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RESUME

La fusion sélective laser (SLM) est un procédé prometteur qui est en voie de
développement grace aux innovations techniques et aux travaux de recherches actives qui
ont vu le jour dans les récentes années. L'acier maraging (C300), qui appartient a la gamme
des métaux qui peuvent étre mis en ceuvre par la fabrication additive grace a sa bonne
imprimabilité, a été utilisé dans différents domaines, tels que 1’outillage, le moulage,
I’aérospatial, et I’industrie automobile, en raison de ses hautes caractéristiques mécaniques.
Cependant, certaines limitations sont toujours la, y compris le co(t de production, la nécessité
de post-traitement des pieces telles que construites et les effets non encore maitrisés des
différents parameétres du processus et des caractéristiques de post-traitement thermique. C’est
pourquoi la fusion sélective laser des aciers maraging fait toujours un sujet intéressant de
recherche et développement.

Néanmoins, beaucoup reste encore a faire pour perfectionner 1’utilisation de la technique
SLM pour la production des pieces complexes a haute résistance afin d’avoir un procédé
rentable et efficace. Dans cette mémoire, l'influence de plusieurs traitements thermiques sur
les différentes propriétés mécaniques des SLM-acier maraging (C300) ainsi que la sensibilité
des ces propriétés mécaniques aux parametres du procédé, spécialement la puissance laser,
la vitesse de balayage, I’espace d’hachurage et la densité d'énergie laser, ont été examinées
expérimentalement. A cet effet, plusieurs séries d’expériences ont été faites dans le cadre de
la recherche en faisant varier les parameétres de SLM et de traitements thermiques pour
disposer de données satisfaisantes pour pousser I’analyse en profondeur. Les parameétres de
processus SLM et de traitement thermique ont été mesurés pour leur effet sur la formation
de défauts, la microstructure et les propriétés mécaniques. Des outils statistiques tels que
I’ANOVA sont utilisés pour cela, précédés d’une planification d’expérience faisant appel a
la méthode Taguchi et un design factoriel complet. L’optimisation est faite a 1’aide d’outils
numériques qui sont des méthodes itératives et algorithmiques aidant a trouver les valeurs
optimales. Les résultats de 1’étude ont montré 1’efficacité de cette approche en mettant en
avant la sensibilité et ’apport des traitements thermiques en termes des performances
mécaniques.

Mots clés : fusion laser sélective, paramétres de procédé, acier maraging, traitement
thermique, propriétés mécaniques, optimisation, Taguchi, ANOVA.
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ABSTRACT

Selective laser fusion (SLM) is a promising process, which is under development
thanks to the technical innovations and the active research works which have emerged in
recent years. Maraging steel (C300), which belongs to the range of metals affected by
additive manufacturing thanks to its good printability, has been used in different fields, such
as tooling, casting, aerospace, and automotive, due to its high mechanical characteristics.
However, some limitations are still there, including the cost of production, the necessity of
post-treatment of as-built parts, and the unchecked effects of various process parameters and
heat post-treatment characteristics. Therefore, the selective laser melting of maraging steels
is still a curious subject of research and development.

However, much remains to be done to perfect the use of the SLM technique to produce
complex high-strength parts, in order to have a cost-effective and efficient process. In this
paper, the influence of several thermal routes on the different mechanical properties of SLM-
steel maraging (C300) as well as the sensitivity of these mechanical properties to process
parameters, especially laser power, scanning speed, space hatching, and laser energy density,
have been investigated experimentally. To this end, several series of experiments have been
carried out within the framework of the research by varying the parameters of SLM and heat
treatments to obtain satisfactory data for further analysis in depth. SLM process and heat
treatment parameters were measured for their effect on defect formation, microstructure, and
mechanical properties. Statistical tools such as ANOVA are used for this preceded by an
experiment planning using the Taguchi method and a full-factorial design. The optimization
is done using numerical tools which are iterative and algorithmic methods helping to find the
optimal values. The results of the study showed the effectiveness of this approach by
highlighting the sensitivity and contribution of heat treatments in terms of mechanical
performance.

Keywords : selective laser melting, process parameters, maraging steel, heat treatment,
mechanical properties, optimization, Taguchi, ANOVA.
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INTRODUCTION GENERALE

1. GENERALITES

Les aciers maraging, qui sont des typiques alliages fer-nickel martensitiques avec une
faible teneur de carbone et un taux important d’éléments d’addition, possédent une haute
propriété mécanique, telle qu'une ténacité €levée a des niveaux de résistance €levés, une
excellente fabricabilité, une excellente soudabilite, une préecision dimensionnelle, et une
simplicité du traitement [1]. Pour ces raisons, les aciers maraging sont largement utilisés dans
des industries requérant de hautes précisions, tels que le moulage [2], I’outillage [3],
I’industrie automobile [4-5] et ’aérospatiale [6-7]. Ces aciers sont caractérisés par une
structure martensitique typique durcissable par des traitements thermiques de vieillissement
[8]. La tendance industrielle vers des aciers plus résistants est encore la, car elle permet une

certaine optimisation de masse en gardant de bonnes résistances pour une application donnée.

La fusion sélective laser (SLM), a coté des autres techniques de fabrication additive (AM),
est une technique de production en développement chaque jour [9]. Elle est capable de
produire des pieces a géométries complexes en petits lots de production et pendant le
prototypage, a partir d’un modéle CAO. A raison de ces différents avantages par rapport aux
méthodes traditionnelles en termes de propriétés physiques et mécaniques, y compris la
liberté, la simplicité et la flexibilité en termes de conception, le gain en termes de matiére
premiére qui peut aller jusqu’a 40 %, ainsi que la création de composants complexes a haute
résistance, la technique SLM a trouvé diverses utilisations dans plusieurs secteurs,
notamment les milieux médicaux, I’industrie automobile et aérospatiale [10]. Cependant le
processus SLM met en jeu une variété des phénomenes physiques complexes, tels que le
transfert de chaleur, le transfert de masse, le phénoméne d’absorption et le mouvement fluide

au sein de bain de fusion [11]. Par conséquent, de nombreuses études liées au traitement



d’une large gamme des matériaux attachés a I’AM en général et au SLM en particulier, y
compris les alliages d’aluminium [12], les alliages de nickel [13], les alliages de titane [14],
les aciers inoxydables [15] et les aciers outils [16-17]. En raison de la complexité physique
et de I’hétérogénéité microstructurale générée, I’optimisation des parameétres de processus et
de traitement thermique, qui est généralement indispensable, devient un probléme critique
fréquent. Un volume considérable de recherches a été publié sur différents matériaux qui
peuvent étre fabriqués de maniere additive. Thijs et al. [14] (2010) ont étudié I’évolution
microstructurale lors de la fusion laser sélective de Ti-6Al-4V. Liverani et al. [15] (2017) ont
investigué D’effet des paramétres du procédé de fusion sélective au laser (SLM) sur la
microstructure et les propriétés mécaniques de I’acier inoxydable austénitique 316 L. Tao et
al. [13] (2019) ont expliqué le mécanisme de la croissance cristalline, I’espacement
intercellulaire et la microségrégation du superalliage Inconel 718 fondu au laser sélectif.
Read et al. [12] (2015) ont optimisé les parametres de processus pour I’alliage d’aluminium
fondu au laser sélectif et étudié la microstructure et les propriétés mécaniques. Liu et al. [18]
(2020) ont étudié I’influence du pressage isostatique a chaud (HIP) sur les propriétés

mécaniques de I’alliage de magnésium produit par fusion laser selective (SLM).

Concernant les aciers a outils, qui ont généralement une tendance a devenir cassants sous des
vitesses de refroidissement rapides, ce qui est I'une de difficultés de processus SLM.
Cependant, les aciers maraging, en particulier le 18Ni (300), qui obtiennent leur dureté et
leur résistance a partir d’un processus de traitement thermique aprés la construction sont
souvent utilisés, car ils restent ductiles pendant la fabrication, empéchant la formation de
fissures. Les aciers maraging sont donc des candidats évidents pour I’AM en générale, et la
SLM en particulier, surtout que leurs performances mécaniques sont déja élevées via les
techniques traditionnelles. Ils sont bien impliqués dans des applications automobiles [4-5],
aéronautiques [6-7], ainsi que les outils de production [3]. Ils acquirent le caractére maraging
(résistant) de sa microstructure martensitique renforcée par des nano-inclusions suite a des

traitements thermiques de vieillissement [8].



La formation de martensite suite a des traitements en solution peut étre atteinte a des
températures d’austénitisation et des vitesses de refroidissement plus faibles, en raison du
taux élevé de nickel qui permet une plus grande flexibilité sur les conditions de traitement
sans compromettre la résistance du matériau [19]. Les nano-inclusions permettent une
ténacité, une résistance, et une dureté plus élevée sans compromettre la ductilité [20]. En
raison de leurs performances mécaniques supérieures, la fabrication de certains composés
d’outillages, d’automobiles ou d’aérospatiaux a partir d’acier maraging (C300) via AM est
un sujet de recherche difficile, qui tire encore ’attention des chercheurs. Parmi les techniques
AM existantes, la fusion sélective laser (SLM) est la méthode la plus utilisée pour la
production d’aciers maraging. Un nombre considérable de recherches sur I’acier maraging
fabriqué par fabrication additive ont été menées ces dernieres années. Le contenu de la
recherche couvrait I’ optimisation des procédés, la microstructure, la dureté, les performances

de traction, les performances d’impact et le traitement thermique.

