaries (HAGBs) are depicted in black, low-angle

grain boundaries (LAGBs) in cyan and X3-twin boundaries in red. In GOS maps (b), (d) and (f), HAGBs are
represented by black lines while LAGBs are depicted in grey.
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B.2. SINGLE-BEAD WALLS

B.2 Single-bead walls

(a)  WLAM (b) (c) WAAM
High-angle grain
boundaries (> 5°)

Fusion lines

Grain aspect
ratio (-)

| A

Figure B.6. Transverse cross-sections and grains aspect ratio maps of single-bead walls manufactured by (a) and
(b) WLAM wusing Set 2 (Table 3.4) and (c) and (d) WAAM using Set 3 (Table 3.5). The cross-sections (a) and (d)
were polished and chemically etched. The grains on the grain aspect ratio maps (b) and (c) were identified using
EBSD. The cyan lines indicate the boundaries of the successive melt pools, determined by visual identification on

the transverse cross-sections.
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B.3 Tiles

WAAM

High-angle grain
boundaries (> 5°)

Fusion lines

Grain aspect
ratio (-)

5 (b)

Figure B.7. (a) Transverse cross-section and (b) grain aspect ratio map of the tile manufactured by WAAM. The

left part of the map corresponds to the upper middle part of the transverse cross-section of the tile. The right part

of the map corresponds to the upper right part of the transverse cross-section of the tile. The cross-section was

polished and chemically etched. The grains on the grain aspect ratio map were identified using EBSD. The cyan

lines indicate the boundaries of the successive melt pools, determined by visual identification on the transverse
cross-section.
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B.3. TILES

High-angle grain
boundaries (> 5°)

Fusion lines

Grain aspect

ratio (-)
7
6
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4
3
2
c e 7
l > @ 5 mm ;

Figure B.8. (a) Transverse cross-section and (b) grain aspect ratio map of the tile manufactured by WLAM. The

cross-section was polished and chemically etched. The grains on the grain aspect ratio map were identified using

EBSD. The cyan lines indicate the boundaries of the successive melt pools, determined by visual identification on
the transverse cross-section.
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WAAM (a)

High-angle grain
boundaries (> 5°)

Low-angle grain
boundaries (2 - 5°)

— Twin boundaries

(b)

[\
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ot
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1
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Figure B.9. Grain boundary (GB) and grain orientation spread (GOS) maps from EBSD of the transverse cross-

section of the tile manufactured by WAAM. The left part of the map corresponds to the upper middle part of the

transverse cross-section of the tile. The right part of the map corresponds to the upper right part of the transverse

cross-section of the tile. In GB map (a), high-angle grain boundaries (HAGBs) are depicted in black, low-angle

grain boundaries (LAGBs) in cyan and X3-twin boundaries in red. In GOS map (b), HAGBs are represented by
black lines while LAGBs are depicted in grey.
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B.3. TILES
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Figure B.10. Grain boundary (GB) and grain orientation spread (GOS) maps from EBSD of the transverse cross-

section of the tile manufactured by WLAM. In GB map (a), high-angle grain boundaries (HAGBs) are depicted

in black, low-angle grain boundaries (LAGBs) in cyan and 3 3-twin boundaries in red. In GOS map (b), HAGBs
are represented by black lines while LAGDBs are depicted in grey.
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Appendix C

Complements for Chapter 5

C.1 Non conformous nodes

When applying a non-conformal transition between the fine and coarse mesh zones, several hanging
nodes are left. These nodes are treated by applying linear relationships between unknowns of the fine
and coarse meshes. In practice, the value of an arbitrary nodal field 6; at a hanging node z; € Axc,
where Anc is the set of the hanging nodes, is linearly linked to the nodal values of the adjacent coarse
finite element by using the interpolation functions and the barycentric coordinates of the hanging node
in that element, as presented in Equation C.1, where 67 are the values of the nodal field in the adjacent
coarse finite element and 37 the barycentric coordinates of the hanging point z; in this element. This
relation between unknowns is added to the linear system of equations that represents the thermal or

mechanical equilibrium.

0; — Zaﬂﬂﬂ’@A) =0 (C.1)

C.2 Energy conservation during finite elements addition.

