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RESUME

La fusion sélective laser (SLM) est un p&dé prometeur qui est en voie de
développemengraceaux innovations techniques et aux travaux de recherches actives qui
ont vule jour dans les récentes années. L'acier maraging (C300), qui appartient a la gamme
des métauxq u i peuvent ° foar & falbnication additivé grace aesa bonne
imprimabiité, a été utilisé dans différents domainesstglue | douti | |l age, | e
| 6 a ®r o slpddustrieautomobite £n raison de ses hautes caractéristigues mécaniques.
Cependant, certaines limitations sont toujours la, y compris le colt de prodlectiécessité
de posttraitement des pieces telles que construites et les effets non endbisésaes
différents parametrefi processust des caractéristiguesdepost ai t e ment t her mi qu e
pourquoi la fusion sélective laser des aciers magafit toujoursun sujetintéressantle
recherche et développement.

Néanmoins, beaucoup reste encore a faire pedegionnerl 6 u t i |eilastechniquen d

SLM pour la production des pieces complesdsa ut e r ®si stance afin doba
rentable eefficace. Dans ¢ee mémoire l'influence deplusieurstraitementghermiques sur

les différentes propriétés mécaniques des Sdvr maraging (C300) ainsi que la sensibilité

des ces propriétés mécaniqaes parametreslu procédéspécialement la puissee laser,

|l a vitesse de balayage, | 6espace dohaschur age ¢
exp®ri mental ement. & cet soitétefdites dank le dreeder s s ®r i
la recherche en faisant varier les paramétres de SLMe dtaitements thermiques pour

di sposer de donn®es satisfaisantes pour pouss:¢
procesasSLM et de traitementhermique ont été mesurés pour leur effet sur la formation

de défauts, la microstructure et les prof@$émécaniques. Des outils statistiques tels que

| 6 ANOVA sont upi Rc®@®®s podduneeplaani fi cation doe

|l a m®t hode Taguchi et un design factori el C 0 mj
numériques qui sont deméthodes itératives et algorithmiques aidant a trouver les valeurs

opti mal es. Les r®sultats de | 6®tude ont montr
avant l a sensibil it ®theeniquederd termesodest perfdrmances r ai t em
mécaniques.

Mots clés: fusion lasersélective paramétresle procédgacier maraginggraitement
thermique propriétés mécaniquesptimisation, TaguchiANOVA.
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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 belottgshe 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 areilsthere, including the cost of production, the necessity of
posttreatment of abuilt parts, and the unchecked effects of various process parameters and
heat postreatment characteristicEhereforethe selective laser melting of maraging steels
is sill a curious subject of research and development.

However, much remains to be done to perfect the use of the SLM techmippeeluce
complex highstrength parts, in order to have a eefective 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 mechagnagzdrties 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 resdaby 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. Ststical tools such as ANOVA are used for this preceded by an
experiment planning using the Taguchi method and ddatbrial design. The optimization
is done using numerical tools which are iterative and algorithmic methods helping to find the
optimal valies. 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, hizaétrga
mechanical properties, optimization, Taguchi, ANOVA
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| NTRODUCTI ON E£NCE

1. GENERALITES

Lesaciers maraging, qui sont des typiques alliagesifsdeel martensitiques aveae
fai ble teneur de car bomtedoeadduin itoany x piompso rdtes
propri ®t ® m®cani que, tell e qubdune t@®macit®
excellente fabricabilitéune excellene soudabilité,une précision dimensionnelle, etne
simplicité du traitemerjtL]. Pour ces raons, les aciers maraging sont largemenseésitians
des industries requant de hautes précisian tels que le moulagg?2], l 6of3t,i | | age
| iddustrie automdpile [4-5] e t | 6 a ®[6-6].sQes &ciera komt caractérisés par une
structure martensitice typique durcissable par des traitements thermiques de vieillissement
[8]. La tendance industrielle vers des aciers phssstants estncore |a, car elle permet une

certaine optimisation de masse en gatdle bonnes résistances pour une applicatbomée

La fusion sélective lase6S[M), a coté des autres techniques de fabrication additAd ),

est une technique de production en développement chaquéljolklle est capable de
produire des pieces a géométries complexes en petits lots de prodectpendant le
prototypage, ~ p.dnrdsonde addéants avantagels gar ra&ppod aux
méthodes traditionnelles en termes de propriétés physiques et mécaniques, y compris la
liberté, la simplicité et la flexibilité en termes de cortemp le gain en termes de matiere
premi re qui p %, ainsi cueé ld ceéatior] de composgaints cdriplexes a haute
résistance, la technigue SLM a troudéverses utilisations dans plusieurs secteurs,
notamment les milieux médicauxindustrieautomdile et aérospatiald0]. Cependant le
processusSLM met en jeuune variété des phénomenes physiques complexsgjutelle
transfert de chaleur, | e tr apstkemavementflaidema s s e,

au sein de bain de fusiqhl]. Par conségent de nombreuses études liées au traitement



débune | arge gammeés’'dAMdaEnngantr® etia@lLivi>en particuliercyh
compris | es al/[l2] kgabdiagesddckel [L8nlesralliagan détane[14],

les aciers inoxydablg45] et les aciers outilgl6-17]. En raison de la complexité physique

et de | 6h®t ®r 0 g ®n ® g, loRtimiwdtian das parameétrestde pracdsaise ®n ®r ®
de traitement thermique, qui est généralement indispensablendewi@robléme critique

fréquent. Un volume considérable de recherches a été publié sur différents matériaux qui

peuvent étre fabriqués de maniere additivaijs et al. [14] (2010pnt étudié &volution

microstructurale lors de la fusion laser sélectieel -6 Al-4V. Liverani et al. [15] (20179nt
investigu® | 6eff et des param tr &IsM) suula pr oc ®d ®
microstructure et les propriétés mécaniquesaigdr inoxydable austénitiqud6L. Tao et

al. [13] (2019) ont expliqué ¢ mécanismede kb croissance cristallinegdspacement

intercellulaire et la microségrégation du superalliage Incob@lfondu au laser sélectif.

Read et al. [12] (2019)nt optimisé les parametres de processus @alliage daluminium

fondu au laser $éctif et étudié la microstructure et les propriétés mécanidpiest al. [18]

(2020)o n t ®tudi ® | 6influence du pressage i sosta

mécaniques dédlliage de magnésium produit par fusion laser sélecBud/Aj.

Concernat les aciers a outils, qui ont généralement une tendance a devenir cassants sous des
vitesses de refroidissement ragde ce qu i est | Gune @M. di fficul
Cependant, les aciers maraging, en particulier le 18Ni (300), qui obtiennenttets dt

leur résistance a partirdgth processus de traitement thermique aprés la construction sont

souvent utiliséscar ils restent ductiles pendant la fabrication, empéchant la formation de

fissures. Lesciers maraging sont donc des candidats évigenislBAM en générale, et la

SLM en patrticulier, surtout que leurs performances mécanigoesdéja élevées via les

techniques traditionnelles. I&nt bien impliqgué dans des applicatiorsitomobileg4-5],
aeronautiquefd-7], ainsique les outils de productig8]. Ils acquirent le caractére maraging

(résistant) de sa microstructure martensitique renforcée par desnchrgions suite a des

traitements thermiques de vieillissemgit



La formation de martensite suitedes traitenents en solution peut étre eifite a des
temp®ratures doéaust®nitisation et dewu vites
taux élevé deickel qui permet une plus grande flexibilité sur les conditions de traitement

sans compromettre la résiste du matérialil9]. Les nandnclusions permettent une

ténacité, une résistance, et une dureté plus élevée sans compromettre la [@03tilEé

raison de leurs performances mécaniques supésjdaréabrication de certains com@ss

déout i |uomdpiesoud @&®rao spati aux ~ parti rAMekstaci er
un suj et de recherche difficile, qui tire er
AM existantes, la fusion sélective las&LM) est la méthode la plus utilisée pouar |
production daciers maragingdn nombre considérable de recherches &@aiér maraging

fabriqué par fabrication additive ont été menées ces dernieres années. Le contenu de la
recherche couvraibptimisation des procédés, la microstructure, la duletderformances

de traction, les performance8rdpact et le traitement thermique.

Wu et al. [16] (202Q)Becker et al. [17] (2016etKempen et al. [21] (20119nt étudié les

effets des paramétres de procédé et du traitement thermiquiacarrharaging fondu au

laser sélectif. Ils ont découvert que la densité relative maximale de la piéce fondue au laser
sélectif pouvait atteindre plus de 9® et que la résistance a la traction ultime dépassait
1200MPaal 6 ®t at t el g uMPa apesruis ttaitemént de mise e $bl0tidn et

de vieillissement. Les traitements utilisés peuvent étre céresdomme long (le temps

total de traitement varie entre 5 et€ures)Ullah et al. [22] (2020t Mooney et al. [23]

(2019) ont rapporté danisotrgie plastique de piecds88Ni (300) avec trois directions de
fabrication (0U, d&idedunemachne de)fabricaidn additve @sers
Cependant, un traitement thermique peut diminuer significativement cette anisdksapie.
observégue | 6orient@)yg@®n meruwumentdalet ® plus ®I
verticae(90°)et | 6 or i e n(@53).tDe Olineird ehat. [24] (R@&)nt constaté que

les échantillons avec une direction verticale a 90° offrent un meilleur atenpent a la
compression et une meilleure capacifgbdorption &nergie que les piéces horizontales a

0°.



Déautre part, ils ont signalé que les échantillons traités thermiquement peuvent
atteindre une résistance a la compression ultime plus élevédesgjuagieces telle que
construite, avec une contrainte totale et une capa@tésdrption @&nergie trés inférieure.

Un pic de contrainte de compression similair@ )0 MPa) a été rapporté p&ontuzzi et al.

[25] (2013) a KGétat tel que construitMenegletti et al. [26] (2017)nt rapporté que les
échantillons @cier maraging orienté3° fabriqués de maniere additive présentaient une
résistance a la fatigue inférieure a celle des échantillons er@#ft Yao et al. [27] (2020)

ont illustré que comptehu de thétérogénéité du gradient de température, de la distribution

de Kapport de chaleur et du taux de croissance, la microstructuéeaier Imaraging SLM

(C300) présente deux morphologies différentes, qui sont unessogsure équiaxe et
colonnaie. lls 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] (201Int étudiédinfluence du traitemnt 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 contpmsinon homogénéisée conservée. De plus, la
température plus élevée était nécessaire {@3(Qour obtenir la dissolution efficace de la

microstructure telle queonstruite.

*kk

2. PROBLEMATIQUES

La complexité physique aura lieu au counpdocessuSLM, les effets de parametres
de processus incontrélables, ainsi que les longs traitements thermiques indispensafies reste
toujours les majews difficultés faceal 6 i ndustri al umoadssuSLMpan masse
les aciers, y compris les aciers maragingvelses recherches ont atteint les propriétés
meécaniques les plus élevées apres le traitement de vieillissement en optimisant la température
et le temps de vieillissement, comMéau et al. [16] (2020)vieillissement a 550C pour

50 heures) Condé et al.15] (2019)(traitement en solution a 84B0°C pour lheure+
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vieillissement a 42@180°C pour 36 heure}, Becker et al. [17] (2016]traitement en

solution & 830C pour 1heurest vieillissement a 490C pour 6 leure$, et Kempen et al.