Wau et al. [16] (2020), Becker et al. [17] (2016), et Kempen et al. [21] (2011) ont étudié les
effets des parametres de procédé et du traitement thermique sur I’acier maraging fondu au
laser sélectif. Ils ont découvert que la densité relative maximale de la piece fondue au laser
sélectif pouvait atteindre plus de 99 % et que la résistance a la traction ultime dépassait
1200 MPa & I’état tel que construit et 2000 MPa aprés un traitement de mise en solution et
de vieillissement. Les traitements utilisés peuvent étre considérés comme longs (le temps
total de traitement varie entre 5 et 50 heures). Ullah et al. [22] (2020) et Mooney et al. [23]
(2019) ont rapporté I’anisotropie plastique de piéces 18Ni (300) avec trois directions de
fabrication (0, 45° et 90°) fabriquées a 1’aide d’une machine de fabrication additive laser.
Cependant, un traitement thermique peut diminuer significativement cette anisotropie. Ils ont
observé que ’orientation horizontale (0°) génére une dureté plus élevée que 1’orientation
verticale (90°) et I’orientation inclinée (45°). De Oliveira et al. [24] (2021) ont constaté que
les échantillons avec une direction verticale a 90° offrent un meilleur comportement a la
compression et une meilleure capacité d’absorption d’énergie que les piéces horizontales a
0°.



D’autre part, ils ont signalé que les échantillons traités thermiquement peuvent
atteindre une résistance a la compression ultime plus élevee que les piéces telle que
construite, avec une contrainte totale et une capacité d’absorption d’énergie trés inférieure.
Un pic de contrainte de compression similaire (~ 200 MPa) a été rapporté par Contuzzi et al.
[25] (2013), a I’état tel que construit. Meneghetti et al. [26] (2017) ont rapporté que les
échantillons d’acier maraging orientés 0° fabriqués de maniere additive présentaient une
résistance a la fatigue inférieure a celle des échantillons orienter 90°. Yao et al. [27] (2020)
ont illustré que compte tenu de I’hétérogénéité du gradient de température, de la distribution
de I’apport de chaleur et du taux de croissance, la microstructure de I’acier maraging SLM
(C300) présente deux morphologies différentes, qui sont une sous-structure équiaxe et
colonnaire. Ils ont observé que les échantillons tels que construits ont une orientation de grain
aléatoire avec des textures faibles, ce qui est attribué au motif de balayage du faisceau
(rotation de 67°). Condé et al. [19] (2019) ont étudié I’influence du traitement thermique sur
la microstructure et les propriétés mécaniques. Les résultats ont montré que le traitement de
vieillissement direct sans traitement en solution pouvait conduire a la dureté et a la résistance
a la flexion les plus élevées avec une composition non homogénéisée conservée. De plus, la
température plus élevée était nécessaire (980 °C) pour obtenir la dissolution efficace de la

microstructure telle que construite.

**k*

2. PROBLEMATIQUES

La complexité physique aura lieu au cours du processus SLM, les effets de paramétres
de processus incontrélables, ainsi que les longs traitements thermiques indispensables restent
toujours les majeures difficultés face a I’industrialisation en masse du processus SLM pour
les aciers, y compris les aciers maraging. Diverses recherches ont atteint les propriétés
mécaniques les plus élevées apres le traitement de vieillissement en optimisant la température
et le temps de vieillissement, comme Wu et al. [16] (2020) (vieillissement a 550 °C pour
50 heures), Condé et al. [15] (2019) (traitement en solution a 820-980 °C pour 1 heure +
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vieillissement a 420-480 °C pour 3-6 heures), Becker et al. [17] (2016) (traitement en
solution & 830 °C pour 1 heures + vieillissement a 490 °C pour 6 heures), et Kempen et al.
[21] (2011) (vieillissement & 480 °C pour 5 heures). Néanmoins, il reste encore de quoi a
faire, y compris la sensibilité des performances mécaniques des aciers maraging aux
paramétres de processus de fusion sélective laser SLM, I’optimisation des paramétres de
processus et I’affinement de leur effet sur les performances mécaniques, 1’optimisation des
paramétres de traitement thermique sans compromettre les niveaux éleves des performances
mécaniques, I’usinabilité de I’acier maraging fabrique par SLM et I’effet des parametres de
processus d’usinage, ainsi que la modélisation et la simulation de la fusion sélective laser des

aciers maraging.

**k*x

3. OBJECTIF DE L’ETUDE

L’objectif de cette étude est de comprendre les effets du traitement en solution et du
traitement de vieillissement sur les propriétés mécaniques des échantillons d’acier maraging
(C300) fabriqués par fusion laser sélective et d’établir des corrélations entre la dureté et les
propriétés de processus de traitement thermique, d’une part, ainsi que d’investiguer la
sensibilité des performances mécaniques de 1’acier maraging (C300) aux parameétres de
processus SLM, d’autre part. Pour réaliser le premier objectif spécifique qui est
principalement axé sur 1I’exploration de 1’effet des paramétres des traitements thermiques en
solution et de vieillissement, des travaux expérimentaux pour mettre en évidence 1’effet de
la solution de refroidissement, la température et le temps de vieillissement seront menés. Une
interrelation de corrélation entre la dureté et ses différents paramétres de processus thermique
sera mise en place. Ces recherches ont pour but de recommander un traitement thermique
optimal de courte durée, par rapport aux durées les plus fréquentes de la littérature, qui sont

en général 1 heures pour le traitement en solution et 5-6 heures pour le vieillissement.
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Le second objectif spécifique vise a maximiser le plus possible I’efficacité de la fusion
sélective laser des aciers maraging, plusieurs travaux d’analyses sont nécessaires avant
d’atteindre le but ultime. Un de ces objectifs est de savoir I’effet des parametres de processus
sur la qualité et les performances mécaniques des piéces finales qui en découlent et dégager
une tendance a partir cette analyse pour pouvoir améliorer le processus. Ces recherches ont
pour but d’investiguer profondément la sensibilité des performances mécaniques de 1’acier
maraging (C300) aux paramétres de processus de fusion sélective laser (SLM). Des travaux
d’optimisation vont permettre de trouver les paramétres optimaux pour avoir la meilleure
soudure selon les critéres d’évaluation qui ont été admis dans cette étude, c’est-a-dire la

microstructure et les propriétés mécaniques.

*k*

4, METHODOLGIE

La premiére phase du travail consiste a déterminer 1’effet de paramétres de traitement
thermiques en solution et de vieillissement de courte et moyenne durée, spécialement la
solution de refroidissement, la température de vieillissement et le temps de vieillissement,
ainsi que d’optimiser ce processus thermique pour obtenir les meilleures performances
mécaniques. Pour cela, plusieurs séries de traitements thermiques, élaborées suivant un plan
d’expérience Taguchi des trois facteurs a trois niveaux, seront conduites. Le plan
d’expérience Taguchi tient compte des combinaisons indépendantes les plus significatives
entre les divers niveaux de parametres. Les travaux de fabrication par fusion sélective laser,
d’une série des coupons de traction, seront exécutés en suivant ce plan en collaboration avec
le centre d’Investissement Québec « CRIQ ». Les coupons fabriqués seront soumis a une
caractérisation de microstructure, a des tests de dureté, et a des essais mécaniques de traction
conformément au standard ASTM E8. Ces caractérisations mécaniques et métallurgiques
seront faites dans les laboratoires de génie de mécanique de 'UQAR et de L’ETS.
Considérant la dureté des coupons tels que construits et traités thermiquement, une fois les

résultats expérimentaux obtenus, des outils d’analyses statistiques comme I’ANOVA seront
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appliqués pour déterminer I’effet des paramétres de processus thermique sur la qualité et les
performances mécaniques de 1’acier maraging (C300) fabriqué par SLM. Un modele de
prédiction sera développé a partir des analyses pour déterminer a I’avance la dureté des pieces
en acier maraging (C300) fabriquées par SLM a partir des paramétres de traitement thermique
considérés. Le modele servira également a I’optimisation des parameétres de traitement
thermique par I'usage d’une surface de réponse qui permettra de déterminer les valeurs

optimales.

La seconde phase est I’exploration ayant pour but de voir la sensibilité des
performances meécaniques des aciers maraging aux parameétres de processus SLM. Les
parametres de processus considérés sont la puissance laser, la vitesse laser, et 1’espace
d’hachurage. L’ optimisation commence par 1’exploitation des résultats de 1’exploration en
définissant des plages de parametres qui seront utilisés pour la construction du plan
d’expérience. Pour cela, un plan d’expérience Taguchi des trois facteurs a trois niveaux sera
élaboré. Les travaux de fabrication par fusion sélective laser, d’une série des coupons de
traction, seront exécutés en suivant ce plan en collaboration avec le centre d’Investissement
Québec «CRIQ». Les coupons fabriqués seront soumis a une caractérisation de
microstructure, a des tests de dureté et a des essais mécaniques de traction conformément au
standard ASTM EB8. Ces caractérisations mécaniques et métallurgiques seront faites dans les
laboratoires de génie de mécanique de 'UQAR et de L’ETS. Une fois les résultats
expérimentaux obtenus, des outils statistiques comme 1’analyse de la variance ANOVA
seront menés pour connaitre I’importance et 1’effet des parametres de processus SLM
considérés sur les propriétés de 1’acier maraging (C300). L analyse statistique permettra de
proposer des modeles de prédiction permettant une estimation de la densification et des
propriétés mécaniques a partir des paramétres. Le modéle servira également a 1’optimisation
des parametres de processus par 1’'usage d’une surface de réponse qui permettra de déterminer

les valeurs optimales.

*k*k
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5. STRUCTURE DU MEMOIRE

Ce manuscrit s’articule en quatre parties principales. Le premier chapitre est une synthese
bibliographique et une mise en situation générale. Il dresse un état de I’art des procédés de
fabrication additive métallique, en donnant une attention spécifique au processus SLM. Le
principe d’AM, les techniques, les domaines d’applications, les matériaux attachés, les

parametres les plus influents et les défauts typiques sont présentés.

Le chapitre 2 est dédié a la description spécifique de statuts présents de progression de la
fusion sélective laser de I’acier maraging. La microstructure typique, les propriétés finales
de ’acier maraging, 1’état courant, les problématiques et les perspectives sont présentés et
comparés a ceux de I’acier maraging (C300) obtenu par voie conventionnelle. Les chapitres
suivants sont consacrés a la présentation des résultats expérimentaux et d’optimisation, qui

répondent aux premiers et deuxiémes objectifs.

