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Nomenclature

Table 1 . Used symbols and units.

Notation Significance Units
General notations

ex Manufacturing direction m

ez Deposition direction m

ey Transverse direction m

X Vector value �
X Second-order tensor value �
X Fourth-order tensor value �

x; xs Points of space (ex; ey; ez) �
n Normal vector �
T Temperature K

Process parameters
dw; vw Wire diameter, wire feed rate m;m:s�1

s Deposition speed m:s�1

Qexp Experimental heat source power W

tint Interlayer cooling times s

Tint Interlayer targeted temperature K

T0 Room reference temperature K

l Argon flow rate m3:s�1

Lwall; Hwall Lenght, height of the wall m

Nlayers Number of deposited layers �
�z Layer height m

drate Deposition rate kg:s�1

El Applied linear energy J:m�1

S Volume of material per unit of length m2

Ev Volume energy density J:m�3

G Thermal gradient K:m�1

R Solidification speed m:s�1

_T Cooling rate K:s�1

Geometry
w Width of the deposited bead m

h Height of the deposited bead m

d Dilution �

Finite elements (FE) mesh

e Finite element domains m3

@
e
R FE-air boundary m2

@
e
T FE-table boundary m2

V
e Volume of 
e m3

e1; e2 Fine, coarse mesh size m

e3 Material addition step size m

�t Computing time step s
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Properties of 316L steel
Tfus Liquidus temperature K

Hmass Enthalpy of melting J:kg�1

� Emissivity coefficient �
�B Stefan-Boltzmann constant W:m�2:K�4

I Irradiance W:m�2

c(T ) Heat capacity J:K�1:kg�1

�(T ) Density kg:m�3

�(T ) Thermal conductivity W:m�1:K�1

�y Yield strength MPa

Thermal analysis
T Nodal temperature �C

q Heat flux density W:m�2

Qcomp Thermal applied power W

Qheat Required power to heat the wire W

Qmelt Required power to melt the wire W

sQ(x; xs) Heat power distribution W:m�3

R0; Z0 Gaussian radii m

�Source Heat source efficiency �
�Num Heat source numerical correction �

H1; H2
Convective exchange coefficients

W:m�2:K�1

with the air, the work table

HR

�
T 3

� Thermal radiation equivalent
K3

“convective coefficient”

Mechanical analysis
U Nodal displacements m

�; " Stress, strain tensors Pa;�
"e; "e; "th Elastic, plastic, thermal strains �
�(T ) Linear thermal expansion K�1

Ce(T ) Hook’s tensor N:m�1; Pa

Ks Clamping elastic stifness N:m�1

R(p) Isotropic hardening variable Pa

f
�
�;R

�
Plasticity criterion Pa

J2

�
�

�
Second invariant of � Pa
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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).

Figure 1 . Simpli�ed classi�cation 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-e�cient

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 100µm [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.

Figure 2 . Applications of components produced by wire additive manufacturing: (a) Propeller of the ship An-
dromède, 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 speci�cally, this thesis aims to better understand the

relationship between various complex e�ects (thermal, �uid, mechanical, metallurgical) occurring during

WAAM and WLAM manufacturing and the �nal microstructure and properties of model components

made of 316L steel. The e�ect 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 di�erent 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 e�ect of processing conditions on microstructure and the

6



CONTENTS

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 solidi�cation kinetics.

Therefore, this work aims more precisely to assess the in�uence 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 �ve chapters:

ˆ 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.

ˆ 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.

ˆ Chapter 3 aims to �nd the optimal manufacturing conditions leading to defect-free components with

regular geometry. The in�uence 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.

ˆ 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.

ˆ Chapter 5 presents a new �nite 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 français

Cette thèse 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 l'étude de la microstructure et

des propriétés de pièces réalisées en acier 316L par fabrication additive par dépôt de �l (WAAM et

WLAM), au travers de caractérisations expérimentales et numériques.