[21] (2011)(vieillissement a 480C pour 5heure¥. Néanmoins, il reste encore de quoi a

faire, y compris la sensibilité des performances mécaniques des aciers maraging aux
parametres de processus de fusion sélective Bise, | opti mi sation des
processugt | 6affi nement de | eur effet sur | es p
parametres de traitement thermique sans compromettre les niveaux élevés des performances
mécaniques disinabilité dedacier maraging fabrique p&L.Met | 6 ef f dréesdeles pa
processus dbébusinage, ainsi que |l a mod®lisat.

aciers maraging.

*k%k

3. OBJECTIF DE L GETUDE

Léobjectif de cette étude est de comprendre les effets du traitement en solution et du
traitement devieillissement sur les propriétés mécaniques des échantiltangedmaraging
(C300) fabriqués par fusion laser sélective@tablir des corrélations entre la dureté et les

propri ® ®s de processus de traitemguenla t her

sensibilit® des performances m®caniques de
processusSLM, déautre part . Pour r ®al i ser | e p
principal ement ax® sur | 6expl orsthermguserde | 6 e

solution et de vieillissement, des travaux expérimenfaour mettr e en ®vi de
la solution de refroidissement, la température et le temps de vieillissement seront menés. Une
interrelation de corrélation entre la dureté et sesrdifits parametres de processus thermique

sera nseen place. Ces recherches ont pour but de recommandegaitement thermique

optimal de courte durée, par rapport aux durées les plus frégdent littérature, qui sont

en général heuregour le traiement en solution et& heuregour le vieillissement.

11



Le second objectif sp®cifique vise ~ maxi mi:
s®l ective | aser des aciers maraging, pl usi eur
déattei nldtiriemed.e Wbnutdeu ces objectifs est de savo
sur la qualité et les performances mécaniques des piecks fjoaen découlent et dégager
une tendance a partir cette analyse pour pouvoir améliorer le processus. Ces redmrche
pour but doi nbment tai gleenrsi i ¢ fia®d des per for mance
maraging (C300) aux parametres de processus de fusion sélectiv&ladgr Des travaux
déopti mi sati on vont per mettr e doelamellewey er | es
soudure selon I es crit res dé®yabdbeadtlaon qui 0

microstructure et les propriétés mécaniques.

*k%

4. METHODOLGIE

La premi re phase du travail consimte ~ d®t
thermiques en solution et de vieilissement de courte et moyenne durée, spécialement la
solution de refroidissement, la température de vieillissement et le temps de vieillissement,
ai nsi gue doéoptimiser ce procespetdosmancedser mi qu e
mécaniques. Pour cela, plusieurs séries de traitements thermiques, élaborées suivant un plan
déexp®rience T a g u céhtrois diveaux, serooticendas. hec plamu r s
déexp®rience Taguchi ti ent e @®epussgnifidadives c ombi na
entre les divers niveaux de parametres. Les travaux de fabrication par fusion sélective laser,
déune s®ri e des coupons de traction, seront exX
|l e centre dol nv €ERIPx». lses eupens fabri@us@bne soumis a une
caractérisationle microstructurea des tests de dureté,stles essais mécaniques de traction
conformément au standard ASTB8B. Ces caractérisations mécaniques et métallurgiques
seront faites dans les laboratois de g®ni e de m®caniEPue de | 6

Considérant la dureté des coupons tels que construits et traités thermiquement, une fois les

™Sy

r®sultats exp®ri mentaux obtenus, des outils d

12



appliqués pour déterminer6 e f f et des param tres de proces:

performances m®cani ques de | SLMclnemodelender agi n ¢
pr ®di ction sera d®vel opp® ~ partir des analy
en acier raraging (C300) fabriques parSLM a partir des parametres de traitement thermique
consi d®r ®s. Le mod | e servira ®gal ement
thermi que par | 6usage doébune surface de 1 ®p
optimales.

La seconde phase est | 6expl oration ayan

performances mécaniques des aciers maraging aux parameétres de pr&tddslues

param tres de processus consi d®r ®s sont | a
déohachurage. Léoptimisation commence par | 6
définissant des plages de paramétres qui seront utilisés pour laucbast du plan
doexp®rience. Pour cel a, un plaaasnideaux se@®r i e n
élabog. Les travaux de fabrication par fusion
traction, seront exécutés en suivantce planencollagbbi on avec | e centre
Québec <«RIQ». Les coupons fabrigg seront soumis a une caractérisatide
microstructurea des tests de duretéades essais mécaniques de traction conformément au
standard ASTMES8. Ces caractérisations mécareq et métallurgiques seront faites dans les

| aboratoires de g®nie de ENB®Unafois lgurésultatss | 6 U
exp®ri mentaux obtenus, des outils statistioc
seont mené&s pour conna’  tr eeffdt das pgramettes decpeocessStsV | 6
consi d®r ®s sur | es propri ® ®s de | 6acier ma
proposer des modéles de prédiction permettant une estimation de la densification et des
propriétés mécaniques a partirdesgam tres. Le mod | e servira
des param tres de processus par | dusage dobéur

les valeurs optimales.

*k%k
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S. STRUCTURE DU MEMOIRE

Ce manuscrit sodéarti cul le premmer chapidre estaunemynthdse es pr i

bibliographique einemi se en situation g®n®r al e. (I dr ess
fabrication additive métallique, en donnant une attention spécifique au processus SLM. Le

principe dAM, les techniques, les domames dobéappl i cati odssles | es mat

parameétres les plus influents et les défauts typiques sont pi®senté

Le chapitre2 est dédié a la description spécifique de statuts pgéderrogression de la

fusion s®l ecti ve I|Lamiaastructuee typiua, des groprict@smfinadeg i n g .

de | éacier maraging, | 6 ®t at courant, l es prob
comparésa exd e | araginge(€300dbtenu par voie conventionnellees chapitres
suivants sontconsa®rs ~ | a pr ®sentation des r®sultats ex

réponent aux premiers et deuxiemes objectifs.

Lechapitre3 traite de | 6i nf | utraitermeats tHeensques eonsadénést r e s d €
sur la microstructure et les propriétés medcaqgues de | daci er mar aging
microstructurales et mécaniques, suitex d@aaitemenst her mi que s, obt enus s

maraging sont analysées et étudiées. Une optimisation statistique suivant une approche
ANOVA est conduig, pour délivrer un rmdéle de prédiction de dureté a partir des paramétres
de posttraitements thermiques considérés. La validation des parameétres optimaux-de post

traitements thermiques est effectuée a travers les tests de traction.

Le chapitre4 traite de | 6influence des principaux p
vitesse de bal ayage, espace doébhachurage) sur |
de | 6aci ¢€i300ylabora gaSlMgCette partie vise a déterminer la serisébde

propriétés mécaniques en termes de parametres de processus et a mieux comprendre les

interactions entre | es param tres SLM et | es r

*k%k
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1.1 RESUME EN FRANCAIS DU PREMIER ARTICLE

Léattention industrielle et académique a la fabrication additive métallique (Médg) s
accrue ces dernieres années, en particulier en ce qui concerne diverses techniques
déadaptation de FA,@ptimisation des processus, la microstructure et la caractérisation
mécanique. Cela est di a sa capacité a supprimer toutes les difficultés et complexités
géométriques. En théorie, aucune forn@esh inaccessible avedrhpression 3D, ouvre la
voie a des cmiions qui seraient impossibles a réaliser avec les techniques de production
traditionnelles. Plusieurs travaux de recherche ont été menés couvrant différentes pistes, dans
le but détudier les procédés de fabrication métallique additive laser applicgiénaltiples
matériaux. Cependant, de nombreuses lacunes subsistent encore dans le domaine, et doivent
étre explicitement étudiées afin de permettre aux cherchéxpldrer dautres directions.

Céest pourquoi un examen périodique est nécessaire afinedex mdmprendredtvolution


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 avantagesles limites, ainsi que dees différentes
technologie®u systémes. Une grande attention sera accordée aux systemes a lit de poudre
(en particulier la fusion laser sélective (SLM)). De plus, ses parametres de processus les plus
importants, leurs effetginsi que les principaux défauts rencontrés dans les techniques AM
et/ou SLM, tels que la porosit&rhprécision, la contrainte résiduelle éandtres problemes
courants identifiés dans la littérature, seront présentés. Damsemble, cet articlurnit

un apercu complet déétat dedart 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 essentiellement rédigé par son premier

auteur Faical ldbassui a également conduit une recherche bibliographique apprefdadi

la |litt®rature r®cente afin dede x pdlaovraenrc eunme nrta pdf
technologie de fabrication additive. Lbéarticle
s®l ective |l aser (SLM). Nour eddi ne Barka est | e
de ce projet de recherche en proposénalp pr oc he et l a m®t hodol ogi ¢
probl ®mati que. (I a ®gal ement contri bu® ° | 6 a
final e. Le troisi me aut eur appaeté dodbexpertisedul e est |

domaine de matériaux et proéde fabrication.

1.2 TITRE DU PREMIER ARTI CLE

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 (MAMg ha
grown in recenyears, 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 isinaalgawith
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 metallenufacturing 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 arsgland the evolution of AM processes

since AM technology is developing rapidly and continues unabated.

To this end, the present manuscript aims to conduct aepth study of MAM
principles, compatible materials, benefits and limitations, as well défeésent 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 SLMrigpies, 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, ckaljes, 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 freBorm manufacturing, is a process for producpagts by
adding materials in successive layers, without tools, from numerical data in a 3D[inrodel

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 achigveonventional production

techniques.

The very first AM technique used was stereolithography. A patent registered under the
title Device forProducing aModel of anindustrial Part was published on July 16, 1984, by
JeanClaude André et al. [3)n belalf of the CilasAlcatel corporation. About a month later
(August 8, 1984)Charles WHull [4] filed a patent for the same technology. In 1986, the
first company (3D Systems) founded bgharles WHull [4] commercialized the
stereolithography process.

However, the manufacture and sale of stereolithography machines did not begin until
1997 by the French company Optoform, founded AndréLuc Allanic and Philippe
S ¢ h a.eTheecompany was acquired in 2001 by 3D Systems. Additive manufacturing is
therefore nba 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 compongbt§].

The additive manuafcturing process [ASTM 5291%]] follows several general steps:
design, slicing, programming, manufacturing, and support structure removal to obtain the
final product (FigureL.1). A file designed in CAD is usually generated in STL format. Next,

a fixedthickness digital slicing in horizontal layesseapplied to the part. The thickness of

the layers is one of the most important process parameters and is dsfaéahction othe
manufacturing technology and the material used. The orientation of tha [gace must

also be considered since it has a significant influence on the actual fabrication and on the
result. The next stepyhich isthe production of the part, could take long to accomplish,
depending on the process parameters. Once the 3D corpmtluct is complete, poest
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 orthe principle of using higipower energy sources to incrementally
fuse metal powder and ensure controlledobdification, layer by layer. The technology can
produce complex geometries in pure metals or alloys to meet the needs of various industrial
secors 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 mauoufag
(MAM) applications belonging to the 3D powder bed fusion printing fap@ht3].