Le chapitre 3 traite de I’influence des paramétres de post-traitements thermiques considérés
sur la microstructure et les propriétés mécaniques de 1’acier maraging. Les évolutions
microstructurales et mécaniques, suite aux traitements thermiques, obtenus sur I’acier
maraging, sont analysées et étudiées. Une optimisation statistique suivant une approche
ANOVA est conduite, pour délivrer un modéle de prédiction de dureté a partir des parameétres
de post-traitements thermiques considérés. La validation des parametres optimaux de post-

traitements thermiques est effectuée a travers les tests de traction.

Le chapitre 4 traite de ’influence des principaux paramétres du procédé (puissance laser,
vitesse de balayage, espace d’hachurage) sur la microstructure et les propriétés mécaniques
de I’acier maraging (C300) élaboré par SLM. Cette partie vise a déterminer la sensibilité de
propriétés mécaniques en termes de parameétres de processus et a mieux comprendre les

interactions entre les parametres SLM et les propriétés finales de 1’acier maraging (C300).

*kx
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1.1 RESUME EN FRANCAIS DU PREMIER ARTICLE

L attention industrielle et académique a la fabrication additive métallique (MAM) s’est
accrue ces derniéres années, en particulier en ce qui concerne diverses techniques
d’adaptation de FA, I’optimisation des processus, la microstructure et la caractérisation
mécanique. Cela est d0 a sa capacité a supprimer toutes les difficultés et complexités
géométriques. En théorie, aucune forme n’est inaccessible avec I’impression 3D, ouvre la
voie a des créations qui seraient impossibles a réaliser avec les techniques de production
traditionnelles. Plusieurs travaux de recherche ont été menés couvrant différentes pistes, dans
le but d’étudier les procédés de fabrication métallique additive laser appliqué a de multiples
matériaux. Cependant, de nombreuses lacunes subsistent encore dans le domaine, et doivent
étre explicitement étudiees afin de permettre aux chercheurs d’explorer d’autres directions.

C’est pourquoi un examen périodique est necessaire afin de mieux comprendre I’évolution


mailto:Faical.Habassi@uqar.ca

des processus AM puisque la technologie AM se développe rapidement et se poursuit sans

relache.

A cette fin, le présent manuscrit vise & mener une étude approfondie des principes du MAM,
des matériaux compatibles, des avantages et des limites, ainsi que de ses différentes
technologies ou systemes. Une grande attention sera accordée aux systémes a lit de poudre
(en particulier la fusion laser sélective (SLM)). De plus, ses paramétres de processus les plus
importants, leurs effets, ainsi que les principaux défauts rencontrés dans les techniques AM
et/ou SLM, tels que la porosité, I’imprécision, la contrainte résiduelle et d’autres problemes
courants identifiés dans la littérature, seront présentés. Dans |I’ensemble, cet article fournit
un apercu complet de I’état de I’art des techniques de FA, de leurs méthodes de contréle, des

défis et des orientations de recherche futures possibles.

Ce premier article, intitulé « Metallic Additive Manufacturing : techniques, process design,
main defects, state of art and present statement » fut essentiellement rédigé par son premier
auteur Faical Habassi qui a également conduit une recherche bibliographique approfondie de
la littérature récente afin d’explorer un rapport présent de 1’état actuel et I’avancement de la
technologie de fabrication additive. L’article donne un intérét spécial a la technique de fusion
sélective laser (SLM). Noureddine Barka est le second auteur de cet article. Il est a I’origine
de ce projet de recherche en proposant I’approche et la méthodologie pour aborder la
problématique. 11 a également contribué¢ a 1’amélioration de la rédaction pour la version
finale. Le troisiéme auteur de I’article est Mohammed Jahazi qui a apporté son expertise du

domaine de matériaux et procedé de fabrication.

1.2 TITRE DU PREMIER ARTICLE

Metallic Additive Manufacturing: techniques, process design, main defects, state of art

and present statement
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1.3 ABSTRACT

Industrial and academic attention to metallic additive manufacturing (MAM) have
grown in recent years, particularly with respect to various AM adaptation techniques, process
optimization, microstructure, and mechanical characterization. This is due to its ability to
suppress all geometric difficulties and complexities. In theory, no shape is unattainable with
3D printing, which paves the way for creations that would be impossible to achieve with
traditional production techniques. Several research works have been carried out covering
different tracks, in a bid to investigate laser additive metallic manufacturing processes
applied to multiple materials. However, many gaps still remain in the field, and must be
explicitly studied in order to allow researchers to explore other directions. That is why a
periodical review is required in order to better understand the evolution of AM processes

since AM technology is developing rapidly and continues unabated.

To this end, the present manuscript aims to conduct an in-depth study of MAM
principles, compatible materials, benefits and limitations, as well as its different technologies
or systems. Great focus will be given to powder bed systems (especially selective laser
melting (SLM)). Additionally, its most important process parameters, their effects, as well
as the main defects encountered in AM and/or SLM techniques, such as porosity, inaccuracy,
residual stress, and other common problems identified from the literature, will be presented.
Overall, this paper provides a comprehensive outlook on the state of the art of AM

techniques, their control methods, challenges, and possible future research directions.

1.4 INTRODUCTION

Unlike most conventional manufacturing techniques, such as machining, casting, and
forging, which are based on material shrinkage, additive manufacturing, also known as 3D
printing, rapid prototyping, or free-form manufacturing, is a process for producing parts by
adding materials in successive layers, without tools, from numerical data in a 3D model [1-

2]. The primary advantage of AM is that no shape is impossible using it. Indeed, 3D printing
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paves the way for creations that would be impossible to achieve with conventional production

techniques.

The very first AM technique used was stereolithography. A patent registered under the
title Device for Producing a Model of an Industrial Part was published on July 16, 1984, by
Jean-Claude André et al. [3] on behalf of the Cilas-Alcatel corporation. About a month later
(August 8, 1984), Charles W. Hull [4] filed a patent for the same technology. In 1986, the
first company (3D Systems) founded by Charles W. Hull [4] commercialized the
stereolithography process.

However, the manufacture and sale of stereolithography machines did not begin until
1997 by the French company Optoform, founded by André-Luc Allanic and Philippe
Schaeffer. The company was acquired in 2001 by 3D Systems. Additive manufacturing is
therefore not a very recent technique and has in fact been used for more than 2 decades in the
industrial market. Nevertheless, over this period, its industrial use has mainly been dedicated

to prototyping, not to producing service components [5-6].

The additive manufacturing process [ASTM 52915 [7]] follows several general steps:
design, slicing, programming, manufacturing, and support structure removal to obtain the
final product (Figure 1.1). A file designed in CAD is usually generated in STL format. Next,
a fixed-thickness digital slicing in horizontal layers are applied to the part. The thickness of
the layers is one of the most important process parameters and is defined as a function of the
manufacturing technology and the material used. The orientation of the part in space must
also be considered since it has a significant influence on the actual fabrication and on the
result. The next step, which is the production of the part, could take long to accomplish,
depending on the process parameters. Once the 3D printed product is complete, post-
processing is usually applied for dimensioning purposes in order to remove or reduce any
residual stresses. Other finishing operations (polishing, machining, etc.) can then be applied

to obtain the final part.
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MAM is based on the principle of using high-power energy sources to incrementally
fuse metal powder and ensure controlled re-solidification, layer by layer. The technology can
produce complex geometries in pure metals or alloys to meet the needs of various industrial
sectors and can be applied through several processes or technologies. Of all the MAM
processes, the literature treats powder bed melting (PBF) as the most promising additive
metal building process capable of achieving the most complex geometric patterns. The
process is highly applicable in a wide range of industrial sectors, including biomedicine,
automotive and aerospace. Selective laser melting (SLM), direct metal laser sintering
(DMLS) and electron beam melting (EBM) are the primary metallic additive manufacturing
(MAM) applications belonging to the 3D powder bed fusion printing family [8-13].

Although considered the most promising process for creating high quality parts in
terms of mechanical performance, powder bed fusion faces certain challenges and
limitations. These are related to securing a good surface finish, a homogeneous and porous
microstructure, high static mechanical properties, and a high fatigue life. These limitations
are attributable to the complex interactions between the different physical (thermal heat and
mass transfer), mechanical (fluid flow) and metallurgical (phase change and microstructural
evolution) behaviors seen during laser metal AM. The simultaneous existence of these
different phenomena gives rise to instability among thermal gradients and other process
variability [14-15], and thus, of fusion. It is therefore clear that the process parameters and
the raw material characteristics significantly affect the resulting mechanical and
microstructural performance, and these effects are of critical interest for MAM. This
multiphysics problem must therefore be thoroughly understood in order to develop and

optimize the MAM process.

To overcome the above challenges, several experimental investigations have been

conducted [16-18]. As an aside, it should be noted that such work can be quite time
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consuming and costly. Some such research [16-18] has focused on numerical process
simulation, which can represent a promising tool for understanding this multiphysics
problem. These works attempt to develop numerical prediction models to control the thermal
behaviour, allowing it to understand the heat and mass transfers that will take place during
MAM. The models and simulations in this process fall short in terms of providing a
quantitative representation of prediction accuracy, and this hinders their application in
process control and optimization. This explains the difficulty of finding models that are ready
to be adapted for this problem, and why the degree of accuracy and uncertainty of the models
must be studied repeatedly.

The objective of this work is to review MAM in general (section 2), which will help
us to later align our study with the resources and objectives of research carried out under the
auspices of the University of Quebec at Rimouski’s additive manufacturing research unit.
The rest of the article is broken down as follows: Section 3 presents the basics of the laser
powder bed fusion (L-PBF) process, especially the SLM method, as well as a summary of
previously published journal articles. Concluding remarks are then presented at the end of

the article.