Les procédés WAAM et WLAM sont adaptés à la production de pièces de grandes dimensions aux

géométries moyennement complexes. Le CEA étudie ces procédés a�n de monter en compétence sur

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

La thèse vise à évaluer l'e�et des paramètres des procédés WAAM et WLAM utilisés pour fabri-

quer des pièces 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'e�et de la température.
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CHAPTER 1. BIBLIOGRAPHIC OVERVIEW

Résumé en français du chapitre 1 : revue bibliographique

Les procédés de fabrication additive permettent la production de pièces à la géométrie complexe

tout en minimisant la quantité de matériau utilisée. Di�érentes technologies de fabrication additive

ont été développées (Figure 1.1): la fusion laser sur lit de poudre (L-PBF), le dépôt de matière sous

énergie concentrée avec emploi de poudre (DED-poudre) et le DED avec emploi de �l (DED-�l). En

particulier, les procédés WAAM (Figure 1.3) et WLAM (Figure 1.4) sont basés sur la technologie

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

La technologie L-PBF est adaptée à la fabrication de pièces de petites dimensions avec une géométrie

complexe, étant donné que le procédé possède une grande précision géométrique. A l'inverse, les

procédés WAAM et WLAM permettent la fabrication de pièces de grande taille de par leur taux de

dépôt élevé et le plus faible coût du �l comparé à la poudre. Le procédé WLAM a l'avantage de

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

Plusieurs problèmes doivent encore être résolus avant que la fabrication additive par dépôt de �l ne

puisse être 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 in�uents sur la qualité des pièces fabriquées.

Les principaux paramètres in�uents sur la géométrie des cordons déposés par WAAM et WLAM sont

la puissance de la source d'énergie, la vitesse de dépôt et la vitesse d'apport de �l. Ils contribuent à

modi�er l'énergie linéique appliquée ainsi que le volume de métal déposé par unité de longueur, ce

qui revient à faire varier la densité volumique d'énergie. Une densité d'énergie trop faible ou trop

élevée entraîne le dépôt de cordons à la géométrie irrégulière (Figures 1.8 et 1.9). De plus, dans le

cas de la fabrication de pièces constituées de plusieurs cordons, un mauvais contrôle de la stratégie

de dépôt et du temps de refroidissement interpasse peut provoquer des irrégularités locales et des

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

L'acier inoxydable austénitique 316L, utilisé dans plusieurs secteurs industriels y compris le nucléaire,

a été utilisé dans ce travail. Les pièces en 316L fabriquées par WAAM et WLAM possèdent une

microstructure constituée de grains colonnaires dans la direction du gradient thermique (Figure 1.18),

avec des orientations cristallines résultantes des phénomènes d'épitaxie (le grain formé à l'interface

solide-liquide reprend l'orientation du grain déjà solidi�é) et de compétition de croissance (les grains

ayant leur direction h001i orientée parallèlement au gradient thermique sont favorisés).

Pour les murs monocordons (Figure 1.19), le gradient thermique est unidirectionnel et parallèle à la

direction de fabrication ez . Cela conduit a la formation de grains colonnaires allongés sur plusieurs

dizaines de passes, associés à une texture enh001i k ez correspondant à la direction de croissance

préférentielle.

Dans le cas de blocs multicouches (Figure 1.20), la forme di�érente des bains de fusions entre les

pièces réalisées par WAAM et par WLAM conduit à des microstructures distinctes. Dans le cas du

WAAM, des grains colonnaires dans la direction de fabricationez et une texture selonh001i k ez sont

observés aux extrémités des cordons, tandis que des grains plus petits et une texture selonh011i k ez

sont observés au centre des cordons. Dans le cas du WLAM, la microstructure est majoritairement

texturée selonh011i k ez en raison de la forme convexe des bains de fusion, de manière similaire aux

pièces obtenues avec le procédé L-PBF.