Although consideredhe most promising process for creating high quality parts in
terms of mechanical performance, powder bed fusion faces certain challenges and
limitations. These amelated to securing good surface finish, a homogeneous and porous
microstructure, higtstatic mechanical properties, and a high fatigue life. These limitations
are attributable to the complex interactions between the different phftsieahal 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 thergnatiients 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 effeces af 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 asle, it should be noted that such work can be quite time
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consuming and costly. Some such reseddd#18] has focused on numerical process
simulation, which can represent a promising tool for understanding this multiphysics
problem. These works attemptdevelop numerical prediction models to control the thermal
behaviaur, allowingit 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
guantitative represéation 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 tlee model
must be studied repeatedly.

The objective of this work is to review MAM in genefakction2), 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 Ruskics additive manufacturing research unit.
The rest of the article is broken down as follows: Se@i@nesents the basics of the laser
powder bed fusion (IPBF) process, especially the SLM method, as well as a summary of

previously published journal tacles. Concluding remarks are then presented at the end of
the article.

1.5 NOMENCLATURE

AM: Additive manufacturing

MAM: Metallic additive manufacturing
3D: Threedimensional

PBF. ~ Powder bed fusion

SLM: Selective laser melting

DMLS: Direct metal lasesintering

HIP: Hot isotactic pressing
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1.6 METALLIC ADDITIVE M ANUFACTURING

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, gobvgdr energy source
(laser, arc or electron beam) is used to melt the raw material, usually a metal powder. The
molten material then undergoes a controllegakdification to create a layer of defined

thickness.

Various types of MAM equipment are commercially available. ME#ais 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.
Tablel.1l presents the seven best known metallic andmetalic 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.

Tablel. 1. 7 Types of AdditiveManufacturing7].

AM Type Definition

VAT A liquid photopolymerimmersed in a vat is selectively cure

Photopolymerization light-activated polymerization.

Sheet Lamination  Selectively cut sheets of material are bonded to form an ol

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

Binder Jetting (3D  Aliquid bonding agent s selectively depositedaad powdery

Printing) materials.

Material Extrusion  the material is selectively distributed through a nozzle
through an orifice. Example: FDM Fused Depositi

Modeling.
Powder Bed Fusion Thermal energy selectively melts some areas of a powder
DirectedEnergy Focused thermal energy is used to melt materials du
Deposition 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 Ei@re

0 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 ndortae

layer.

Build Material
Filament

Heated Nozzle

Current Filament

Print Bed
Figurel. 1. Same terms used in metallic additive manufacturing (J4).
o Deposition speed: The speed at which the point of impact of the heat source moves
relative to the substrate or lower layer.
o Depositionrates: Amount of metal deposited per unit time in a continuous deposit. It
is generally expressed in kg/h or cm3/h.

0 Wire speed: Speed at which the wire is unwound into the molten bath.
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0 Manufacturing speed: Speed at which the part is manufactured. It ttaleesnto

account

1.6.3 Materials

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

(e.g., TE6AI-4V), aluminum alloys (e.g., AlSi10Mg), nickel alloys (e.g., Inconel718), as well

as steels such as-l@n steels, stainless steelnd toot¥maraging steels. The range of

materials used is given ifablel.2

Tablel. 2. List of the main metals used in metallic AI®-23].

Metallic alloys

Example of alloys
Maraging 200/250/300

Tool steels H13

AlS1420

Ti-6Al-4V
Titanium —

Titanium Grade2

Ti-Al6-Nb7

SS316L
Stainless steel

155 PH

SS440
Aluminum Al-Mg-SdScalmalloy

Inconel718
Nickel / Inconel

Inconel625

Inconel738

CoCrwcC
Cobaltchrome

ASTM F75
Hastelloy Hastelloy X
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Copper CC480 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 complementatgchnique 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

1.64.1 Benefits of the AM Process

Metallic AM technologies provide many essential ben¢#@s29], including

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

production techniques and paves the way for more varied creéfiguse 1.2).

Figurel. 2. SpaceX AM built Super Draco rocet engsfi24].

o Parts relief/lighter parts: AM provides a good level of topological optimization
(Figure1.3).

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 (Figurd): 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

o0 Removal of assemblies and welds: Manufacture of permanertitylated parts
in one sted30].

Original Part
Volume: 263,346 cubic mm

Mass: 2.06 kg /

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

Figurel. 3. Example of topological optimization in AM28].

0 Manufacture without specific tools: AM is a staamldne technology that does
not require the use of specific tools

Figurel. 4. The repair of damaged Titanium blisk using leseretal deposition process
[29].
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1.6.4.2  Technology Limitations to the DevelopmentAif 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 rapidlynitiget 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

0 Room size/area: In the case of powder bed technology, the size ofdim is
limited to the size of the powder bed (in SI8@0 maching 500x 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. Peptocessing requires more time than machining.

o Customized approaches for selected metals: #taneeld alloys require specific
approaches.

0 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 appations 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
maximumconstruction volume, et hreemain 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 solid¢. 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 shHdwbe 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 protiestioss.

Gun
Motions

Wire Feeder

EB Gun

———

Electron Beam

/ Molten Alloy Puddle

Prior Deposit

Substrate
Re-solidified Alloy r

Figurel. 5. Laserwire process principlg81].

The principle of this process, described in Figle 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 dependiag the behaviour of the alloy used durithg 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 steetsGMn steels. It is mainly applied

with titanium alloysiTi-6 Al-4V0 in the aerospace sec{G2].
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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 distriloutiee 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. Som#hese 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 duritige manufacturing procef33].

(i) Powder feed systems

The process of MAM with powder feeding systems is more adaptable to volume
increase than other proces§&4]. The two most common configurations on the market are
the fixed repository/depositidread and moving part configuration and the fixed part and the

moving repository/deposition head configuration

Powder & Carrier gas
Coaxial |
nozzie \
\“. ,."y
)

- Laser beam
High-speed W11 — Powder grains
camera

%1

Figurel. 6. Powder spray manufacturing principle [34].

- y I
X
llumination

laser "¢

Substrate-

The operating principle of these systems is that a gyaoftjpowder is transported on
the substrate using a noz4&4]. 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 repaiorn or damaged componeri8t]. A generic

illustration of AM powder feed systems is shoimrFigurel.6.
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(i) 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 geometryl4, 18, 3536]. Powder bed fusion (PBF) is the b&sbwn technolgy
in this family of system§l4, 18] The two main PBF processes are selective laser melting
(SLM) and electron beam melting (EBN¥D4, 18] These systems are based on the use of a
programmed source of energy to scan and melt or sinter the powder ef apglied on the
construction tray, according to the desired geonjéuty 18] Once a layer is completed, the
construction platform is lowered by the preslted layer thickness and an additional powder
layerarespread on the work platform. The processdpeated 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 fusioP@F) procesgl4, 18]

A generic illustration of an AM powder bed system isvshon Figurel.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, an@isi@&4] 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, jadt properties during parts processing, create internal
passages, produce almost dense components, and maintain dimensional control throughout
manufacturing processg 14, 18, 3536]. The main limitation of these AM systems is their

small constructiowolume.

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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Figurel. 7. AM powder bed process princigl&s].

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,
industry is investing heavily in what is a promising manufacturing sector. Curranlys
present in several areas of applicaiian various business sectof87], including

aeronautics, automotive, medicpwelry, 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,semed functional parts. The
preferred metals in these sectors are stainless steel, chreyohatt dloys, 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 smediies production, however, AM is used to
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manufacture functionalgsts[38]. Prototyping can save a lot of time and money, as it allows

to quickly transform design ideas into reality before launching actual mass prod@éfion

1.7 PowDER BED MELTING -SLM METHOD

Selective laser melting is one of the most promising additive peleeérmelting
processes. This process results in final products having more complex geometry and much
better spatial resolution than other additive manufacturing technol@gies3]. 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 preintervention and podteatmentg44]. Below, we review the pmuciple 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-medchng
[45]. During an 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 powd@ngrigth 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 powtermust be
repeated for each layer to create additional overlapmagtions (Figurd.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 otreated powdefFigurel.9) [50].
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The 3D file

A laser melts the metal The layers of materials are The unfused powder
powder particles deposited successively is removed

The part is separated from o
The part undergoes the tray by machining and The piece is finished
heat treatment the support is removed

Figurel. 8. Process steps of SL[9].

This chapterwas designed to provide a brief description of SLM technology and the
critical challenges of the procesd industrialization[46]. The influence of process
parameters and peptocessing hedteatmen{47-50] on the quality of the final product and
its mechanical and microstructural properties will be discussed to understand the[prbcess
55]. The literature isolates and highlights te@én 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 goeeding[52-53]. The propertyperformance 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 contkoof 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 thinwalled, largescale parts. Thedeand moré are among thehallengeghat

users of SLM technology have recently faced

36



Beam diameter d
Scan direction X

Scan direction Y

Track overlap

Figurel. 9. The basic principle of the SLM proce[S@].
1.7.2 Process Selection

In order to carry out aulti-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 matdralsyrface quality, the
precision, the podinishing, the impact resistance, and the bending resistance. Some other

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

Type of the treated powder
Preprocessing

Printing time

Accuracy

Surface Quality

Posttreatment

©O O O o o o 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 spét production case to another, depending on thetssereds 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 tinjé6]. Unlike with the Selective Laser Sintering (SLS)
process, completely dense objects can be obtained without the need to yz®pessing
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 generabyies lhave a
thickness of between 20 up75 um([48]. A laser with optical fibrs sweeps and fuses the
powder layer to create a pool of melted material. Then, a controbsalicgfication stage is
conducted by the AM unit. Once a layer is finished, tloekviray 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 (Figli®. During the SLM process, an internal
atmosphere, using an internal gas (gdheeagon[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 rangeatenmals, such as cobalt
alloys[50], nickel[51-52], titanium[53-56], as well as stainless st¢gf-58] and GMn 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 toet 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 poardmetallurgy. Thus, a melting bath control process is required to
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ensure a complete melting of the metal pow@éy. According toReheme et al. [62}his

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 meltinpBatburing the printing
(heating) and cooling processes, the melting bath can be controlled througmpesature

gradient and the required amount of engd&gr65].

However, these temperature gradients are very high, and their accumulation causes the
generation of high residual stressg6-67]. The estimation of the quality of the
manufactured objecthe 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 speedtttang spa®and orientation, and layer thickness. recessing

and postprocessing are critical steps in the SLM (AM) process.

1.7.4 Most Influential Parameters

Although it is the most promising process, théBF 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 compleityPBF processes and to
the risk of incomplete fusion. This complexity stems from the fact that 4ABFE process
depends on several parameters and produces a complex multiphysics problem. The quality
and performance of the product manufactured #38F can be affected by more than 130
parameters[68]. Depending on the case, potential uncertainties regarding the input
parameters of the-PBF process reduce the experimental accuracy of the process or the
predictive accuracy of such a model. Most contribgitparameters 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 (Figuiel0) play a greaterote 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, includingsier 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, andgosessing

Laser Beam
Power (P)

F-Theta
Lens

of Focal Offset
Distance ¥ |
(FOD)

Figurel. 10. Some operating parameters studied for SLM proce$§86]g

1.7.4.1 Laser Power

Laser power is one of the most critical parameters of tHRBE process, which
determines the surface quality and performance of the manwddatbject. 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. Accoglito 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/fusematerial. In the latter case, solidification will trap gas
bubbles within its final geometry. This leads to high porosity rf8F James et al. [70]

used a metal powder of a maraging 300 steel with a customiB&FLsystem, 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 av36wever, afte

300W, the part began to lose the dense character, and the density decreased to 99.2% for a
power of 400N. The power value of 30@/ is part of a combination that gives a roughness

value Ra = 35 pm.