1.5 NOMENCLATURE

AM: Additive manufacturing

MAM: Metallic additive manufacturing
3D: Three-dimensional

PBF:  Powder bed fusion

SLM:  Selective laser melting

DMLS: Direct metal laser sintering

HIP: Hot isotactic pressing
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1.6 METALLIC ADDITIVE MANUFACTURING

1.6.1 definition

MAM, as a manufacturing process, is based on the superposition of layers of metal

created one by one to build a 3D object. When creating a layer, a high-power energy source
(laser, arc or electron beam) is used to melt the raw material, usually a metal powder. The

molten material then undergoes a controlled re-solidification to create a layer of defined

thickness.

Various types of MAM equipment are commercially available. Metal FA is present in

several systems within the industrial market, with MAM processes varying from one piece

of equipment to another. These systems can be classified into families or categories.

Table 1.1 presents the seven best known metallic and non-metallic additive manufacturing

categories. These generally fall under wire feed, powder feed and powder bed systems. Each

type has certain advantages, depending on its intended applications.

Table 1. 1. 7 Types of Additive Manufacturing [7].

AM Type

Definition

VAT
Photopolymerization

A liquid photopolymer immersed in a vat is selectively cured by
light-activated polymerization.

Sheet Lamination

Selectively cut sheets of material are bonded to form an object.

Material Jetting

Droplets of material are deposited from a nozzle that moves
horizontally over the construction platform, where
solidification is produced using ultraviolet (UV) light.

Binder Jetting (3D
Printing)

A liquid bonding agent is selectively deposited to bond powdery
materials.

Material Extrusion

the material is selectively distributed through a nozzle or
through an orifice. Example: FDM Fused Deposition
Modeling.

Powder Bed Fusion

Thermal energy selectively melts some areas of a powder bed.

Directed Energy
Deposition

Focused thermal energy is used to melt materials during
deposition.
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1.6.2 Terminology

The vocabulary defined in this section summarizes some of the concepts and

conventions encountered when studying additive manufacturing (see Figure 1.1):

o Substrate: Support on which the part is manufactured.

o Deposition: Contribution of material obtained with a heat source and a metal wire.

o Layer: All passes deposited at a given height relative to the substrate. A layer may
consist of one or more passes.

o Deposition direction: Direction of movement of the impact of the heat source on the
substrate or the lower layer. It also corresponds to the direction in which the pass is
made.

o Fabrication direction: The direction in which the part is fabricated. It is normal to the

layer.

Build Material
Filament

Heated Nozzle

Current Filament

Print Bed
Figure 1. 1. Same terms used in metallic additive manufacturing (AM) [21].
o Deposition speed: The speed at which the point of impact of the heat source moves
relative to the substrate or lower layer.
o Deposition rates: Amount of metal deposited per unit time in a continuous deposit. It
is generally expressed in kg/h or cm3/h.

o Wire speed: Speed at which the wire is unwound into the molten bath.
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o Manufacturing speed: Speed at which the part is manufactured. It takes time into

account.

1.6.3 Materials

Depending on the process, numerous materials can be used in MAM: titanium alloys

(e.g., Ti-6Al-4V), aluminum alloys (e.g., AISi10Mg), nickel alloys (e.g., Inconel718), as well

as steels such as C-Mn steels, stainless steels, and tools/maraging steels. The range of

materials used is given in Table 1.2.

Table 1. 2. List of the main metals used in metallic AM [19-23].

Metallic alloys

Example of alloys
Maraging 200/250/300

Tool steels H13

AISI 420

Ti-6Al-4V
Titanium .

Titanium Grade 2

Ti-Al6-Nb7

SS 316L
Stainless steel

15-5 PH

SS 440
Aluminum Al-Mg-Sc/Scalmalloy

Inconel 718
Nickel / Inconel

Inconel 625

Inconel 738

CoCrwWC
Cobalt-chrome

ASTM F75
Hastelloy Hastelloy X
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Copper CC 480 K

1.6.4  Development Interests and Limitations

AM was not invented to replace all the other traditional manufacturing techniques
(machining, molding, welding, forming, casting, shaping, sintering, forging, injection, etc.).
Rather, it is a complementary technique dedicated to the realization of creations that would
be impossible with traditional techniques, as well as to the production of small series, notably

the mass manufacture of customized parts.

164.1 Benefits of the AM Process

Metallic AM technologies provide many essential benefits [20-29], including:

o Freedom of Design: No shape is impossible. 3D printing goes beyond traditional

production techniques and paves the way for more varied creations (Figure 1.2).

Figure 1. 2. SpaceX AM built Super Draco rocketengines [24].

o Parts relief/lighter parts: AM provides a good level of topological optimization
(Figure 1.3).

o Raw material economy: Raw material consumption is up to 25 times lower than
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with machining.
o Part customization and repair (Figure 1.4): A key advantage of AM is that it
allows the mass production of customized parts. It is also very suitable for the

repair of metal parts.

o Removal of assemblies and welds: Manufacture of permanently articulated parts
in one step [30].

Original Part
Volume: 263,346 cubic mm
Mass: 2.06 kg

Topology Optimized Part
Volume: 97,884 cubic mm
Mass: 0.766 kg

Figure 1. 3. Examples of topological optimization in AM [28].

o Manufacture without specific tools: AM is a stand-alone technology that does
not require the use of specific tools.

Figure 1. 4. The repair of damaged Titanium blisk using lasers metal deposition process
[29].
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1.6.4.2 Technology Limitations to the Development of AM in Industry

Like all other manufacturing processes, AM has certain limitations. There is general
agreement that while the market in this area is growing very rapidly, it is not yet mature.
Among the main limitations to the development of this process are the printing time and the

machine cost. The following factors also represent obstacles for manufacturers:

o Room size/area: In the case of powder bed technology, the size of the room is
limited to the size of the powder bed (in SLM 800 machines: 500 x 280 x 850)
[30].

o Surface finish of the final object: AM is unable to achieve the same quality
obtained through conventional machining, and 90% of parts are returned for
machining. On average, roughness (Ra) and precision are respectively 5to 20 um
and 0.1 to 0.5 mm. Post-processing requires more time than machining.

o Customized approaches for selected metals: Hard-to-weld alloys require specific
approaches.

o Lack of reliability: AM processes are not yet sufficiently repeatable.

o Small series only: AM is generally only suitable for single or small series.

o Multiple skills: The technology requires a high level of skill and process control.

1.6.5 Metallic AM systems

In this section, only applications of laser MAM are classified into different categories,
although several other technologies do exist as well. The classification criteria used are
related to the nature of the energy source, the type of feedstocks/raw material supplies, the
maximum construction volume, etc. Three main families are considered: (i) wire feeding

systems (ii) powder feeding systems, and (iii) powder bed systems that interest us most.

The section also provides a detailed review of the three process categories.

Technological solutions for additive manufacturing are presented and discussed.
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(i) Wire-powered/wire feed systems

Metal AM processes using a wire feedstock may be adapted to units that include a laser,
electron beam or plasma arc energy source [31]. In addition to the diversity of the energy
source, wire feed systems differ from the others in terms of deposit accuracy, adaptability to
high deposit rate treatment, large construction volumes and installation costs. However,

further machining operations should be applied to final products.

A laser wire AM unit is composed mainly of a laser source, a numerically
controlled/CNC robot, a welding head and a wire feed load. This is in addition to other

accessories such as tray preheating devices and gas protection devices.

Gun
Motions

Wire Feeder

EB Gun

———

Electron Beam

/ Molten Alloy Puddle

Prior Deposit

Re-solidified Alloy PR

Figure 1. 5. Laser-wire process principle [31].

The principle of this process, described in Figure 1.5, is that a set of photons are used
to create a melting bath on the substrate or on the previous layer and to merge the input metal
to obtain a deposition. The focal spot and thread must be precisely adjusted and positioned.
These settings vary depending on the behaviour of the alloy used during the deposition, as

well as on its laser beam absorption characteristics.

The laser wire process is applicable on a wide range of materials such as aluminum-
based alloys, titanium or nickel alloys, stainless steels and C-Mn steels. It is mainly applied

with titanium alloys “Ti-6 Al-4V” in the aerospace sector [32].
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The laser wire process is characterized by several parameters related either to the
energy source, such as laser power, laser wavelength, power distribution in the focal spot,
focal distance, or to the wire, in terms of speed, diameter, direction of supply, point of impact
of the wire, as well as the angle between the wire and the head or between the wire and the
substrate and the rate of deposition. Some of these are intrinsic parameters specific to the
laser wire unit (wavelength, laser beam size and shape, focal distance, etc.). However, other
parameters, such as laser power, wire supply/feed and speed and deposition rate, may be
adjusted as needed during the manufacturing process [33].

(i1) Powder feed systems

The process of MAM with powder feeding systems is more adaptable to volume
increase than other processes [34]. The two most common configurations on the market are
the fixed repository/deposition head and moving part configuration and the fixed part and the

moving repository/deposition head configuration.

’ Z Powdef&Carne’r S
X - ‘
llumination Coaxial
laser ¢ nozzle \ /
@ '3 ,

- Laser beam
High-speed W11 — Powder grains
camera

*,‘

Figure 1. 6. Powder spray manufacturing principle [34].

Substrate-

The operating principle of these systems is that a quantity of powder is transported on
the substrate using a nozzle [34]. This is done before a laser scans and fuses one or more
layers into the desired shape. Among the advantages of this type of system are its larger
construction volume and its ability to repair worn or damaged components [34]. A generic

illustration of AM powder feed systems is shown in Figure 1.6.
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(iii) Powder bed systems

Among the different MAM systems and processes, the literature identifies powder bed
systems as constituting the most promising technology for the manufacture of parts with
complex geometry [14, 18, 35-36]. Powder bed fusion (PBF) is the best-known technology
in this family of systems [14, 18]. The two main PBF processes are selective laser melting
(SLM) and electron beam melting (EBM) [14, 18]. These systems are based on the use of a
programmed source of energy to scan and melt or sinter the powder of a layer applied on the
construction tray, according to the desired geometry [14, 18]. Once a layer is completed, the
construction platform is lowered by the pre-melted layer thickness and an additional powder
layer are spread on the work platform. The process is repeated until the desired component
construction is completed. When a powder bed is used in the SLM process, it is specifically

referred to as the laser powder bed fusion (L-PBF) process [14, 18].