When finite elements are added to a given mesh to simulate material deposition during the thermal
analysis, the two mesh parts do not have the same temperature at their interface in the general case. The
developed model satisfies the equation of energy conservation to set the temperatures at the nodes of the
interface between the two mesh parts. In finite element modeling, the energy stored at the nodes of a mesh
is given by the product of the heat capacity matrix by the temperature field. The energy conservation
is written in Equation C.2a. In this equation, gd and gdH are respectively the heat capacity matrices
before and after the addition of finite elements, Qadd that of the added part, and 7, T4+ and 7944
their respective temperature fields. Thanks to the fact that the heat capacity matrix of the assembled
mesh is equal to the assembled heat capacity matrices, we can then compute the temperature field T+t
that ensures the energy conservation of the system after addition of finite elements, as expressed in the

Equation C.2b.
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gdHIdH _ gd_zd _'_gadd'zadd (a)

T — {gd +gadd}*1 (led+gadd.zadd) (b) (C.2)

The temperature field Id+1(t) does not comply with the local thermodynamic equilibrium, but it is only
used to initialize the resolution of the next time step. At last, only the temperature field computed at the
current time step t before the addition of elements, T" d(t), and that after this addition and the resolution
of the next time-step,T%"! (¢ + 6t) are saved.

For the mechanical analysis, adding finite elements seems more straightforward to handle. There is no
kinetic energy since static analysis is performed, and the internal mechanical energy of the added part
is zero since it is stress-free. Energy conservation is then trivially satisfied. The initialization of the
mechanical fields after adding elements is straightforward. The fields of stresses and state variables are
set to zero in the added part, whereas they remain identical elsewhere. A similar approach is used for
the displacement field, in which the nodes at the interface between the initial and the added parts get

the values of the initial part, U, ., whereas they are set to zero in the rest of the added part.

int?
However, initializing the displacement field in the added part prescribes non-zero displacements on its
boundary with the initial mesh, inducing strains and stresses in this part and potentially the evolution

of other state variables. Moreover, the thermal field 79+!

computed from Equation C.2b generates non-
homogeneous thermal strains in the added part, which contradicts the previous analysis assuming that
material deposition is stress-free. To circumvent this problem, a field of eigenstrains gL is prescribed in
the added part to annihilate the strains generated by the displacements U,,,, and the temperature field
T, This field of eigenstrains is defined in Equation C.3a. The expression of Hook’s law then verifies
that the added part is stress-free, as expressed in Equation C.3b, where C°(T') is the Hook’s tensor. It is
expressed using the Poisson’s ratio v and the Young modulus of the 316L:stainless steel E(T), depending

on the temperature.

eh = Uin) — " (2) (@)

(C.3)

Finally, if the interface between the initial and the added parts experiences strong displacements, nodes
of the added part may be susceptible to going through some of its elements since the other nodes have
zero displacements. In the frame of a “small displacement analysis,” this does not influence the previous
definition since the equilibrium is satisfied in the reference configuration of the mesh, in which it is not
deformed. In the frame of a “large displacement analysis”, the equilibrium is satisfied in the deformed
configuration: the problem can occur at the first iteration of the resolution loop if the numerical scheme
is based on an “updated lagrangian formulation.” To circumvent this problem, we can do a first resolution
in “small displacement” to get a displacement field consistent in all the added parts or either perform
the “large displacement analysis” according to a “total lagrangian formulation.” However, this problem
does not occur in practice since manufactured pieces are generally firmly clamped: they undergo minimal
displacements unless there is a significant manufacturing defect [144], which justifies carrying out the

mechanical analysis in the frame of this hypothesis.
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RESUME

Lun des défis des procédés de fabrication additive métallique par dépdt de fil tels que le WAAM (Wire Arc Additive
Manufacturing) et le WLAM (Wire Laser Addititive Manufacturing) est de maitriser les paramétres de fabrication pour
produire des pieces aux géométries complexes et aux propriétés homogenes. En effet, des parametres procédés mal
contrélés peuvent engendrer des hétérogénéités thermiques, mécaniques et microstructurales. Cette thése a pour objec-
tif d’évaluer 'effet des parametres des procédés WAAM et WLAM utilisés pour fabriquer des piéces en acier austénitique
inoxydable 316L (monocordons, murs ou blocs) sur (i) leur régularité géométrique, (ii) leur microstructure, (iii) leurs pro-
priétés mécaniques et (iv) leur stabilité microstructurale sous I'effet de la température.