Yadroitsev et al. [71¢valuated the impact of pararaet related to energy density on
the geometrical performance of a staifles=el| alloy treated with IPBF. They observed
that the laser power is the parameter having the most influence on the geometrical
characteristics of single tracks. They classifieel 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 lsmeeck et al. [72]
performed an intecorrespondence analysis between the parameters used and the
performance delivered by theRBF 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 amcrease in residual stress amplitudes and corresponding distoRiairet. al.
[73] usedtitanium 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 workstaintess
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 decreaBadet al. [75]first studied thenfluence of the parameters
of a customized {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 arehtincreased with an increase in laser power (of

course, the same goes for laser speed). This was because a low laser powerstaahigh
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speed generated a low energy density, which was not enough for fusion. Otherwise, a
sufficiently high energy deity takes place, resulting in high vaporization and subsequent
accumulations of voids and inclusions. In their studyele et al. [76)aried the power from

165 W to 180 W for stainless steel parts. They found that the porosity decreased, and the
tensilestrength 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 AMBF process.
They showed that beyond a critical densitiy 180 J/mnR2, 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-selidification of powdef78]. 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 geometry79]. A scanning speedhat 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 densagk et
al. [72]also concludethat an increase in scanning speed itself leads to an increase in residual
stress amplitudes and corresponding distortions, through the temperature gradients
generatedSong et al. [80valuated the effect of an increase in scanning speed on the
hardnes®f 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. [81lised steel powder (18Ni300) with a powder bed system to ¢gdla

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 densitie Souza et al. [82¢valuated the nerostructure 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 B8RO0 mm/s. They observed that the scanning
speed has a slight influence on the manufaggutime. 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, consegutly 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 éhincrease in speed gradually shrinking the scanned track until it
becomes discontinuous and broken into b&lis et al. [83tonducted an AM study with an

SLM system on a titanium powder (GAI-4V). They found that the density of this alloy
decreasedsathe scanning speed increas@d 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. [84sed 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, lmrainé®f 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 reducedivel densityDelgado et al. [85¢ompared 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 chang@seither hardness or ultimate tensile strength. In their siisie

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 aslthe spee
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 b§u et al. [74] In their comparative study,ju et al. [86]used the
powder of a stainlessteel 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 indicatest they were within the optimal scanning

speeds range.

1.7.4.3 Layer thickness.

The thickness of a layer is one of the basic parameters of the AMPBH.process. It
is defined by the predefined thickness of powdedat each scaf87]. SLM is capable of
processing layers with thicknesses ranging from 208 um[48]. The quality of the parts
andtheir different performances are directly influenced by the layer thicki@&s82]. The
accuracy of the layer thickness can be controlled both through the defrtkieypowder bed

and the movement and position of the substrate and covd®aim

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
manufacturingime. However, the layer thickness is limited by a step intdA&l A layer
that is too thick may not be sufficiently fused. Increasing the layer thickness rexjigbgr
laser power andslower laser spee®ome research worksvestuded theeffects of alayer
thickness as a process parameter on one or more performanc&.® ananufactured part.
Daffily [94] noted that any increase in layer thicknéssds toa decrease in the relative
densityof the manufactured objecnd subsequentlyn an increase in porosit@4]. The
decrease in the magnitude of the residual stress can be attribateditwed thermal energy
input and cooling ratd.ameck et al. [72&lso concluded that as the layer thickness increased,
boththeresidual stresseqd distortions decreased. However, a corresponding increase in
porosity was equally observe8un et al. [83Jevaluated the influence of layer thickness
variation on the relative density of a-BAl-4V alloy with a customized {PBF systenj83].

They showedhat the layer thickness and the relative density of the final product are inversely
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proportional. Kempen et al. [81$tudied the sensitivity of the density and hardness of a steel
alloy (18Ni300) part to changes in layer thickngsg. They also showeithat 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 perfermance
with variable layer thickness especially in terms ohardness and relative density.
DeSouza et al. [82hlso showed thatthe layer thicknesshad a greater influence othe
manufacturing time thadid thescanning speed. They observed that when the layer thickness
increased by about ~1.6, the fabricationdiwas reduced by up to 60%, while maintaining

a reasonable surface roughnéssheir comparative studfpelgado et al. [85lised stainless

steel alloy powder on two different AM systems to evaluate the effextlodinge in layer
thicknesg85]. They faund that as the layer thickness increased, one system produced parts

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

1.7.4.4  HatchingSpace

The hatching distance is also a critical parameter that can be controlledA tinet
via SLM. The laser passes through a powder layer following sequential tracks. The distance
between the ceats of two successive tracks is presented by the hatching distance
(Figurel.11). If the hatch distance values are too small, and beloitieatwalue 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 subsequentlyirmomplete melting of the metal powder

Point distance
- »

| Hatch

, distance

Figurel. 11. Graphical representation of hatching spi@&].
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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 staielelgsmrt. They
observed that the hatching distance had the greatest impact on the ultimate tensile strength.
They found that as the hatchidgstance increased from 0.12 mm to 0.19 mm, the tensile
strength decreased, and the porosity incredaicket al. [75]also found that any increase in
the scan space beyond a critical value generates incomplete fusion, and consexloantly

relative dasity.

Sun et al. [83used a titanium powder (‘BAI-4V) to conduct an AM study with a
customized EPBF system while modifying the hatching distance. They also found that the
density of this alloy increased as the hatching distance decré&&setbnbroucke and Kruth
[84] used a similar AM system to produgartsin titanium alloys (T16Al-4V). They
conductech work aimed at minimizing porosity while maintaining certain requirements in
terms of mechanical performanaich as rigidity, strengtihardness, 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 decreatfieeimeasured relative density

1.7.4.5  Printing Strategy andirection

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 powdr fusion, heat transfer, 1®lidification, as well as local and global
distribution of defectsAs shown in Figurd.12[95], there are different scanning strategies
that can be used by theRBF process, such @anidirectionab, ficrosshatching, fispirab
andfizigzag. 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 energlyis problem is much more ggent irfiunidirectionab

and fiZigzag scanning strategid96-97], whereas théicrosslayerm 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 refusi@suggested, especially for the last layer, to improve
the surface roughnef38-99].

Building direction
z-axis

Building direction Building direction
z-axis

/ Scan direction / Scan direction / Scan direction

X-axis X-axis X-axis

Figurel. 12. Most Known printing strategh1].

In their investigationHuang et al. [100dndYang et al. [101worked 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 rscans the overlap areas betwélee tracks, as shown in Figukd 3, to ensure
a complete fusion of powders during the deposition of the next Bgeet al. [L02used an
SLM AM process to study the influence of the scanning pattern and melting bath
characteristics on the mechanieald microstructural performances of AlSI12 steel powder

parts. They found that refusion can be an effective method for pore removal.

Laser beam

Interlayer staggering scan Scan path
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Ceeveewed
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Figurel. 13. Orthogonal scan strateffyl].
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The printing direction is another parametidsat 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¢oncluded 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 surfaceand core was obtained for 900 mm/s speed combinations. In their comparative
work, Bahardwaj et al. [103]sed 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 micrevoids. Maneghetti et al. [L04&nalyzed the effects of the scanning orientation
(respectively at 0° and 90° relative to the longitudinal axis offfeeimen) on the axial and
static fatigue properties of the maraging steel parts produced byP&FLprocess. They
found that the construction direction did not have a significant influence on the mechanical
properties, even for aged parts. They alsochated that the axial fatigue strength for a 0°

orientation is the lowest.

1.7.4.6 Morphology and Powder Size

Powder sizeand morphology, as the most important contributing characteristics of
powder, are crucial for the regularity and fluidity tbe powder bed ad the quality and
surface roughness of the manufactured object. In addition, powder specifications can affect
the other performances of the padch as porosity. A smaller powderds taa reduction
in porosity. For instance, a powder that is too sraatl has avery irregular morphology
impedes the smooth deposition of lay&mveral methods of metal powder production affect
the formation of defectgL05-107], includingthe rotary plasma electrodéhe electrolytic
method, gas atomization, and watésraization.Bourell et al. [108Jused a stainless 316L

steel powder with a customized SLM system. They found tha s powder that is too
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large (usually more than 100 um) requires a much higher energy démsftysion. This

results in a higher porogitate for a specific energy density. In their wofkang et al. [109]
investigated the effestof powder size changeon 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%vhile a powder twice the size (~50 piepds tca drop in
relative density to 97.50%. In their comparison wddqgkus et al. [L1Q@jseda 316L stainless

steel powder with particles ranging between 20 and 120 pu in size, as well as a powder of a
GP1 maraging steel with particles ranging between 10 and 80 p imhigg found that the

GP1 powder grains melted more fully than those of ti&l.3nd that the surfaces of both
316L and GP1 parts, have a worse adhesion between parfibkesurface roughness was

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

1.7.4.7 heat treatment/post treatment

Post treatmeris a controllable parameter, which is usually needed to relax the stresses
generated by the process. It is a critical parameter-BBE processes, and crucial for the
density and microstructural morphology of the manufactured object. This can be altribute
to its ability to decompose martensite, relax stresses and reduce poresed®ostnt by
annealing and hot isostatic shrinkage and pressing martensite decomposition is the method
that has attracted the most attention in the literdfiire 115]. Severastudies 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 micragtical compositionil15]. Krakhnmaley
et al. [116]applied HIP heat treatment under pressure to an advanced stainless maraging steel
manufactured by {PBF. They concluded that the pressure could affect the process,
diminishing the hardness. Therefore, tos@m® a certain level of hardness and high
mechanical performance, during p@sessure heat treatment (like HIP), new thermal

treatment regimens must be adapt€dio et al. [117]evaluated the influence of pest
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treatment on the microstructure and perforosaof an 18Ni300 steel fabricated by as?BF

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 diffat 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 decreas€T his is most pronounced for aging temperatures above 54bie

et al. [118Japplied different heat treatments to maraging steel parts manufactured by an SLM
process, to homogenize and refine the microstructure and ensure a masiesisibite
revession. They found that the dosiilt part had a noinomogeneous microstructure with a
retained austenite density of 4% and no remarkable precipitation. The hardness-tiliifte as
parts was higher than that of the homogenized parts. They also obsenaicketttaiging 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 guarantaera efficient microstructural
dissolution. The introduction of an interitical 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 lexitypof 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 sewathar 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 vay 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

1.7.5.1 IncompleteMeltingHoles

Incomplete meltingor lack of melting, occurs mainly because of an insufficient
estimationof 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 insufficiesptusid the next
layer[119-122]. The shape of a localized melting defect between layers is very similar to that
of cracking[123-124]

1.7.5.2 Geometric andimensional naccuracy

Different types of geometrical and dimensional inaccuracies can be observed in an 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, bendin¢)25]. Geometrical defects are cauds 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 ofie att file is directly
responsible for the creation of the staircase effect.ifithgence of the deviating staircase
effect becomes more and more pronounced as the deviating layer become§ithtEker7].