A generic illustration of an AM powder bed system is shown in Figure 1.7. A powder
bed is formed by raking the powder onto the work tray. Powder bed systems in general, and
the L-PBF process in particular, have many advantages. They are applicable to a wide range
of materials such as ceramics, polymers, and metals [34] and can realize complex geometries
while reducing manufacturing time and walls without the need for a support structure.
Moreover, they are also capable of minimizing waste in terms of raw materials, and produce
high-resolution characteristics, adjust properties during parts processing, create internal
passages, produce almost dense components, and maintain dimensional control throughout
manufacturing processes [9, 14, 18, 35-36]. The main limitation of these AM systems is their

small construction volume.

Most powder bed systems are manufactured by European companies. EOS, a German

company, is one of the leading manufacturers of AM units by SLM.
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Figure 1. 7. AM powder bed process principle [18].

1.6.6  Areas of Application

Additive manufacturing represents a true technological breakthrough, as it forces a
rethink of the engineering underlying systems design and production. Accordingly, the
industry is investing heavily in what is a promising manufacturing sector. Currently, AM is
present in several areas of applications in various business sectors [37], including

aeronautics, automotive, medical, jewelry, sport and design and fashion.

In the medical sector, for one, the most used metal for metallic 3D printing of certain
products (dental, prosthesis, etc.) is titanium. On the other hand, MAM is widely used in the
aeronautics and aerospace sectors to produce high quality, small-series functional parts. The
preferred metals in these sectors are stainless steel, chromium-cobalt alloys, tool

steels/maraging steels, aluminum, titanium, etc.

In the industrial market, AM is mainly used for prototyping in the sectors involved in

the production of large series. For small-series production, however, AM is used to
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manufacture functional parts [38]. Prototyping can save a lot of time and money, as it allows

to quickly transform design ideas into reality before launching actual mass production [39].

1.7 PowbDER BED MELTING-SLM METHOD

Selective laser melting is one of the most promising additive powder-bed melting
processes. This process results in final products having more complex geometry and much
better spatial resolution than other additive manufacturing technologies [40-43]. Moreover,
it generates fine microstructures due to the very high cooling speeds involved. It allows the
production of complex functional prototypes and tools from a metallic powder, with
minimum pre-intervention and post-treatments [44]. Below, we review the principle of the
SLM process, the stages of the development of a piece by SLM, the different characteristics
of the process, the shortcomings of this technology, and studies that have looked at laser-

material interaction in SLM.

1.7.1  Definition and Principle

Selective laser melting, as other AM technologies, is in a way driven by micro-welding
[45]. Duringan SLM process, a focused laser beam scans the substrate or powder bed surface,
layer by layer, while being engulfed by an inert gas, to create a powder melting bath on the
surface provided by the base STL file. The powder grains trapped by the bath of the melted
material solidify, after which the platform can spread a new layer of powder. This must be
repeated for each layer to create additional overlapping sections (Figure 1.8) [9].
Construction support is required for most parts. Once the process is complete, we recover the
manufacturing tray and the part(s) manufactured, removing the construction support, which

will be destroyed, as well as a quantity of untreated powder (Figure 1.9) [50].
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Figure 1. 8. Process steps of SLM [9].

This chapter was designed to provide a brief description of SLM technology and the
critical challenges of the process of industrialization [46]. The influence of process
parameters and post-processing heat treatment [47-50] on the quality of the final product and
its mechanical and microstructural properties will be discussed to understand the process [51-
55]. The literature isolates and highlights certain points or characteristics as deserving of
further study. Several researchers have shown that some limitations underlie certain
difficulties seen in the application of additive manufacturing processes, and the latter must
therefore be studied before proceeding [52-53]. The property-performance interaction
relationship must be fully understood and controlled, after which the properties of the final
product can be predicted when selecting process parameters. Challenges here include
ensuring instant control of surface quality and dimensional accuracy and overcoming
microstructural heterogeneity. Moreover, removal and buckling problems can surface during
the recovery of final parts. Furthermore, other problems can be encountered when printing
specific thin-walled, large-scale parts. These—and more—are among the challenges that

users of SLM technology have recently faced.
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Figure 1. 9. The basic principle of the SLM pfocess [50].
1.7.2  Process Selection

In order to carry out a multi-criterion selection according to feasibility, a list of criteria
to be used must first be defined. In general, the criteria considered in the selection method

developed are the same criteria for the parts to be manufactured and for the machines used.

The framework of this chapter does not allow us to delve deep into a detailed discussion
of selection guidelines. However, once the technology is selected, some selection criteria can
be used, such as the cost of the prototype, the variety of materials, the surface quality, the
precision, the post-finishing, the impact resistance, and the bending resistance. Some other

criteria must be considered, and some of them are presented below:

o Type of the treated powder
o Pre-processing

o Printing time

o Accuracy

o Surface Quality

o Post-treatment

o Mechanical performance
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For each criterion, the performance of each option (process technology and machine)
must be evaluated against it (the criterion). The relative importance of each of these criteria
varies from one specific production case to another, depending on the user’s needs regarding

the part to be manufactured in that specific situation.

1.7.3 SLM Process Characteristics

Typically, using a solid CAD model and a metal powder, the SLM technology can
create high quality, almost entirely dense physical objects and acceptable mechanical
properties in a short period of time [46]. Unlike with the Selective Laser Sintering (SLS)
process, completely dense objects can be obtained without the need to use post-processing
SLM [47]. Supports are usually added to the virtually sliced 3D model. A powder layer is
introduced on the substrate, in the form defined by the CAD. In general, the layers have a
thickness of between 20 um - 75 um [48]. A laser with optical fibers sweeps and fuses the
powder layer to create a pool of melted material. Then, a controlled re-solidification stage is
conducted by the AM unit. Once a layer is finished, the work tray is lowered by an amount
equal to the layer thickness and an additional layer of powder is spread. This process is
repeated until the completion of the part (Figure 1.9). During the SLM process, an internal
atmosphere, using an internal gas (generally argon [49]) must be ensured. At the end of the
manufacturing, a supports removal stage must be completed. These are often difficult to

remove, which is why they must be properly designed.

According to the literature, SLM can deal with a wide range of materials, such as cobalt
alloys [50], nickel [51-52], titanium [53-56], as well as stainless steel [57-58] and C-Mn steel
[59-60]. Over the past few years, SLM has been introduced as the most promising and recent
AM process. This is due to its ability to meet manufacturing needs in terms of print time and
price-performance ratio. It also overcomes certain geometric restrictions related to the
routines of conventional manufacturing techniques, especially in the case of metal powders,

such as casting and powder metallurgy. Thus, a melting bath control process is required to
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ensure a complete melting of the metal powder [61]. According to Reheme et al. [62], this
control process is initially aimed at maximizing the density of manufactured parts. The SLM
AM process gives rise to several physical phenomena such as the transfer and diffusion of
energy, mass transfer, phase change, and flow into the melting bath [63]. During the printing
(heating) and cooling processes, the melting bath can be controlled through the temperature

gradient and the required amount of energy [63-65].

However, these temperature gradients are very high, and their accumulation causes the
generation of high residual stresses [66-67]. The estimation of the quality of the
manufactured object, the dimensional accuracy, the internal stresses, and the metallurgical,
mechanical, and microstructural performances are very importance. Nevertheless, process
parameters greatly influence the different characteristics and performances delivered by the
SLM process. Among the most critical process parameters for high quality production are
laser power, laser speed, hatching space and orientation, and layer thickness. Pre-processing

and post-processing are critical steps in the SLM (AM) process.

1.7.4  Most Influential Parameters

Although it is the most promising process, the L-PBF process faces some challenges
in creating high quality parts in terms of surface roughness, mechanical performance, and
fatigue life. These challenges can be attributed to the complexity of L-PBF processes and to
the risk of incomplete fusion. This complexity stems from the fact that the L-PBF process
depends on several parameters and produces a complex multiphysics problem. The quality
and performance of the product manufactured by L-PBF can be affected by more than 130
parameters [68]. Depending on the case, potential uncertainties regarding the input
parameters of the L-PBF process reduce the experimental accuracy of the process or the
predictive accuracy of such a model. Most contributing parameters influence the surface
quality, the internal morphology and the mechanical, metallurgical and microstructural

performance. However, some parameters have a much greater influence than do others.
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Certain parameters (Figure 1.10) play a greater role and influence the mechanical
performance (tensile strength, fatigue strength), metallurgical performance (density,
porosity, internal morphology of the part), as well as the surface quality (roughness, surface
morphology) of printed parts, including laser characteristics such as laser power, print speed,
orientation, hatching spaces and overlap amount. The performance of manufactured parts can
also be affected by the characteristics of the powder used, such as the size and morphology

of the powder.

This section aims to examine some of the controllable parameters that most affect the
final quality of manufactured parts, including laser power, scanning speed, layer thickness,

hatching distance, printing strategy and orientation, and post-processing.

Laser Beam
Power (P)

F-Theta
Lens

-~ _Focal Offset
A
5> Distance
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Figure 1. 10. Some operating parameters studied for SLM processing [66].