Dans des conditions de solidi�cation typique des procédés WAAM et WLAM, la microstructure des
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1.1. WIRE ADDITIVE MANUFACTURING PROCESSES AND CHALLENGES

pièces en 316L est austéno-ferritique, avec une ferrite sous forme vermiculaire formée au cours d'une

solidi�cation de type FA (Figure 1.22, la ferrite est la première phase formée à partir du métal

liquide). De plus, dans certaines conditions, le cyclage thermique subi par les pièces fabriquées par

WAAM peut permettre la précipitation de la phase intermétallique � (Figure 1.24), néfaste aux

propriétés mécaniques du matériau.

Les propriétés en traction uniaxiale des pièces fabriquées par WAAM et WLAM sont légèrement

anisotropes entre leur direction de fabricationez et leur direction de dépôt ex (Table 1.4). Ces pro-

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

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

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

En�n, divers modèles numériques ont été développés a�n d'étudier les échelles de la pièce fabriquée,

du cordon déposé et son bain de fusion, et de la microstructure. Les modèles sont basés sur la prise

en compte de plusieurs phénomènes physiques, tels que la thermique, la mécanique, la formation de

la géométrie, la mécanique des �uides dans le métal liquide ou les lois de germination et de croissance

cristalline (Figures 1.28, 1.30, 1.32 et 1.34).

Les modèles ont permis une description de l'évolution de la température dans les pièces pendant la

fabrication, de leur déformation �nale, des contraintes résiduelles, de la forme des cordons déposés

et des bains de fusion, ainsi que de la microstructure. Ils peuvent être utilisés a�n d'identi�er un

mauvais contrôle des paramètres des procédés, en mettant en évidence par exemple de l'accumulation

de chaleur dans les pièces, et conduire à l'optimisation de ces paramètres.

1.1 Wire Additive Manufacturing processes and challenges

The scienti�c interest in additive manufacturing has increased signi�cantly since the 90s. Particularly,

research has risen exponentially since 2010 as the processes are reaching a good maturity level and now

have various application �elds [9].

Additive manufacturing o�ers 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 di�cult 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].

Di�erent 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 di�erent additive

manufacturing processes, as well as their application �elds 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:

ˆ 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].

ˆ 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].

ˆ 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 1.1c). 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 di�erentiate 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].

Figure 1.1 . Schematic drawing of the di�erent metallic additive manufacturing technologies: (a) powder bed
system; (b) DED-powder feed system; (c) DED-wire feed system. Adapted from Frazier [21].
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Table 1.1 compares di�erent 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-�y ratio (ratio between material delivery rate and deposition rate)

to 100%. In contrast, the buy-to-�y 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
in red indicate the ranking of one process with the other two on the de�ned criterion.

Property L-PBF DED-powder DED-wire

Buy-to-�y ratio 3. 2. � 30% [23] 1. 100% [22]
Heat input [24] 1. 10� 1 � 1 J/mm 2. 101 � 102 J/mm 3. 103 J/mm

Layer width [24] 1. 0:05 � 0:5 mm 2. 0:5 � 5 mm 3. 1 � 10 mm
Deposition rate [17] 3. 10� 2 � 10� 1 g/s 2. 10� 1 g/s 1. 10� 1 � 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 Dinget 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 �nish

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

di�erences in the solidi�cation conditions and thus di�erent 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. Mukherjeeet 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 e�ect

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 about102 °C/s, against 103 � 104 °C/s for DED-

powder and 106 � 107 °C/s for L-PBF, potentially in�uencing the solidi�cation path [29].
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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 di�erent 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 (WAAM)

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:

ˆ 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 �gure and the rest of this document, ez denotes the manufacturing direction

(in which the layers are stacked),ex the deposition direction (in which the deposition head is moving

during the manufacturing) and ey corresponds to the transverse direction. The wire is then brought

coaxially into the melt pool. Shielding 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].

ˆ 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].

ˆ 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
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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.

Figure 1.3 . Schematic drawing of Wire Additive Manufacturing with di�erent 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 �ber 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]:

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

ˆ 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

Schulzet 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:

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

ˆ if it is too low, the wire is susceptible not to being correctly melted [41].
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Figure 1.4 . Schematic drawing of Wire Laser Additive Manufacturing in di�erent con�gurations: (a) lateral wire
supply, adapted from Heralic [39]; (b) coaxial wire supply, adapted from Bambach et al. [37]; (c) ring-shaped laser

beam [37]; (d) three-point laser beam [40]; (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-e�cient as the e�ciency of the

electrical arc is about 90% compared to e�ciencies 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 Valentinet 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.