The layer thickness, or the height errors, may somewhat thus be considered as the main
sources of curved surfaces and volumedriors: 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 tordensional deviations, they occur because of laser positioning errors

and/or platform movement errgrs28-129].
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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 extentaaedmore 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 undulati@30-131]. Regarding shrinkage, cyclic phase
change can cause thermal volume shrinkage following an SLM process. Durin§BR L
process, rapid cyclic melting followed by-selidification and cooling of the manufactured
part gives rise to very high temp¢ure 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 supeposition of two consecutive layers. Indeed, any increase in layer thickness, time
interval and plateau temperatueadto a decrease in shrinkaf&2-133]. 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 fina[fj3&lity
136]. The supports are generally essential to reducess heat from the manufactured part,
and consequently, reduce the risk of warpjdg7]. Accordingly, optimized, and well
designed brackets can improve the accuracy of tR8E produced part. Distortions also
occur because of thermal expansion and velshrinkage. This is especially problematic for
thin-walled part§138]. To reduce this type of dimensional error, the manufacturing strategy

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

1.75.3 ResidualStress

Some defects aneery common and even inheremcluding residual stress for an AM
manufacturing process. Practically no manufactysad is free of residual stresat the
microscopic scalgt is impossible to deal with the generation of this type of stress. This is
becausevery high thermal gradientse generateduring AM processes. The impactsafch

a stress can cause poor mechanical propertieduding fracture toughness, fatigue
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performance, geometrical distortions, and changes in grain microstructure such as
delamination of layers during depositigh39]. Residual stresses can also lead to some
geometrical inaccuracies, which introduce deformations on theipeding geometrical

and tolerance errors.

A residual stress is a static multiaxial stremsaining in the part after the removal of
an external load (force, momerdtc) [140]. Permanent damagmused bythis stress is
apparent if it exceeds the local yield strength of the metal and/or the local tensile strength.
Sucha situatiorcan cause lokling/warping due to plastic deformationaanproduce cracks
or dislocationg141]. The thermal phenomenon occurring during the AM manufacturing
process can introduce macroscopic residual stresses diféetertial heating and cooling

of the solid duing and after solidification.

To reduce the damage caused by residual stresses, certaitrepbsentsare
recommended in the literature. Optimization and residual stress control studies have always

beenan importantesearch topic.

1.75.4 Cracks andDelamination

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 localizgg enpait in terms
of application area are sources of high residual stresses. They cause crack initiation and
propagation in affected objedtsd2-143].

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, théuedgiensile
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 classifsgbdcaindary cracking. Such cracking
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is caused by the difference in morphology at the boundaries and possible precipitates within
the grain boundaried44-145]. Incomplete fusion can result in the separation of adjacent
layers, known as delamination. Delavaiion 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 defeis quite visible and irreparable. Indeed, no ficsitment 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.

1.7.5.5 Porosity

Porosity is the most commondauontrollable defect in an AM manufacturiedpart,
through the manipulation of process parameters. This defect is unavoidatih®bsihg the
right process parameters can liniis effects. Pores are volumetric defects appearing
microscopically as cavés of roughly spherical shape and small size, generally no more than
a few tens of micronfl46]. 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 nepherical poreswith a variety of sizes induced by the
technique and process parameters. At the very high temperatudesooling rateshat
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, radis practically difficult to eliminate @ampletely.

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,

54



especially the principle underlying the technologyaitivantages and limitations, application
areas, related materials, MAM techniques and systems, process design, most critical process
parameters, main defects, and control methods, such agrposissing heatreatment.

Special interest has been giventhe SLM technique, in order to directly align it with our

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

wThe MAM process and its equipment are under continuous development. It comprises
a variety ofapplication 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 fed, Powder feed and Powder bed systems (metals).

A The final qguality of the parts delivere
mass production. However, some major hurdles continue to face MAM integration into
industrial mass production.

A F u t-deptle 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 potocols for materials attached to AF and why not further expand the range of
materials.

A Notwithstanding the many advantages pre
freedom, and flexibility in terms of design, optimization of raw materials, usifigrelint
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 environmewblved 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
postprocessing, and part size limitations (espke for SLM), which slow down the

adoption of MAM somewhat.
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A I'n particular, SLM is a promising technol
various materials such as nickel alloys, titanium alloys, aluminum alloys, and steels. At the
same time, thegssibility of its application to other advanced materials such as metal matrix
composites should be explored.

A Recent research, efforts and advances 0 |
development of new materials, have made it possible to improve theriatizestion 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 thi®melaip of geometric
precision, microstructure, and mechanical properties with parametric processes, on the one
hand, and the characteristics of heat treatmentghe other hand.

A During SLM, for example, str gfrgnobeher mal S
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 metallurgicdideour within parts is needed.

A Probl ems & Al\ia denerad inclBde Mefects, cracks, dislocations,
residual stresses, and microstructural anisotropy. This paper presented the main defects and
analyzed the mechanism of formation of typical defedtls optimized methods. This could
help in a design process that is appropriate to required outputs.

A Current devel opments in the different A M
printing of maraging steels, stainless steels, titanium alloys, and-matiirials, open new
opportunities, which will allow to present AM as the key to Indudtf; Significant
developments and valuable additions are available in the literature. Nevertheless, there are

still opportunities for improvement and further inveatign

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 -otepth 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 dernieres années, la fusion laser sélective (SLM)resablement devenuéuhe des
techniques a la croissance la plus rapide dans le processus de fabrication additive utilisé pour
fabriquer des pieces métalliques par fusion laser. Contmérds procédés de fabrication
additive métallique, le SLM peut éteppliqué a une variété de matériaux, tels gaeiér
maraging, afin de produire des géométries complexes qui ne se prétent pas aux méthodes de
fabrication conventionnelles, et le potentieligprésente pour réduire le poids final sans
compromettre les amportements 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
|Gquilibre résistancéénacité, le SLM dedhcier maraging est un domaine mar pour la
recherche. Il convient toutefois de noter gidtention des propriétés mécaniques souhaitées

dans le produit final nécessite la maitrise du qpostessus grace drtroduction des


mailto:Faical.Habassi@uqar.ca

paramétres de fabrication appropriés. Pour atteindre cet objectif en termes de performances
mécaniques et obtenir une microstructure a grains fins, il faut choisir usrgitestent

adéquat. Cet article présente une revue détaillée des exploratadémiques les plus

récentes et des réalisations liéega@ier maraging formé par SLM. Il présente les facteurs

de posttraitement et de traitement thermique affectant les propriétééadierl maraging

fabriqué adaide de la méthode. De plus, il negt lumiere la facon dont la qualité, la taille et

la morphologie des poudres, les parametres de traitement et le traitement thermique peuvent

i npuencer | es propri ®t ®s m®t al |l ographiques (
meécaniques (duretéraction,fatigue et contraintes résiduelles), ainsi que défauts associés

aux aciers maraging, avec un focus sur le C300

Ce deuxiemearticle, intitulé « A review of Selective laser melting of maraging steel :
Microstructure, mechanical behaviorstate of artand perspectives fut essentiellement

rédigé par son premier auteur Faicahbidssiqui a également conduit une recherche
bibliographique approfondide la littératuredes cinq derniéeres annéasf i n doéexpl or er
rapport pr ®s ent dcememnt ddR © @ k p la ¢ miardstruotueeetdlds 6 a v a n
propriétéamécaniquesl e | 6 ac i éabrigubchdG large nrga ni. rLed aad dictl iev e o n

un intérét spécial a la technique de fusion sélective laser (SLM). Noureddine Barka est le

second auteur de cet arti e . 1 est N | 6ori gine de <ce pr o
| approche et l a m®t hodol ogi e pour aborder | a
| 6am®l i oration de |l a r®daction pour l a versioc

Mohammed Jalm qui a apporté son expertise du domaine de matériaux et procédé de

fabrication.

2.2 TITRE DU DEUXIEME ART ICLE

A review of Selective laser melting of maraging steel: Microstructure, mechanical

behaviors, present statement and perspectives
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2.3 ABSTRACT

Inrecent years, selective laser melting (SLM) has become probably one of the fastest
growing techniques in the additive manufacturing process used to fabricate metal parts
through laser melting. Like other additive metallic manufacturing processes, SLMecan b
applied to a variety of materials, such as maraging steel, in order to produce complex
geometries not amenable to conventional manufacturing methods, and the potential it
presents to reduce the final weight without compromising material behaviorsicailzey
attractive for aerospace and automotive applications. Given its numerous applications and its
high performance in situations in which material selection is based on sttengtiness
balance, SLM of maraging steel is an area ripe for researaiot®fhowever, achieving the
desired mechanical properties i n f{prooessynal
through the introduction of the appropriate manufacturing parameters. To achieve this target
in terms of mechanical performance and to bhta agrajnedemicrostructure, an adequate
posttreatment must be selected. This paper presents a detailed review of the most recent
academic explorations and achievements related to maraging steel formed by SLM. It
introduces the pogirocessingandhea t r eat ment factors a ecting
steel manufactured using the method. As well, it sheds light on how powder quality, size and
mor phol ogy, processing parameters and heat
(microstructure, dentsi, and porosity) and mechanical (hardness; tensile, fatigue, and
residual stresses) properties, as well as defects associated with maraging steels, with a focus
on C300

2.4 INTRODUCTION

The alditive manufacturing (AM) technologgavesthe wayfor creations that
would be impossible with traditional production techniques. It can createquiglity
metallic parts for use in numerous applications in the[to8l], automotivg4-6], aerospace
[7-10] and medical industrigd 1-13]. AM technology can bapplied via many techniques
[14-15], such as Laminated Object Manufacturing (LOME], Laser Engineered Net
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Shaping (LENS])17], Electron Beam Melting (EBM)L8], Selective Laser Sintering (SLS)
[19] and Selective Laser Melting (SLM20-21]. AM technolay consists othe following
four basic stepf22]: (1) Develop a 3D solid model CAD fil€2) Convert CAD filesinto an
AM file format using an adequate prografB) Use an AM machine to manipulate the AM
file and control the progress theLayer-by-layer building processand(4) Clean and finish

the manufactured part.