1.74.1 Laser Power

Laser power is one of the most critical parameters of the L-PBF process, which
determines the surface quality and performance of the manufactured object. It can be defined
by the amount of energy emitted by the laser to fuse a layer of powder. Possible laser power
uncertainties result in a disturbance of melting/fusion because of an underestimation or

overestimation of penetration depth. According to the literature, the source of such
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uncertainties may be related to optical systems. When the power is too small, it may result in
an incomplete melting/fusion of the powder, whereas when it is too high, it can lead to a
vaporization of the merged/fused material. In the latter case, solidification will trap gas
bubbles within its final geometry. This leads to high porosity rates [69]. James et al. [70]
used a metal powder of a maraging 300 steel with a customized L-PBF system, using 100W-
400W power range. They found that as the laser power increased, the relative density
increased gradually, and a maximum value of 99.8% was found at 300 W. However, after
300 W, the part began to lose the dense character, and the density decreased to 99.2% for a
power of 400 W. The power value of 300 W is part of a combination that gives a roughness

value Ra = 35 pm.

Yadroitsev et al. [71] evaluated the impact of parameters related to energy density on
the geometrical performance of a stainless-steel alloy treated with L-PBF. They observed
that the laser power is the parameter having the most influence on the geometrical
characteristics of single tracks. They classified the parameters of the process, from the most
to the least influential. This classification starts with the laser power, and then layer thickness,
the digitization speed, and finally, the least important, the grain size. Lameck et al. [72]
performed an inter-correspondence analysis between the parameters used and the
performance delivered by the L-PBF process. They used a powder of maraging steel. Their
work led them to conclude that the increase in laser power causes temperature gradients that
can lead to an increase in residual stress amplitudes and corresponding distortions. Qui et al.
[73] used titanium alloy powder with a customized SLM system. They found that an increase
in power from 150 W to 200 W led to a decrease in porosity. In a similar work using stainless
steel, Gu et al. [74] varied the power, decreasing it from 195 W to 70 W, while keeping the
energy density constant. They found that the porosity increased, and that the density
decreased as the power decreased. Bai et al. [75] first studied the influence of the parameters
of a customized L-PBF process on the relative density of a maraging steel. The study was
then extended to tensile strength, shock resistance, microstructure, and microhardness. They
found that the porosity first decreased and then increased with an increase in laser power (of

course, the same goes for laser speed). This was because a low laser power at a high-scanning
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speed generated a low energy density, which was not enough for fusion. Otherwise, a
sufficiently high energy density takes place, resulting in high vaporization and subsequent
accumulations of voids and inclusions. In their study, Abele et al. [76] varied the power from
165 W to 180 W for stainless steel parts. They found that the porosity decreased, and the
tensile strength increased as the power increased. They also observed that the laser power

had the least impact on the tensile strength.

Yao et al. [77] studied a maraging steel powder treated with the AM L-PBF process.
They showed that beyond a critical density of 180 Jmm 2, the manufactured part is
practically dense. Similarly, they observed that the laser power was the most influential

parameter influencing the traction properties.

1.7.4.2 Laser scanning speed.

The laser speed or scanning speed is the speed at which the laser beam travels through
the powder layer as it melts. This is one of the critical parameters of the SLM process, and
directly influences the fusion and re-solidification of powder [78]. This parameter affects not
only the final product quality, but also the printing time. Slight variations in laser velocity
cause a disturbance of the fusion process, through its effect on peak temperature and fusion
bath geometry [79]. A scanning speed that is too high may not give the laser beam enough
time to fuse the powder. Increasing the scanning speed requires a higher laser power and a
lower hatching distance to ensure a fusion process at the proper energy density. Lameck et
al. [72] also concluded thatan increase in scanning speed itself leads to an increase in residual
stress amplitudes and corresponding distortions, through the temperature gradients
generated. Song et al. [80] evaluated the effect of an increase in scanning speed on the
hardness of a nickel alloy (NiCR) [80]. They found that when the scanning speed increased
from 100 mm/s to 300 mm/s, the hardness of the final part increased as well. In their study,
Kempen et al. [81] used steel powder (18Ni300) with a powder bed system to evaluate the

influence of laser speed variations on the relative density and hardness of fabricated parts.
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They found that an increase in speed from 120 mm/s to 600 mm/s led to a significant decrease
in hardness and density. De Souza et al. [82] evaluated the microstructure and mechanical
performance of a maraging 300 steel part fabricated by the SLM process, at a constant laser
power of 400 W, and at a scanning speed of 600-1500 mm/s. They observed that the scanning
speed has a slight influence on the manufacturing time. In fact, this time decreased as the
scanning speed increased. Very high speeds result in much higher shear stresses in the
melting bath. A high surface tension generated within a liquid medium increases the
probability of balls formation, consequently increasing both the porosity and the surface
roughness. Similarly, they showed that at the top surface of the manufactured parts, the
scanning speed is the most influential parameter on the roughness. The resulting high surface
roughness is due to the increase in speed gradually shrinking the scanned track until it
becomes discontinuous and broken into balls. Sun et al. [83] conducted an AM study with an
SLM system on a titanium powder (Ti-6Al-4V). They found that the density of this alloy
decreased as the scanning speed increased. Qiu et al. [73] also treated titanium powder (Ti-
6Al-4V) with an L-PBF system. They observed that an increase in speed from 800 mm/s to
1500 mm/s leads to a decrease in porosity and subsequently improves the relative density.
Vandenbroucke et al. [84] used a similar AM system to produce parts made of titanium alloys
(Ti-6Al-4V). Their work aimed to minimize porosity while maintaining certain requirements
in terms of mechanical performance, such as stiffness, strength, hardness, and of parts. They
observed that by increasing the speed (at low levels) from 90 mm/s to 190 mm/s, at a constant
power and layer thickness, the powder layers risk being incompletely melted. This results in
large pores, and subsequently, in a reduced relative density. Delgado et al. [85] compared the
impact of a change in scanning speed between two different AM systems using stainless steel
powders. They found that at an increased scanning speed, a change in AM systems does not
lead to significant changes in either hardness or ultimate tensile strength. In their study, Abele
et al. [76] varied the scanning speed from 1150 mm/s to 1350 mm/s for stainless steel parts.
They found that the porosity increased, and that the tensile strength decreased as the speed
increased. A similar study on stainless steel parts, in which a reduction of speed from 1200

mm/s to 600 mm/s led to an increase in density, and subsequently, to a decrease in porosity
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level, was carried out by Gu et al. [74]. In their comparative study, Liu et al. [86] used the
powder of a stainless-steel alloy with two types of powder, with different grain sizes. They
observed a remarkable decrease in density. Similarly, they managed to push the ultimate
tensile strength to the maximum. This indicates that they were within the optimal scanning

speeds range.

1743 Layer thickness.

The thickness of a layer is one of the basic parameters of the AM by L-PBF process. It
is defined by the predefined thickness of powder bed at each scan [87]. SLM is capable of
processing layers with thicknesses ranging from 20 um - 75 um [48]. The quality of the parts
and their different performances are directly influenced by the layer thickness [88-92]. The
accuracy of the layer thickness can be controlled both through the density of the powder bed

and the movement and position of the substrate and cover arm [93].

During the L-PBF process, the layer thickness can be changed after each re-
solidification phase. This has a proportional and direct influence on the overall
manufacturing time. However, the layer thickness is limited by a step interval [48]. A layer
that is too thick may not be sufficiently fused. Increasing the layer thickness requires a higher
laser power and a slower laser speed. Some research works have studied the effects of a layer
thickness as a process parameter on one or more performances of an SLM manufactured part.
Daffily [94] noted that any increase in layer thickness leads to a decrease in the relative
density of the manufactured object, and subsequently, in an increase in porosity [94]. The
decrease in the magnitude of the residual stress can be attributed to a reduced thermal energy
inputand cooling rate. Lameck et al. [72] also concluded that as the layer thickness increased,
both the residual stresses and distortions decreased. However, a corresponding increase in
porosity was equally observed. Sun et al. [83] evaluated the influence of layer thickness
variation on the relative density of a Ti-6Al-4V alloy with a customized L-PBF system [83].

They showed that the layer thickness and the relative density of the final product are inversely
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proportional. Kempen et al. [81] studied the sensitivity of the density and hardness of a steel
alloy (18Ni300) part to changes in layer thickness [81]. They also showed that when the layer
thickness increased from 0.03 mm to 0.06 mm, the relative density and hardness of the final
product decreased. In addition, some AM systems can provide almost constant performances
with variable layer thicknesses, especially in terms of hardness and relative density.
De Souza et al. [82] also showed that the layer thickness had a greater influence on the
manufacturing time than did the scanning speed. They observed that when the layer thickness
increased by about ~1.6, the fabrication time was reduced by up to 60%, while maintaining
a reasonable surface roughness. In their comparative study, Delgado et al. [85] used stainless
steel alloy powder on two different AM systems to evaluate the effect of a change in layer
thickness [85]. They found that as the layer thickness increased, one system produced parts

with a lower hardness, while no significant change in hardness was noticed for the other.

1.7.4.4 Hatching Space

The hatching distance is also a critical parameter that can be controlled by the AM unit
via SLM. The laser passes through a powder layer following sequential tracks. The distance
between the centers of two successive tracks is presented by the hatching distance
(Figure 1.11). If the hatch distance values are too small, and below a critical value related to
the laser beam diameter, an overlap between the laser passes is created. This overlap could
burn the edge of the extreme tracks. Overly large values, however, can cause empty gaps due

to an insufficient overlap, and subsequently, an incomplete melting of the metal powder.
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Figure 1. 11. Graphical representation of hatching space [98].
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In their investigation, Abele et al. [76] quantified the impact of energy density
parameters on the porosity and mechanical characteristics of a stainless-steel part. They
observed that the hatching distance had the greatest impact on the ultimate tensile strength.
They found that as the hatching distance increased from 0.12 mm to 0.19 mm, the tensile
strength decreased, and the porosity increased. Bai et al. [75] also found that any increase in
the scan space beyond a critical value generates incomplete fusion, and consequently, a low

relative density.