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

1.1.4 Applications and challenges of Wire Additive Manufacturing

Additive Manufacturing has shown great interest in various �elds such as:

ˆ the aerospace industry as it ensures optimum material use, especially for expensive Ti-based and

Ni-based alloys, by limiting machining [33];

ˆ 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];

ˆ the medical �eld through the manufacturing of on-demand geometries adapted to each patient [26].

More generally, DED additive manufacturing has applications in various �elds, 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 scienti�c challenges in DED technology remain to be addressed. Several authors identi�ed

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

ˆ 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];

ˆ the presence ofinclusions (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];

ˆ 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 1.6c) in WAAM [55, 3].

They are the consequences of improper calibration of the process parameters;

ˆ 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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ˆ geometrical issues (Figure 1.6e) caused by incorrect deposition strategies for geometrical speci-

�cities in the achieved components, such as �T�-shaped section, angles, crossings or start and stop

sequences [56, 54];

ˆ macroscopic collapses due to the curvature of the deposited beads (stair-stepping e�ect, 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 �at surface to keep it from

�owing due to gravity. The accumulation of the stair-stepping e�ect as the number of deposited

layers increases can result in signi�cant variations between the actual and desired dimensions of the

manufactured components [22]. Heat accumulation caused by insu�cient cooling [33] also lead to

wrong geometry [56];

ˆ delamination of two successive layers due to incomplete melting or insu�cient remelting of the

previous layer [57];

ˆ changes in thechemical composition due to vaporization of alloying elements during the melting

of the metal [17]. These changes in�uence 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,

de�nition of quali�cations, certi�cations 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 a�ect 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]; (c) humping phenomenon during the deposition of carbon steel with GTAW welding pro-
cess [59]; (d) distribution of the residual stresses in the welding direction (x-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 e�ect [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 di�erentiated

based on whether they in�uence 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.

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 di�erent considerations:

ˆ 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.

ˆ E�ciency: Le et al. [65] maximized the bead height and width while minimizing the heat input

while manufacturing single beads with the WAAM process.

ˆ Production rate: To optimize deposition e�ciency, 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 E�ect of processing conditions on the geometry

Ding et al. [22] mentioned that the main process parameters in�uencing the geometry of single beads

deposited with wire additive manufacturing processes are the power of the heat sourceQexp , the wire

feed rate vw and the deposition speeds. Many studies were conducted to assess the in�uence of these

parameters on the geometrical speci�cities of the beads. The following conclusions were reported:

ˆ increase in the wire feed speed increases the widthw 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];

ˆ increase in the wire feed speed increases the height of both WAAM and WLAM single beads [70, 69];

ˆ increase in the deposition speed decreases the width and the height of both WAAM and WLAM

single beads [56, 71];

ˆ increase in power increases the width of single beads manufactured by WAAM and WLAM [70, 69];

ˆ 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;

ˆ 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 e�ect on the width, while the deposition

speed has the most important e�ect on the height of the achieved single beads [62]. Similarly, in the

WLAM process, the laser power has the most important e�ect on the width, while the deposition speed

in�uences the height of the achieved single beads [22].

1.2.2 Volume energy density

The applied volume energy density is the main physical parameter in�uencing the morphology of the

deposited single beads [46]. This volume energy densityEv can be expressed as the fraction of the

linear energyE l (proportional to the ratio of the power of the heat source and the deposition speed,i.e.

E l / Q exp

s ) and the deposited volume of metal per unit of length S (proportional to the ratio of the

wire feed and the deposition speedsi.e. S / vw
s ) [73]. The volume energy density is then expressed as

Ev = E l
S / Q exp

vw
.