Compared to conventional manufacturing techniques such as casting and forging, AM
presentamany advantage®3-24], including (1) rapid prototyping from CAD documents,
which can allow gemetric, dimensional and functional testifag before the design cycle,

(2) the ability to produce complex geometries, sucthasore and cavities, (3) a reduction

of the need for a skilled workforce, (4) time savings and reduced raw matsgia(5) tle
possibility of creating a metallic composite of dissimilar metals through metallurgical means,
and (6) the possibility of reducing the assembly operations needed to create final parts. These
advantages have led to AM becoming probably one of the fagi®sing manufacturing
techniques. It has been used for numerous practical industrial applications, including in the
automotive and aerospace domd#d 0], thanks to a large number of accessibeerials,

such as stainless steel, nickased alloys, alminum alloys, titanium alloys, and maraging

steel alloyg20, 25]

As an AM technique, Selective Laser Melting (SLigIhowone of the most promising
powder bed processes for mef@6-28]. It is an AM Powder Bed Fusion (PBF) technology
that involves complicated physics, such as heating, melting and solidification of a metallic
powder by a moving heat source, in the form of a laser, in a-laykyer fashiorf29-30],
andaccording to thelesired geometry. As shown in Figwé, once a layer is completed,
the building platform is lowered by the prmelted layer thicknesgalug and an additional
powder layer is spread on the work platform. The process is repeated until the desired
componeh construction is complete This is then followed by an operation to remove

powder from the building chamber before the final product is separated from the structure
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plate[31-32]. When a powder bed is used in the SLM process, the procksewsas a
Laser Powder Bed Fusion processRBF). For a successful SLM operation, certain factors
must be masteredncluding (1) the effecs of process parameters, such as laser power,
scanning speed, scanning strategy, (2) the sftdgtowder qualityas a functin of elements
such asthe powder material, powdesize, and morphology,na (3) the effect of post
treatment. Processing parameteaignificanty influence the quality of the final parts
manufactured by SLIMand must thereforbe selectedvith caution in addition to being
continuously monitored and adjustad neededProper contrding these parameters can
make it easier toachiewe the required densification, microstructure, and mechanical
properties[33-34]. The rapid temperature distribution changegridg the heat source
movemenin the SLM processesult in ashort interaction timewhich in turnleads to a high
thermal gradient and residual stress in the molten [38e86]. The physical complexitpf
theAM process mearseveral phenomena, suchheesit, mass, and laser energy transféy,
rapid materialmelting and solidificatior{38], instantaneous microstructure evoluti@9-

40], flow in a molten batld1] material evaporatiof#2], mustcoexist Thesefactorsaffect

the processresulting in certain defects, such imsomplete powder melting, impurities,
porosity, cracks, and distortiod3-44]. These defects aneery critical for the physical,
metallurgical, and mechanical quality of the final products manufactured by SLM. This

significantly hamperghe large industrialization of SLM proces$26-28].

As anickelbased tool stegU5-50], Maraging steel oweawes its name from its
typical structure, and the strengthening mechanism, which transforms the alloy to martensite
with subsequent age hardeninthese steels, lich are characterized by law carbon
content, are widely known for their good mechanical properties such as their mechanical
strength, wear resistance, toughness, machinability, weldability, etemk¥hto these
propertiesjt canbe used in many fieldspcludingin the tool manufacturing industi5]
and inautomotivel46] and aerospadd 7] applications. These high mechanical qualities
attributable tahe main addibnelementsincluding Ni, Co, Mo, Ti, Al and largely account
for the hardening of maraging steels by thermal aging. Some of them, such as Ti, Ni, Al, and

Mo, are directly responsible for the formation of precipitates, while others, such as Co,
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indirectly influence he precipitation process. These hardening precipitates, as their name
indicates, increase the strength and mechanical characteristics of maraging steels. One of the
most observed precipitates in maraging steels is Nj88i49]. Many researchers have
carried out indepth work to explore and master the thermal, metallurgical, and mechanical
behavors of maraging steel during an SLM processisicomplexity makes maraging steels
important research topif50-51]. Thanksto their excellent performance and lowost,
maraging steelaregenerallymainly used in the presencelagh working temperatures and

in thermal fatigue injection molding operatio2]. Heat treatments and surface treatments
are examples of interventions on the microstructure commonly wsatreéngthenand
therefore improve material characteristjg8-55]. The microstructure most often observed
after quenching is a mostly lathed martensitic matrix strucalomg witha small amount of
austenite retaind®6-57]. Some parts of the strucaarelamellarin shapeAging operations

are always required after quenchingetsurebetter results.

The properties of maraging steel obtained by SLM are compaeatidlén some casges
superior to those otonventionally manufacturedteel As mentiord earlier, complex
printing parameters, powder quality, and heat treatments are among the most influential
factors on the mechanical properties of printed metal parts, including those made of maraging
steels[58-60], which is why a summary and the stafetlve art regarding parameters,
micromorphology, properties, and defects of the SLM maraging steel (C300) process must

be presented

Accordingly, this review aims to identify th&tate of the arin SLM processing of
maraging steel allayand outline trenslfor future researchllowing to further exendthe
application range of maraging stdxsed materials. Hreview highlights the progresisat
has beemmade in the last five yearg the field The focus ison the microstructue,
particulaty the effect of rapid solidificationversus what is seen imonventional
manufacturing, & well asthe evolutionof mechanical behavioras a function ofSLM

process parameters and ppsebcessing conditions. Some sections dediberately kept
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shorter thamthers for two main reasons. First, a detailed review has already been published
coveringadditive manufactured maraging steelad secondo clear conclusion could be
drawn from the existing literature. The discussion is split into following sectamsely(i)
Conventional Maraging Ste€li) SLM process, (iii)Microstructure of SM maraging steel,

(iv) typical defects, and (v) mechanical betwas.

Mirror scanner Laser
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Atmosphere Y
-8 lens
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Solidified
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Figure2. 1. A schematic diagram of the SLM process principal (adapted [B&ih

2.5 CONVENTIONAL M ARAGING STEEL

2.5.1 Characteristics

Maraging steel is one of the tool stemtegories. It is a solid martensitic alloy
characterized by relatively low carbon content aralhigh content of one of the other

additive elements, such as Cobalt or Nickel, as shown in Pdahle

Maraging steel 8% Ni300 (referred to for simplicity as maraging steel (C300) in this
article) has already been recognized as a very important hardatialglen the mold and
tooling industry. The combination of the advantageshef AM process with the good
mechanical characteristics of maraging steel (C300) rhade it very usefuffor the
manufacture of higlguality mechanical components required in saldields, such as

aerospace, parts, and tops-47].

79



Table2. 1. Chemical composition (wt%) and strength of commergiatie maraging steels,
Inco[62-63].

Alloy Ni Co Mo Ti Al Mn Si
18NiCo (200) 18 8.5 3.3 0.2 0.10 O 0.1 O 0.1
18NiCo (250) 18 8 4.8 0.4 0.10 O 0.1 O 0.1
18NiCo (300) 18.5 9.0 4.8 0.7 0.10 O 0.1 O 0.1
18NiCo (350) 18 12 4.2 1.5 0.10 O 0.1 O 0.1
13NiCo (400) 13 15 10 0.2 T O 0.1 O 0.1

The high levels of substitutional elements, such as Ni andnGoaraging steel may
be responsible for its malleable and robust microstrucitines is due to the ability of the
substitutional elemest ( e. g . , Ni , Co, Moé) to provide
aging. Although cobalt is not part of the composition of reinforcing precipitates, its presence
in maraging steel can increase tomcentration instead tdierateof molybdenum (Mo) h
precipitates such as Ni3Mo by reducing its solubility limit. In their w@knde et al. [64]
found that the reinforcing precipitates most found in conventional maraging steels include
Ni3Mo.

These reinforcement precipitates can block the propagatidefects and dislocations
within the microstructural network and increase its mechanical performadiadde2.2

represents some of the mechanical properties of conventional maragingeseels

Thanks to its solid and malleable character, maraging ategh alloy presents many
advantages in manufacturing processes. Its good characteristics, including high strength and
toughness, allow it to be industrially recognized as a hardenable alloy that can be used in
many sectors such as tooling, molding, apag®, and defense. Maraging steel is composed
mainly of a primary FéNi phase system, containirsgbstitutional elemeatsuch asickel,
cobalt, molybdenum, etc., which are finely dispersed, thus lending it its high strength and

toughness.
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Once a part ifabricated using a conventional manufacturing technique, and even if it
was austenitized to reach the martensitic transformation, the resistances obtained always
remain relatively low. High resistances can be obtained in these alloys because of the aging
of the martensitic structure. Several processes and treatments, such as cold rolling, nitriding,
carburizing, etc., can be applied to maraging steel, even before it is aged, without it cracking.
Conventional techniqgues combine cold rolling with heat treatmehich can refine the
grains, and subsequently, increase the hardness, uniformity, and durability of the treated part.
The cyclic heatingcooling applied with the optional addition of aging or tempering
operations during a conventional manufacturingcpes can make the steel stronger while

maintaining sufficient flexibility during a remodeling or casting stage.

Currently, in addition to using conventional techniques, maraging steels can also be
fabricated and handled by additive manufacturing. Sine@afpearance of this technology,
maraging steels have rapidly been integrated into the range of metal powders suitable for AM
processed65]. The intersection of the good performance of maraging steels and the

advantage of AM makes these alloys invaluable.

Table2. 2. Properties of conventional #eNid Co maraging stee[62-63].

Alloy Aging temperature Yield strength Ultimate tensile strength Charpy
(°C) (MPa) (MPa) (@)
18NiCo (200) 480 1316 1380 60
18NiCo (250) 480 1635 1690 35
18NiCo (300) 480 1835 1910 25
18NiCo (350) 480 2427 2468 16
13NiCo (400) 525 2530 2569 -

2.5.2 Heat Treatment

Using traditional manufacturing methods, maraging steel (C300) can only achieve high
strength through a twstep heat treatme[ti6-67]. This combined heat treatment consists of

an inherent solution homogenizatig68] and isothermal agind69]. With solution
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homogenization treatment, the alloy is heated (usually at elevated temperatures, generally
between 80®00 °C[68, 99100,117, 147) until it reaches its fully austenitic phase. The
objective of this step is to disperse the distribution of hardening elements which have
accumulated at the grain boundaries. Following the heating operation, a homogeneous solid
solution is obtainef66-69]. Upon rapid cooling to room temperature, the austenitic structure

transforms into an extremely ductile cuHaientered martensite (BC{/)0].

This homogenization route is only a preparation step that paves the way for the
precipitation hardening sponse that follows. This thermal combination causes local

precipitation of the second phase within the microstructure.

The maraging character is obtained at the end of the aging routes, which ensures the
dispersion of the hardening particles. The preaipg generated following this dispersion
can play the role of an obstacle that prevents the movement of dislocations. This in turn thus
improves the strength and hardness of the alloy. Critical aging treatment parameters, such as
temperature and aging timéave a decisive influence on the final metallurgical and

mechanical quality71-72].

2.6 SLM PROCESS

2.6.1 Powdersizescharacteristics

The metal powder AM process core itself may be a primary aresseérctoriented
towards the optimization of SLM system parameters. Good powder quality and morphology
can eliminate or at least reduce microstructural defects including unmelted holes, porosity,
and microcracks.The role played by the quality of the material pewdchemical
composition, size, and morphology) in the quality and properties of the final manufactured
part manufactured by SLMan be found inhte literaturg73-75].
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The size and morphology of the powdee anportant contributing characteristics
which are crucial for the consistency/evenness and fluidity of the powdef7bedr], as
well as for the quality and surface roughness of manufactured[par®]. Additionally,
powder specifications can affemher parts characteristissch as porosityrregular shapes
and large particles can reduce the flowability of powders and affect the powder layer densities
[76]. Using finer powdercan reducegorosity. However a powder that is too small and of
regular morphology prevents the smooth depositiotagérs. In addition]Jaserpowder
interactions also have a significant influence on the SLM maraging steel process (C300).
Large particles can weaken laser penetration, which tends to cause poor adhesion and low
interlayer density80].