Sun et al. [83] used a titanium powder (Ti-6Al-4V) to conduct an AM study with a
customized L-PBF system while modifying the hatching distance. They also found that the
density of this alloy increased as the hatching distance decreased. Vandenbroucke and Kruth
[84] used a similar AM system to produce parts in titanium alloys (Ti-6Al-4V). They
conducted a work aimed at minimizing porosity while maintaining certain requirements in
terms of mechanical performance, such as rigidity, strength, hardness, and ductility of the
parts. They observed that by increasing the hatching distance from 0.12 mm to 0.14 mm, at
a constant power and layer thickness, the laser tracks risk being incompletely melted. This

induces large pores and thus a decrease in the measured relative density.

1745 Printing Strategy and Direction

The printing strategy is one of the most contributing parameters that determines the
roughness and morphology of the surface of a manufactured part. This is due to its direct
impact on powder fusion, heat transfer, re-solidification, as well as local and global
distribution of defects. As shown in Figure 1.12 [95], there are different scanning strategies
that can be used by the L-PBF process, such as “unidirectional”, “cross-hatching”, “spiral”
and “zigzag”. On the edges of the tracks to be scanned, a greater accumulation of defects
occurs due to instability in the power level and a gradual reduction in the scanning speed,
which produces a higher laser energy. This problem is much more present in “unidirectional”

and “Zigzag” scanning strategies [96-97], whereas the “cross-layer” printing strategy can
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balance the laser energy absorbed by the layers, to prevent further accumulation of defects.
Multi-directional or zigzag scan refusion is suggested, especially for the last layer, to improve
the surface roughness [98-99].

Building direction Building direction Building direction

Z-axis

/ Scan direction / Scan direction / Scan direction

X-axis X-axis X-axis

Figure 1. 12. Most Known printing strategy [61].

In their investigation, Huang et al. [100] and Yang et al. [101] worked on a study to
reduce the formation of defects in the overlap area between tracks. To this end, they adapted
an interlayer scaling and an orthogonal scanning strategy. Each time a layer is solidified, the
laser beam re-scans the overlap areas between the tracks, as shown in Figure 1.13, to ensure
a complete fusion of powders during the deposition of the next layer. Dai et al. [102] used an
SLM AM process to study the influence of the scanning pattern and melting bath
characteristics on the mechanical and microstructural performances of AlSI12 steel powder

parts. They found that refusion can be an effective method for pore removal.
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Figure 1. 13. Orthogonal scan strategy [61].
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The printing direction is another parameter that determines the roughness and
morphology of the surface, as well as the mechanical performance of a manufactured part.
This is due to the change in solidification time and porosity rate generated by the process.
De Souza et al. [82] concluded that parts with a 0°, 45° and 90° printing direction have a
strong anisotropy. Therefore, the most significant factor affecting the mechanical
performance of the part is porosity. A minimum porosity of 0.08% to 0.06% respectively on
the surface and core was obtained for 900 mm/s speed combinations. In their comparative
work, Bahardwaj et al. [103] used a powder of a maraging 300 steel, with a customized AM
process, adapting two scanning directions, 0° and 90°, respectively. They found that the
traction limits for the 90° direction are higher. This was due to the nucleation and coalescence
of the micro-voids. Maneghetti et al. [104] analyzed the effects of the scanning orientation
(respectively at 0° and 90° relative to the longitudinal axis of the specimen) on the axial and
static fatigue properties of the maraging steel parts produced by an L-PBF process. They
found that the construction direction did not have a significant influence on the mechanical
properties, even for aged parts. They also concluded that the axial fatigue strength for a 0°

orientation is the lowest.

1.7.4.6 Morphology and Powder Size

Powder size and morphology, as the most important contributing characteristics of
powder, are crucial for the regularity and fluidity of the powder bed and the quality and
surface roughness of the manufactured object. In addition, powder specifications can affect
the other performances of the part, such as porosity. A smaller powder leads to a reduction
in porosity. For instance, a powder that is too small and has a very irregular morphology
impedes the smooth deposition of layers. Several methods of metal powder production affect
the formation of defects [105-107], including the rotary plasma electrode, the electrolytic
method, gas atomization, and water atomization. Bourell et al. [108] used a stainless 316L

steel powder with a customized SLM system. They found that using a powder that is too
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large (usually more than 100 um) requires a much higher energy density for fusion. This
results in a higher porosity rate for a specific energy density. In their work, Wang et al. [109]
investigated the effects of powder size changes on the quality of 316L parts produced by
SLM technology. They proved that the density of this alloy tends to increase as the size of
the powders decreases. An average powder size of about 26 um leads to almost dense parts
with a relative density of 99.75%, while a powder twice the size (~50 um) leads to a drop in
relative density to 97.50%. In their comparison work, Jankus etal. [110] used a 316L stainless
steel powder with particles ranging between 20 and 120 p in size, as well as a powder of a
GP1 maraging steel with particles ranging between 10 and 80 p in size. They found that the
GP1 powder grains melted more fully than those of the 316L and that the surfaces of both
316L and GP1 parts, have a worse adhesion between particles. The surface roughness was

evaluated respectively at 11.4 ug m for GP1 and 13.7 pug m for the 316L.

1.74.7 heat treatment/post treatment

Post treatment is a controllable parameter, which is usually needed to relax the stresses
generated by the process. It is a critical parameter of L-PBF processes, and crucial for the
density and microstructural morphology of the manufactured object. This can be attributed
to its ability to decompose martensite, relax stresses and reduce pores. Post-treatment by
annealing and hot isostatic shrinkage and pressing martensite decomposition is the method
that has attracted the most attention in the literature [111-115]. Several studies show that heat
treatment by annealing generates a microstructure comparable to that obtained by HIP
treatment. The relationship between maximum temperature, cooling rate and holding time is
the key tool to accurately determine the final microstructural composition [115]. Krakhmaley
etal. [116] applied HIP heat treatment under pressure to an advanced stainless maraging steel
manufactured by L-PBF. They concluded that the pressure could affect the process,
diminishing the hardness. Therefore, to ensure a certain level of hardness and high
mechanical performance, during post-pressure heat treatment (like HIP), new thermal

treatment regimens must be adapted. Guo et al. [117] evaluated the influence of post-
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treatment on the microstructure and performance of an 18Ni300 steel fabricated by an L-PBF
process. A comparison was made between parts manufactured by aged AM with parts
consisting of conventional casting materials, both treated in solution (tempered/quenched)
and aged. They found that the two different parts, in terms of manufacturing method, had a
comparable hardness and resistance. For aged AM parts, the rate of inverted austenite formed
increased as the aging time or temperature increased, whereas the precipitation hardening
due to aging decreased. This is most pronounced for aging temperatures above 540 °C. Conde
etal. [118] applied different heat treatments to maraging steel parts manufactured by an SLM
process, to homogenize and refine the microstructure and ensure a martensite-austenite
reversion. They found that the as-built part had a non-homogeneous microstructure with a
retained austenite density of 4% and no remarkable precipitation. The hardness of the as-built
parts was higher than that of the homogenized parts. They also observed that direct aging of
a part can give it the most toughness, smallest strain to failure, and highest flexural strength
compared to the preferential secondary precipitates generated. Rather high homogenization
temperatures (980 °C) were recommended to guarantee a more efficient microstructural
dissolution. The introduction of an inter-critical tempering process can provide both flexural

strength and a reasonable ductility.

1.7.5 possible defects

The SLM process still faces certain limitations. In fact, due to the complexity of the L-
PBF process and the wide range of contributing parameters, some defects may be inevitably
introduced because of a wrong choice of one or more parameters, which can create dynamic
instability in the melt bath. They may also be due to several other reasons, such as thermal
build-up in the printing chamber, environmental disturbances such as gas contamination, and
any other disturbances that may be experienced by the machine. The type and nature of the
defect vary from one material to another, with some materials being susceptible to certain

specific defects. In all cases, these defects must be corrected, especially for critical
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applications. The most common defects are incomplete melting, geometric and dimensional
inaccuracies, residual stress, cracking/fissuring and porosity. This section provides an in-

depth discussion of the main possible defects.

1.75.1 Incomplete Melting Holes

Incomplete melting, or lack of melting, occurs mainly because of an insufficient
estimation of the energy required to melt all the particles of the powder in a layer, during an
L-PBF process. This type of defect appears in a layer because some of the metal powders in
that layer have not yet melted, and therefore, the overlay is insufficient to deposit the next
layer [119-122]. The shape of a localized melting defect between layers is very similar to that
of cracking [123-124].

1.75.2 Geometric and Dimensional Inaccuracy

Different types of geometrical and dimensional inaccuracies can be observed inan AM
fabricated part, including curved surfaces, shapes of dimensional deviations, such as
geometrical inaccuracies, as well as indentations/shrinkage (longitudinal, transverse) and
distortions (angular, rotational, bending) [125]. Geometrical defects are caused and
influenced by machine error in the process parameters and by the staircase effect due to the
stepped overlapping of the layers. Indeed, the slicing thickness of a part’s STL file is directly
responsible for the creation of the staircase effect. The influence of the deviating staircase
effect becomes more and more pronounced as the deviating layer becomes thicker [126-127].
The layer thickness, or the height errors, may somewhat thus be considered as the main
sources of curved surfaces and volumetric errors: the presence of a staircase effect generally
leads to volumetric errors as well. These volumetric defects introduce geometric and
dimensional tolerance errors on the part manufactured by AM, which affects its adhesion. As
for shape errors due to dimensional deviations, they occur because of laser positioning errors

and/or platform movement errors [128-129].
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Dimensional inaccuracy can be caused by several parameters, each to a certain degree.
However, some of them contribute to a greater extent and are more important for the
dimensional accuracy. The most important parameters on dimensional inaccuracy cited by
the literature are shrinkage, construction direction, effective laser diameter, tap/grip density,
gas flow rate and microstructural undulation [130-131]. Regarding shrinkage, cyclic phase
change can cause thermal volume shrinkage following an SLM process. During an L-PBF
process, rapid cyclic melting followed by re-solidification and cooling of the manufactured
part gives rise to very high temperature gradients. This type of shrinkage becomes ever more
significant as the laser power increase and/or the hatch spacing and scanning speed decrease.
It can also be affected by layer thickness, plateau temperature and the time interval between
the superposition of two consecutive layers. Indeed, any increase in layer thickness, time
interval and plateau temperature lead to a decrease in shrinkage [132-133]. The accumulation
of these temperature gradients with volume shrinkage together generates a warping which
gives rise to a degree of dimensional imprecision, and subsequently, a poor final quality [134-
136]. The supports are generally essential to reduce excess heat from the manufactured part,
and consequently, reduce the risk of warping [137]. Accordingly, optimized, and well-
designed brackets can improve the accuracy of the L-PBF produced part. Distortions also
occur because of thermal expansion and volume shrinkage. This is especially problematic for
thin-walled parts [138]. To reduce this type of dimensional error, the manufacturing strategy

must be optimized by conducting a compensation technique and parameter control.