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 1.8c), 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, insu�cient 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 �uid �ow e�ects 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 e�ect and (c) wire dripping e�ect in WLAM, acquired using a rapid

camera [41].

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 in�uence the

microstructure of the achieved components by modifying the applied linear energyE l and, subsequently,

the thermal gradients and solidi�cation cooling rates. In addition, the volume energy density has to be

controlled to prevent the formation of porosity within the manufactured layers:

ˆ interlayer pores (Figure 1.10a) are the consequence of lack-of-fusion between two consecutive beads
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caused by insu�cient volume energy density or non-adapted deposition path causing overlapping

issues between two successive beads;

ˆ 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 su�cient 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).

Figure 1.10 . Schematic drawing of (a) lack-of-fusion interlayer porosity, (b) keyholing intralayer porosity and
(c) the e�ect 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 in�uence

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 �T�-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 1.12c 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 �atness of the bead [83, 84]. This variation in microstructure is
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susceptible to in�uence the mechanical properties [83].

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].

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].

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 �attest possible surface [4]. Suryakumaret al. [87] studied the

overlapping of two consecutive beads, as presented in Figure 1.14. To obtain a �at 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 �lled (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 �ll the valley and

obtain a �at surface (Figure 1.14c) has to be 0.738 times the width of the beads.

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) insu�cient 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 a�ects the e�ective volume energy density. If the interlayer cooling time does

not allow the component to cool completely, the remaining heat will be added to the e�ective 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 pro�le in terms of width. According to

Treutler et al. [91], heat accumulation is the consequence of the fact that, in the �rst layers, the heat

is free to distribute by conduction into the substrate (Figure 1.15c), 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 insu�cient 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 su�cient

cooling time to prevent geometrical deformations but without a�ecting the mechanical properties [22].

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 �rst 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 de�nition 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 di�erent 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 speci�c material

property (weldability, corrosion resistance, heat resistance...). In particular, 316 is a speci�c 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 �eld [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 the316L austenitic stainless steel employed in

this thesis.

Figure 1.16 . Simpli�ed classi�cation of 3xx 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

316L < 0:03 2.0 1.00 16.0-18.0 10.0-14.0 0.045 0.03 2.0-3.0 Mo

27



CHAPTER 1. BIBLIOGRAPHIC OVERVIEW

1.3.2 Grain structure

The components achieved by additive manufacturing experience elevated thermal gradients at the liquid-

solide interfaceG and solidi�cation rate R during the process. The ratio between the thermal gradient

and the solidi�cation rate indicates whether the solidi�cation 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 solidi�cation rate ( i.e. the cooling rate) determines the size of the solidi�cation structure:

large grains and dendrites for low cooling rates. Peyre and Charkaluk [98] have qualitatively placed the

di�erent additive manufacturing processes on the mapping of solidi�cation modes (Figure 1.17). Each

additive manufacturing process is expected to experience columnar dendritic solidi�cation. However,

the WAAM process, which operates with the lowest thermal gradient and solidi�cation rates compared

to other processes, is susceptible to experiencing equiaxed dendritic solidi�cation under speci�c 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 solidi�cation along with the thermal gra-

dient (perpendicular to the liquid-solid interface). Columnar solidi�cation 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 solidi�cation) than

at the melt pool boundaries (start of solidi�cation), which resulted in a transition in solidi�cation modes

from columnar to equiaxed solidi�cation (white line in Figure 1.18a). Then, the shape of the melt pool

controls the microstructure by in�uencing the direction of elongation of the grains. Debroy et al. [3] men-

tioned that the shape of the melt pool is in�uenced by the applied linear energyE l . (Figures 1.18b,c,d).

When it increases, the rear of the melt pool becomes inclined, which results in a modi�cation of the

direction of the thermal gradient (Figure 1.18d).

The unidirectional solidi�cation causes additional speci�cities 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 solidi�cation [30]. In addition, several crystal orientations are

favored. In cubic crystals (such as austenite and ferrite),h001i is the preferential growth direction [98].