Linfluence des paramétres des procédés WAAM et WLAM sur des criteres géométriques (largeur/hauteur, dilution) a été
établie et des pieces aux géométries régulieres et sans porosité ont été obtenues, a I'exception du bloc WLAM possédant
quelques pores. Létude de la microstructure des monocordons a révélé (i) une solidification dendritique et épitaxiale
perpendiculaire a la ligne de fusion et (ii) des bandes de ferrite orientées selon e. au sein de l'austenite dans une fraction
de 5 vol.% pour le WLAM et 8 vol.% pour le WAAM. La microstructure des murs est caractérisée par une forte texture
cristallographique selon (001) ., et des grains allongés sur plusieurs dizaines de passes. Le WLAM produit des grains
plus fins et des dendrites deux fois plus petites comparé au WAAM en raison de vitesses de refroidissement plus rapides,
estimées & 10° °C/s contre 10% °C/s au WAAM. Les essais mécaniques ont montré une anisotropie et une dureté plus
importante pour les pieces élaborées par WLAM que par WAAM. Toutefois, la résistance a la traction et la déformation a
rupture des murs obtenus par WAAM et WLAM restent similaires a celles de I'acier 316L a I'état forgé. Des traitements
thermiques effectués sur les murs ont permis de dissoudre la ferrite et ont entrainé une recristallisation partielle, limitée
aux bordures et pied des murs. Les blocs sont caractérisés par des grains plus fins et moins allongés que les murs, avec
des différences microstructurales notables pour chaque procédé due a des formes de bains de fusion différentes.

Enfin, un modeéle thermomeécanique a été développé avec le logiciel Cast3M. En s’appuyant sur la géométrie des murs ex-
périmentaux, il permet d’estimer correctement le champ de température en cours de la fabrication et la déformation finale
du substrat. Le modele a ensuite été appliqué pour ajuster les temps de refroidissement interpasse et les paramétres
opératoires pour (i) éviter 'accumulation de chaleur, (ii) contrdler la vitesse de refroidissement et (iii) minimiser I'apparition
de phases néfastes aux propriétés du matériau.

MOTS CLES

Fabrication additive par dép6t de fil, Optimisation paramétrique, Acier 316L, Caractérisation microstructurale,
Traitements thermiques, Propriétés mécaniques, Méthode des éléments finis, Modélisation thermomécanique

ABSTRACT

One of the main challenges in metallic wire additive manufacturing, particularly the WAAM (Wire Arc Additive Manufactur-
ing) and WLAM (Wire Laser Additive Manufacturing) processes, is controlling the manufacturing parameters to achieve
components with complex geometries and homogeneous properties. Indeed, inadequate control of the parameters can
lead to thermal, mechanical and microstructural heterogeneities. This thesis aims to assess the influence of the param-
eters of WAAM and WLAM processes used to manufacture 316L austenitic stainless steel components (single beads,
single-bead walls and tiles) on (i) their geometrical regularity, (ii) their microstructure, (iii) their mechanical properties and
(iv) their thermal stability.

The influence of the process parameters on defined geometric criteria (width/height, dilution) was established and
porosity-free components with regular geometries were obtained, with the exception of the tile manufactured by WLAM
which exhibited some pores. The study of the microstructure of single beads revealed the presence of (i) dendritic and
epitaxial solidification perpendicularly to the fusion line and (ii) bands of ferrite oriented along e. within the austenite in
a fraction of 5 vol.% for WLAM and 8 vol.% for WAAM. The microstructure of the single-bead walls is characterized by a
strong crystallographic texture along (001) .. and elongated grains over dozens of layers. The WLAM process produced
dendrites twice smaller than the WAAM process in single-bead walls due to the faster cooling rates, estimated at 10° °C/s
versus 10% °C/s for WAAM. Mechanical testing showed increased anisotropy and hardness in components manufactured
by WLAM rather than by WAAM. Sitill, the tensile stress and ultimate strain of single-bead walls elaborated with WAAM
and WLAM processes remain similar to those of 316L steel in its forged state. Heat treatments of the walls resulted in the
dissolution of the ferrite and limited recrystallization at the edges and bottom of the walls. The tiles are characterized by
finer and less elongated grains than the walls, with notable microstructural differences between each process due to the
different shapes of the melt pools.

Finally, a thermomechanical model was developed with the Cast3M software. Based on the geometry of the experimental
walls, this model proved to correctly estimate the temperature field during manufacturing and the final deformation of the
substrate. The model was then applied to adjust the interlayer cooling times and the process parameters to (i) avoid heat
accumulation, (ii) control the cooling rate and (iii) minimize the probability of the appearance of phases detrimental to the
properties of the material.

KEYWORDS

Wire additive manufacturing, Parametric optimization, 316L steel, Microstructural characterization,
Heat treatments, Mechanical properties, Finite element method, Thermomechanical modeling
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