The defined chema composition of a given powder batch is critif@lthe workable
properties of the finished parand ahigh homogeneity is requiretHowever, it is often

difficult to achieve complete homogeneity in a batch of powder.

As with the chemistry of the powd, control of the morphology (size and shape) is
essential. The latter can influence the final SLM part quality, tHeidissurfaceroughness,
and the relative densitgimilarly, important properties of the final part, including porosity,
can be affe@d by the shape and size distribution of the graruléls Currently, however,
in-depth particle analyshas only very rarelybeenperformedgespeciallywith respect tdahe
maraging steglC300) manufactured by SLNI73-74, 76, 78]In otherrelatedworks[75, 83
84] using other types of steels, the results of virgin powder were compared totiposeder
subjected to multiple AMmanufacturing runs. Minor differences between virgin and
recycled maraging steel powders were observed; |#ter maintain the spherical
morphology but some reused particles show oxides on the surf&8désA big difference

was observed in the surface quality between parts with new and reused @4y der

It should also be noted that there are several methods of producing metal powder that
contribute tathe formation of defect85-88]; these include¢he rotating plasma electrode,
the electrolytic method, gas atomization, avateratomization. The accumulan of these

contributionswill ultimately reduce the build quality of the AM part, mainly the surface
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roughness and relative densjg0, 8586, 88] Such powder packing defects can lead to
irregularly shaped pores in the microstructure. This type of podifferentiated from the

spherical ones linked to the trapping of gases in the molten bath.

To date,few studies have been carried exaamining the powder effect on maraging
steel behaviorsOpatova et al. [87teported that theecycling process may introduce a
significant change in the chemical composition of virgin powdesighificanthomogeneity
particle distribution and generated defeatsre observedin their study Because othe
substantialdifferences in morphologgbsrvedbetween the virgin and recycled powders,
some modifications of the SLM processing parameters were reduair@dierto produce
final partswith very similar relative densities. In a similar conteSa)andre et al. [§8used
several batchesf powderwith different particle size distributions of gas or water atomized
powder.The water atomized powderas usedn a bidto reduce both the environmental
footprint and raw materialoss. Theyfoundthatboththe gas and water atomizatioauld
produce oytuts that wersimilar in terms of density (around 99%) and hardness (around 50
HRC). However, thegas atomized parts exhibd four times the ductility of that measured

on heattreated steel.

2.6.2 SLM Manufacturing processes

The complex physical phenometiattake place duringhe SLM proces$29-30, 37,
39], such as heating, melting, and rapid solidification, lead to a specific morphology in terms
of the microstructure, defestand mechanical performance of manufactured pagts36,
39, 42]

Several prametersised inSLM processes can affect the quality and performance of
end products. The effect rate and significance vary from one parameter to 4B6t88r
47]. Among the decisiviactorsin SLM are powder qualitj80, 87-88], which is comprised
of elementssuch asthe type, morphology, and grain sizprocess parametef84, 37}

including, for examplelaser power, laser speed, hatch space, layer thickness, spot
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dimensions, and scanning strategy, and thermalposessing characteristipé/], such as

type, temperature, and processing time. The laser parameters (power, speed, hatch space, and

layer thickness) can be adjusted and studied at the macro scale through the general parameters

of energy density{89-91]. Some ranges of energy density héween evaluatedn the

literature[89-91]. As shown in Figur@.2, a very low energy density (<20 j/m3h may be

insufficient to achieve complete powder melting, which may result in final parts with major

defects. On the other hand, a high enough enengsitylecan cause strong agglomeration and

a fipelletizing phenomendnof powders, giing rise to trapped cavitiesvhich can prevent

the preparation of fully dense paf&9].
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Figure2. 2. Relationship between the laser volume energy density and relative
density/porosity of formed parf89-91].

Note that a part is classified as completely dense if it has a relative density of more than
99%. As reported in Tabl2.3, Lee et al. [89]succeeded in manufacturing maraging steel
alloys with an energy density of 8.3 j/nBr(laser power P = 150 W, scanning speed v = 1000
mm/s, hatching space h = 0.36 mm and layer thickness t = 0.05 mm), with a very low material
density of 41%. The high ratd defects at this low energy density reduces the mechanical
performance by up to 15% of those at the EOS standard Blaiteakar et al. [90lso
successfully manufactured full mel ting SLM
energy densities (ED 8.6D21.7 j/mm3). The produced parts have a high porosity
(Po=49.121.5%).Huang et al. [91]nvestigated the density as well as other properties of
SLM maraging steel under different energy densities. They produceddbiggity parts
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between 75 J/mm385 J/mm3 with no obvious macro defects. For the volume energy
density of the laser outside the range [75 J/mb&% J/mm3], the relative density decreased
significantly. This attests to the energy density being one of the critical process parameters

neededo adjust the quality and performance of SLM maraging steels

2.7 METALLURGICAL PROCESSAND MICROSTRUCTURE EVOLUTION OF SLM

271 Melting and solidiycation mode of powders

The SLM process consists primarily of 3 steps, namely, heating, melting, and
solidification. During this very rapid process, a series of complex physical phen¢29ena
30, 37, 39]such as heat transfer, mass transfer, absorption of energy, evaporatgm, pha
change and melt flow take place inside the molten pool. The large temperature gradient in
the molten pools is the major source of these phenof3&haAs shown inFigure2.3, the
powder layers absorb the heat flux, produce a local molten pool, anubtider grain
contributes to the solid and liquid pha$8s, 39] The entire region of powder treated by
laser heat energy is melted to a greater depth than the layer thickness. Once a layer is
completed, another powder layer is laid and melted until gpkim part is built. The laser
multi-pass causes a primary remelting, improving the quality of the part. The thermodynamic
behaviour of the molten pool can be controlled by adjusting the processing parameters. This
may allow the control of the form of thgrains and the phase composition during the
solidification step, allowing to achieve the desired microstructure and mechanical behaviour
[29, 37] This type of building process is very effective in creating\wehded, higkdensity
final parts[35, 37, 39.

The typical generated microstructure acquired at this verydoghing rate is generally
fine. The cooling rate and the solidification mode, so the microstructure, can be controlled
by the process parameters especially the laser energy density, eantetfaction time

between the laser and the matef&l]. The Gaussian distribution of the laser energy affects
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the temperature gradient, the cooling, and the solidification mode, which vary at the different
locations of the molten po¢R9, 37] That iswhy the morphological microstructure is not

the same at different locations and varies from planar to cellular, dendritic, and equiaxed
structure depending on the cooling and the solidification [22e80, 37, 39] Inside the

molten pool, the temperatuggadients are very high, and the rate of solidification is very
slow, which is why a planar grain substructure is most common. Far from the center of the
molten pool, the temperature gradients decrease as the growth rate of the grains increase,
which geneates a progressive increase in the mass fraction of solute and of the constitutional
supercooling zone. As a result, the substructures formed tend to be columnar grains (cellular
and dendritic). Approaching to the center of the molten pool, equiaxiasgnaay possibly
appeaf29, 37, 9394].

Luo et al. [93]reported that at a high cooling rate (usually up to 108 K/s), the
microstructure of SLM maraging steel (C300) consists of four regions with different
metallurgical characterizations. Typically, thdear zones, namely, the inner fusion zone,
the outer fusion zone, the hestfected zone, and the base metal, differ significantly in terms
of local substructure and grain morphology. The inner fusion zone is solidified with a column
dendritic structure, tvereas the outer fusion zone has a coarse equiaxial structure. Comparing
the two fusion zones, grain refinement and the existence of texture would increase the
hardness in the inner fusion zone than that of the outer fusion[28hél he outer fusion
zonehas a larger grain size and lack of texture, which can significantly affect the partial
interfacial failure mode of spot welds because the crack initiates and propagates in the zone.
As illustrated inFigure2.3, the formation of the grains is propagafezm the substrate to
the center of the molten po[#9, 37] This physical complexity, in which various phases
take place, generates a large heterogeneity, especially in théiquaikitinterface, which may
cause a growth of the columnar grain. In themeacontext,Yao et al. [94]illustrated that
considering the heterogeneity bEtemperature gradient, heat input distribution, and growth
rate, the SLM maraging steel (C300) microstructure shows two different morphologies,

namely, an equiaxed and a coluan substructure. They observed thabadt samples have
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a random grain orientation with weak textures, which is attributable to the beam scanning

patterrs (67° rotation).

Not only the process parameters, such as energy density, construction oriemtdtion
angle rotation can largely affect the solidification behavior, thus the microstructure and the
mechanical behavior, but also the different gosatments have a great eff@@9-94]. Yao
et al. [94]reported that the build orientation can signifitaichange the configuration of the
melt pool of the a$uilt maraging steel (C300) samples. They also observed that the build

orientation has a noticeable effect on the microstructure.

Looking at the effects of the solidification mode and build directiothe mechanical
behaviour of SLM maraging steel (C30%x0 et al. [94pbserved that along the build height
direction, the a®uilt sample has a higher hardness than that observed in the middle and top
parts, possibly due to the finer cellular structarethe bottom, which is attributable to the

high-cooling rate seen during the solidification process

Laser beam

Absorption

Vaporption
Heat radiation Splashing/spattering
Heat cmve:ﬂmm o
‘ : Powders
b

Figure2. 3. Schematic diagram of the SLM molten pecotlationship between laser and
powder bed30].
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272 Densi yBehavioron

Densification is one of the most decisive critical characteristics of SLM final products.
It cangreatlyinfluence the materié& microstructureas well as itphysical and mechanical
properties. The typical definition afensificationcomprises melted and solidified powder,
but avoids all defects such as porosity, cracks, and balling effg-43]. A full melting
process is necessary to avoid or limit incomplete fusion, gas impurities, and porosity defects.
With various alloys, inclushg maraging steel (C300i},is possibleto generate completely
melted and fully dense pamisingSLM. The high densification produced by SLMaybe
attributed totwo mainreasons. On the one hand, the energy density is sufficient for the
complete meltig of the metal powder. On the other haradsufficient cooling and
solidification time can limit the rate of pores and gaseous impurities, without using high
energy densities, to avoid generating other types of defects such as oxidized and evaporated
powdes. Therefore, porosity is an inherent characteristic that can be minimized. Minimizing
the porosity means higher density and higher material cohesion, wihigtove the
mechanical ppertiesof parts, such as hardness, and tensile strength. In this regafu
process parameter variatiosffects the densification, microstructure, and mechanical

behavour, which areexaminedn future works.

As shown in Tabl.3, which summarized the recent wodayrering thedensification
behavour characterization of ISV maraging steel (C300Huang et al. [91]Casalino et al.
[95] and Kempen et al. [96]ll observed excellent phase interact@t the solidliquid
interface, using a suitable laser power and hatching distance at low scanning speed. The
gradientemperature and the manufacturing time, given the chance for the structural particles
to fully diffuse and reorganized inside the molten pool. Their results showed that the density
of the parts achieve a rate of 99.5%. In contrast, using a suitable tager with a high
scanning speed.ee et al. [89feported a very lovdensityrate, whichmay be du¢o a large
heterogeneity and anisotropy inside the molten pool. Their results showed a density rate of
no more than 41%. In a similar conditi@hinakara eal. [90]proved that the hatching space

may greatly affect the densification behawr of SLM maraging steel (C300). Increasing
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only the hatch s p &eepthefother proc8s8 farameters candaaye m,
decrease the density of the partsabgund 30%.