Growth of grains with a h001i orientation along the thermal gradient will be favored compared to grains

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

Figure 1.17 . Mapping of solidi�cation modes depending on the temperature gradient and the speed of the solidi�-
cation front for di�erent 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 ez , from the bottom to the top of the walls, which results in the formation of elongated grains

through multiple layers [101, 102]. Cambonet al. [103] observed the crystal orientations using EBSD in

a single-bead wall made of 316L steel manufactured by WAAM (Figure 1.19a). Similarly, Xuet 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, ah001i k ez pre-

dominant texture is observed in the single-bead wall achieved by WAAM, as a result of epitaxial growth

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 �rst and the last deposited layer. Similar observations were made by Suet 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 [104].

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. Golandet 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 ah110i k ez texture. This texture resembles the one ob-

served for 316L tiles manufactured by L-PBF. Andreauet al. [111] reported that the manufactured tiles

with L-PBF exhibit a predominating h110i k ez caused by the shape of the melt pool, except in the center

of the beads where ah001i k ez texture is observed associated with grain elongation in the manufacturing

direction (Figure 1.21).

Monier [28] (Figure 1.20b), Palmeira Belotti et al. [112] and Wanget al. [113] analyzed the microstructure

of tiles made of 316L steel with the WAAM process. Two zones with distinct microstructures characterized

the tiles:

ˆ At the edges of the bead (overlapping area OR), the fact that the melt pool is almost �at and

perpendicular to the manufacturing direction led to the formation of a h001i k ez texture. Large

columnar grains elongated with the manufacturing direction were reported, similar to single-bead

walls.

ˆ In the center of the beads (center of fusion zone CFZ), ah110i k ez 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 di�erent grain size and texture.

30



1.3. 316L STAINLESS STEEL PROCESSED BY WAAM AND WLAM

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].

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

Schae�er [115] approximated the 316L steel to a three-element alloy by regrouping the alloying elements

favoring the Face-Centered Cubic (FCC) austenite phase (
 stabilizers: Ni, C, N, Mn) and those favoring

the Body-Centered Cubic (BCC) ferrite phase (ferritizers: Cr, Mo, Si, Nb), under equivalent weight

percentageswt:%Ni eq and wt:%Creq, after ponderation of their contribution (Equations 1.1 and 1.2).

wt:%Creq = wt:%Cr + wt:%Mo + 1 :5 � wt:%Si + 0 :5 � wt:%Nb (1.1)

wt:%Ni eq = wt:%Ni + 30 � wt:%C + 30 � wt:%N + 0 :5 � wt:%Mn (1.2)

By using these ratios, Schae�er et al. [115] estimated that austenitic 316L stainless steels cooled under

the solidi�cation conditions of welding will contain between 5 and 10 vol.% of ferrite, depending on the

exact chemical composition. The typical conditions of solidi�cation 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 solidi�cation 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 di�erent solidi�cation paths can occur based on the chemical com-

position of the alloy (ratio between 
 stabilizers and ferritizers, wt: %Cr eq

wt: %Ni eq
), as schematized in Figure 1.22:

ˆ the AF solidi�cation mode (1:37 < wt: %Cr eq

wt: %Ni eq
< 1:48), in which the alloy primarily solidi�es

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�;

ˆ The FA solidi�cation mode (1:48 < wt: %Cr eq

wt: %Ni eq
< 1:95), in which the metal �rst solidi�es 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 solidi�cation

mode instead of FA mode, depending on the chemical composition of the alloy. Astafurov and Astafurova

reported that both solidi�cation modes were observed in WAAM and WLAM components made of 316L

steel, even if the FA solidi�cation 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 solidi�cation.

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 Schae�eret al. [115] for 316L

steel solidi�ed under the cooling conditions of welding. Longet 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 . Di�erent solidi�cation modes of austenitic-ferritic steels depending on their chemical composi-
tion [118, 97].

Figure 1.23 . 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 solidi�cation cooling rate. Reciprocally, the dendrite

size can be used to estimate the cooling rate at solidi�cation 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 of103 °C/s, than the

WAAM process (102 °C/s).
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