1753 Residual Stress

Some defects are very common and even inherent, including residual stress for an AM
manufacturing process. Practically no manufactured part is free of residual stress. At the
microscopic scale, it is impossible to deal with the generation of this type of stress. This is
because very high thermal gradients are generated during AM processes. The impact of such

a stress can cause poor mechanical properties, including fracture toughness, fatigue
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performance, geometrical distortions, and changes in grain microstructure such as
delamination of layers during deposition [139]. Residual stresses can also lead to some
geometrical inaccuracies, which introduce deformations on the part, including geometrical

and tolerance errors.

A residual stress is a static multiaxial stress remaining in the part after the removal of
an external load (force, moment, etc.) [140]. Permanent damage caused by this stress is
apparent if it exceeds the local yield strength of the metal and/or the local tensile strength.
Such a situation can cause buckling/warping due to plastic deformation or can produce cracks
or dislocations [141]. The thermal phenomenon occurring during the AM manufacturing
process can introduce macroscopic residual stresses due to differential heating and cooling

of the solid during and after solidification.

To reduce the damage caused by residual stresses, certain post-treatments are
recommended in the literature. Optimization and residual stress control studies have always

been an important research topic.

1754 Cracks and Delamination

Cracking and fissuring are among the dramatic effects of residual stress on the
behaviour of an AM manufactured part. This applies to practically all AM processes, except
EBM. The large temperature gradients caused by the high and localized energy input in terms
of application area are sources of high residual stresses. They cause crack initiation and
propagation in affected objects [142-143].

The presence of these gradients introduces strong deformations within the molten bath
and generates tensile stresses throughout the manufacturing process. These deformations
disrupt the normal flow of the solidified grains. For several materials, the residual tensile
stresses generated by the manufacturing process are responsible for hot tearing and cracking.
This type of cracking is classified as solidification cracking. Another category of cracks,

often propagating along grain boundaries, is classified as boundary cracking. Such cracking

53



is caused by the difference in morphology at the boundaries and possible precipitates within
the grain boundaries [144-145]. Incomplete fusion can result in the separation of adjacent
layers, known as delamination. Delamination between layers is considered to be cracking or
fissuring. Cracks and delamination affect not only the thermal signature, but also the
mechanical performance generated by the manufacturing process, in an AM manufactured
part. Often, this type of defect is quite visible and irreparable. Indeed, no post-treatment can
repair the damage of such defects. However, the defect can be avoided, which is why a

preheating treatment of the construction plate is recommended.

1755 Porosity

Porosity is the most common and controllable defect in an AM manufactured in part,
through the manipulation of process parameters. This defect is unavoidable but choosing the
right process parameters can limit its effects. Pores are volumetric defects appearing
microscopically as cavities of roughly spherical shape and small size, generally no more than
a few tens of microns [146]. The formation of pores can be related to process parameters,
powder morphology, shielding gas and any other parameters involved in melting and re-
solidification [147-151]. Porosities can be classified into two categories: spherical pores
resulting from gas inclusions and non-spherical pores, with a variety of sizes induced by the
technique and process parameters. At the very high temperatures and cooling rates that
characterize the AM process, spherical gas bubbles are likely to be trapped between particles
of molten powder. This spherical porosity is unavoidable, randomly distributed in the object

manufactured by AM, and is practically difficult to eliminate completely.

1.8 SuMMARY AND FUTURE OUTLOOK

The main aim of this paper was to present an analysis of recent works examining

various significant aspects of metallic additive manufacturing (MAM) development,
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especially the principle underlying the technology, its advantages and limitations, application
areas, related materials, MAM techniques and systems, process design, most critical process
parameters, main defects, and control methods, such as post-processing heat treatment.
Special interest has been given to the SLM technique, in order to directly align it with our

research. The main conclusions and future research directions for this work are as follows:

« The MAM process and its equipment are under continuous development. It comprises
a variety of application techniques, making it easily adaptable for any material. Some
examples of popular AM systems are VAT Photopolymerization (polymers), Sheet
Lamination (plastic, woven fibre composites or metal), Material Jetting (Polymers), Wire-
powered/wire feed, Powder feed and Powder bed systems (metals).

* The final quality of the parts delivered by the various MAM techniques encourages
mass production. However, some major hurdles continue to face MAM integration into
industrial mass production.

* Future in-depth systematic research is recommended in order to satisfy the real
objectives and needs of the industry regarding the industrialization of MAM in mass
production. The main challenges are the reduction of manufacturing costs, in order to provide
optimal protocols for materials attached to AF and why not further expand the range of
materials.

* Notwithstanding the many advantages presented by MAM, such as rapid prototyping,
freedom, and flexibility in terms of design, optimization of raw materials, using different
types of new materials, and the good mechanical performances delivered, MAM faces a few
challenges, including metal support structures, the time and cost required to remove supports
after construction, the effect of the complex physical environment involved on the
metallurgical and mechanical quality of parts, the imperfect surface finish of metal parts, the
geometric precision, the effect of process parameters, the optimization of long and essential
post-processing, and part size limitations (especially for SLM), which slow down the

adoption of MAM somewhat.

55



* In particular, SLM is a promising technology and researchers are exploring it for
various materials such as nickel alloys, titanium alloys, aluminum alloys, and steels. At the
same time, the possibility of its application to other advanced materials such as metal matrix
composites should be explored.

* Recent research, efforts and advances of MAM, including SLM, around the
development of new materials, have made it possible to improve the industrialization of
additive techniques by helping to overcome some of the challenges mentioned above.
Nevertheless, there is still room for improvement and further investigation. For example,
more systematic work needs to be done in terms of studying the relationship of geometric
precision, microstructure, and mechanical properties with parametric processes, on the one
hand, and the characteristics of heat treatments, on the other hand.

* During SLM, for example, strong thermal stresses with a different history from one
layer to another will occur, which makes it difficult to control and/or predict the evolution of
the microstructure, which is critical for the final mechanical properties. Therefore, more
systematic work in terms of the study of metallurgical behaviour within parts is needed.

* Problems faced in SLM—AM in general—include defects, cracks, dislocations,
residual stresses, and microstructural anisotropy. This paper presented the main defects and
analyzed the mechanism of formation of typical defects with optimized methods. This could
help in a design process that is appropriate to required outputs.

* Current developments in the different AM processes, including SLM, such as the
printing of maraging steels, stainless steels, titanium alloys, and multi-materials, open new
opportunities, which will allow to present AM as the key to Industry 4.0. Significant
developments and valuable additions are available in the literature. Nevertheless, there are

still opportunities for improvement and further investigation.

Information gaps are the major reason why AM techniques, including SLM, have not
yet been explored to the maximum. The present work can serve as a catalyst for future work

to overcome the different challenges mentioned above. To this end, it is strongly
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recommended to complete in-depth systematic works seeking complete process control,

optimization of the different parameters, and the prediction of final properties.
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2.1 RESUME EN FRANGAIS DU DEUXIEME ARTICLE

Ces derniéres années, la fusion laser sélective (SLM) est probablement devenue I’une des
techniques a la croissance la plus rapide dans le processus de fabrication additive utilisé pour
fabriquer des piéces métalliques par fusion laser. Comme d’autres procédés de fabrication
additive métallique, le SLM peut étre appliqué a une variété de matériaux, tels que I’acier
maraging, afin de produire des géométries complexes qui ne se prétent pas aux méthodes de
fabrication conventionnelles, et le potentiel qu’il présente pour réduire le poids final sans
compromettre les comportements des matériaux est particulierement attrayant pour les
applications aérospatiales et automobiles. Compte tenu de ses nombreuses applications et de
ses performances élevées dans des situations ou la sélection des matériaux est basée sur
I’équilibre résistance-ténacité, le SLM de I’acier maraging est un domaine mir pour la
recherche. Il convient toutefois de noter que I’ obtention des propriétés mécaniques souhaitées

dans le produit final nécessite la maitrise du post-processus grace a I’introduction des
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parameétres de fabrication appropriés. Pour atteindre cet objectif en termes de performances
mécaniques et obtenir une microstructure a grains fins, il faut choisir un post-traitement
adéquat. Cet article présente une revue détaillée des explorations académiques les plus
récentes et des réalisations liées a I’acier maraging formé par SLM. Il présente les facteurs
de post-traitement et de traitement thermique affectant les propriétés de I’acier maraging
fabriqué a I’aide de la méthode. De plus, il met en lumiére la fagon dont la qualité, la taille et
la morphologie des poudres, les parametres de traitement et le traitement thermique peuvent
influencer les propriétés métallographiques (microstructure, densité et porosité) et
mécaniques (dureté ; traction, fatigue et contraintes résiduelles), ainsi que défauts associés

aux aciers maraging, avec un focus sur le C300.

Ce deuxieme article, intitulé « A review of Selective laser melting of maraging steel :
Microstructure, mechanical behaviors, state of art and perspectives » fut essentiellement
rédigé par son premier auteur Faical Habassi qui a également conduit une recherche
bibliographique approfondie de la littérature des cinq derniéres années afin d’explorer 