Table2. 3. Effect of SLM process parameters on relative Density of Maraging steel (C300).

Author Laser power  Scan speed Hatching Layer thickness Energy density (%)
(W) (mm/s) space (e m) (J/mm3)
(& m)
Lee et al[89] (2021) 150 1000 360 50 8.3 41
Dhinakara et al[90] (2021) 285 960 750 40 8.6 50.5
300 21.7 78.5
Huang et al[91] (2021) 180 1100 170 65 14.8 90.24
260 900 80 35 103.17 99.98
Casalino et al[95] (2015) 100 180 140 30 132.3 99.9
Kempen et a[96] (2011) 100 150 112 30 198.4 99.48

2.7.3 Microstructure

A. Asbuilt state Microstructure

SLM maraging steel (C300) has a completely different microstructuoen
conventionally produced steels, whiofostly consist of a fine cellular martensitic matrix
[97]. The rapid cooling and solidification magleefine the microstructure of the -asilt
maraging steel (C300)33-34, 9394]. As shown in Figur@4, a columnacellular
substructure is developed along the build direci@$94, 102103]. Three pnnary gran
types may be developed in the maraging steel (C300) microstrudurelifferent
temperature gradiesénd solidification ratg specifically columnar grain, fine cellular grain,
and dendtic grain (Figure&.4). In general,at the center of the moltepool, grains are
relatively coarse (Figur24) [93-94, 102103] and take orthe same orientation as the laser
scanning directiof93-94].

Some previous work$93-94, 98101] investigated the microstructure of-bsilt
maraging steel (C300) and reportederesting resultsLuo et al. [93]reported that the
microstructure of SM maraging steel (C300) consists of four regions with different
metallurgical characterizatisnThe grain morphologiesf the inner fusion zone and the

outer fusion zone of the molten pool are solidified respectively with a column dendritic
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structure and coarse equiaxial structure. In the same coMtextet al. [94 illustrated that
considering the heterogeneity betemperaure gradient, heat input distribution, and growth
rate, the SM maraging steel (C300) microstructurenifestswo different morphologies,
namely, arequiaxed ané columnar substructure. They observed thava# samples have

a random grain orientatiowith weak textures, which is attributed to the beam scanning
patterrs (67° rotation).Moreover, Casati et al. [98tarried out studies on dmiilt maraging
steel parts fabricated by theRBF process. They found that these padse acellular
solidification microstructure. The solidification cells are generally confined by residual
austenite retained along the intesundarie§97]. Usinga metal powderBecker et al. [9P
used a maraging C300 steel powder under a customized SLM praondsthen perfored

an analysis ofits mechanical performance and material microstructure. They found that the
behavour of the material is directly related to its microstructure. In thewil condition,

the material has an unfavorable fine microstructure charactdmgzédh residual stresses.
This microstructure can always be adapted by specifictpestments. Ithe same context,

Bai et al. [100 first investigated the influence of the parameterghefSLM process on the
relative density of maraging steel. Theastigation wathenextended tohetensile strength,
impact strength, microstructure, and microhardness. They found that the manufpatised
have a fine cell structure with coarse grafsithermoreTan et al. [L0Lused a similar AM

system to produemaraging C300 steel parts. In thdawicated state, they observed a fully

dense dendritic cellular microstructure

/‘,’ T 5 - 10umj

(a) P=380 W, V=960 mm/s, H=130Y  (b) P=285 W, V=960 mm/s, H=140( t=40> Y
t=40> Y[94] (102]
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Figure2. 4. SEM images of the SLNharaging steel (C300) samples. a P=380 W, V=960
mm/ s, H=110 [99]mbP=2860 Wg mV=960 mm/ s[102lH=110 €& m,
[103].
As mentioned previously, the melting and solidification procesdwvegm series of a
few complex physical phenomena9-30, 37, 39] During the solidification process, a
dendritic substructure formed around the center of the molten pool within a shof®4ime
98-103]. Typically, with higher energy distribution, impontatemperature gradiexptand
rapid solidification mode, a cellular microstructure has been fogubdtitutional elemeat
being concentrated in the grain bounddi@4]. As the built height is increased, a somewhat
automatic remelting process takes plé€gure2.6 (a)), which leads to finer cell graif&7,
45, 46] The process parameters, especially the built direction and the hatching strategy, are
the key to controlling the cell (Figu5) [104].

Columnar substructures begin to appear at low densities of volumetric laser [@dergy
98, 102103]. At such densities, the hatch angle (rotation angle 67°) is the best tool to affect
or limit the columnar structure (Figugeb) [105-107].

Custom Chess
Alternating 90° Alternating 90°

Stripes Flow-optimized
Alternating 67° Alternating 67°

Figure2. 5. Several scanni-magt shirmmg e gd eean nian gi Cg torsat e
of the scanning direction by 90°). b the rotation of the scanning direction §§@3]°

An already solidified layer is reheated anesadidified during the formation of the next

layer. This reflows phenomenon generates coarser cellular particles from the first to the last

92



layer along the build direction (FiguBes (a-b)). The growth rate afoarse grains is limited
by controlling the density of laser ener@quation2.1).

0

2.1)

where bb means the volumetric laser energy density (JB)nP means the laser power
(W); V means the scanning speed (mmk)means the hatching space (mm); and t means

the layer thickness (mm).

r,:Laser beam radius
r : Melt zone radius

r

Mathematical model

Re-melted material
Solidified material

remelted thickness

@) (b)

Figure2. 6. Schematic diagram of remelted af&84].

B. Microstructure After Heat Treatment - Effect onMechanicalBehavior

Generally, a heat treatment consisting of 2 steps, namely, solution treatment (with a
guenching step) and aging (Fig®&), is recommended for maraging steel (C300).
Depending on the chemical composition of the steel, a temperature of around 800 °C may be
sufficient to achieve a fully austenitic form before rapid coolikgn et al. [67] treated
specimens that underwent solution treatment (ST) fasuZsat two different temperatures
(750 and 850 °C). In the literature, the most used temperature lies between 800 and 900 °C
[108-110] Simm et al. [108kxplored 3 quenching treatments, respectively at 825 °C for 2
hours 870 °Cf or 1 h o uQfor 1 tur.tVang 6t @l. [109andMurthy et al. [110]
guenched their parts at 850 °C and 820 °C for 1 hour, respectively. In-thaltastate, a

cellular microstructure completely disappears, and a fully coarser martensitic matrix takes
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place[93-94, 98101], which can lead to a significant decrease in the mechanical behaviour

of the asbuilt part [98-101] After quenching, the celluladendritic microstructure
disappears and is homogenized, and various types of hardening precipitates appear among
the grains (Fjure2.7) [108-110]. In general, no, or very little, retained austenite was
observed111-112].

Aging heat treatment is essential to improving the mechanical resistance of a maraging
steel part. The treatment also has a varying influence, depending agitigetemperature
and the internal microstructure of such a part. The literdt¥el13]indicates that at low
aging temperatures (<530 °C), the aged sample retains its cellular microstructure, while at
higher temperatures (840 °C and abojiE)4-116], the quenching step leads to a total
disappearance of the cellular microstructure and the appearance of a coarse martensitic
microstructure. As a result, a reduction in some mechanical performances may be observed

as compared to the-&slilt state[100].

Aging treatments give rise to strengthening precipitates, which lead to a hardening of
the martensitic microstructure. This hardening can explain the tough character of maraging
steels. The appearance of these precipitates is regularly accompanied bgianmeethe
austenite retained between the cell bounda@esnpanelli et al. [L174&nalyzed maraging
300 steel powders treated by an SLM process. An age hardening treatment at 490 °C for 6
hours was applied. Following this treatment, an improvement ipepties was noted,
including a maximum hardness of 50 HRC and an ultimate tensile strength of 2097 MPa. In
their investigationBai et al. [LOO]performed a hardening treatment, followed by an aging
treatment. The solution treatment removed the cellularasiructure because of the reverse
martensiteaustenite transformation that took place. In parts that underwent the two
successive treatments, the martensitic grain joints/boundaries became very blurred, and the
appearance of a few precipitates was nafedolution treatment was performed at 840 °C
for 1 hour and an aging hardening treatment at 480 °C for 6 hours was applied as well.

Following this treatment, an improvement in properties was observed, such as a maximum
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hardness of 645 HV and ultimate tdastrength of 2164 MPd& an et al. [118hlso used a
similar AM system to produce maraging steel (C300) parts. They conducted an aging
treatment at 490 °C for 6 hours. The precipitated phase generated by the heat treatment

achieved a hardness of 55 HR@daan ultimate tensile strength of 2010 MPa

(@ o ) T
Figure2. 7. SEM images showing the microstructure of Skdimed maraging steel under
different heat treatment: (a) as built; (b) ST (840°C, 1h); (c) ST (840”hGud +AT
(490°C, 6houry . P=160 W, V=400 mm@oof, H=70 € m,

2.8 TYPICAL DEFECTS

2.8.1 Inhomogeneous grain size distribution

Looking at the thermal complexity, an inhomogeneous microstructure such as grain
size differences is favorg87,71,80,81] For examplefrom layer to layer along the build
direction, cooling rateare lower, and reheating cycles are greater in the first layers compared
to the upper layers. An already solidified layer is reheated aisdligified during the
formation of the next layer. Threflows phenomenon generates coarser cell particles from
the first to the last layer along the build direction. This inhomogeneous microstructure affects

the mechanical performance of protected pg@&1s83].
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2.8.2 Low Density / Porosity

In general, an SLM pais fully dense if its relative density is greater than 98991,
95-96]. In contrast, a low rate of porosity is required to achieve a high density, which can be
controlled using adequate process parameters and a scanning strategy. The energyg density i
one of the most influential process parameters (combination of process parameters) which
affect the densification behaviour. It is a global parameter which includes other principal
laser parameters, such as laser power, scanning speed, hatching spdegerahickness.
The density of SLM maraging steel (C300) increases with increasing laser energy density
until it reaches about 185 J/nn The maximum density is around 99.8% at an energy
density of about 105 J/mf (P=260W,V=900mm/sH=8 0 & m, ,tasr&obrteccby)
Huang et al. [91]The experimental investigations reported by the authors showed that an
increase in energy density from 14.8 J/@rfP=180W)\V=1100mm/sH=170 e m, t=65) t
103 J/mm3 (P=260W,V=900mm/sH=80 e m, t =35 e€m) can | ead to
density ranging from 90.9% to 99.98%. Similar higgnsity results were reported by
Casalino et al. [95dndKempen et al. [96]In a similar contextl,.ee et al. [89feported that
an increase in laser powttom 8.3 J/mn8 (P=150W\V=1000mm/sH=36 0 e m, t =50 & m)
to 69.4 Jmn8 (P=200W,V=800mm/s,H=120 & m, t =30 &m) can | ead
relative density from ranging 41.3% to 97.2% and an improved mechanical behaviour (e.g.,
at the lowest relative densibf 41%, the modulus and yield strength are only 15% and 13%
of the value at the highest relative density of 97.2%, respectively}baitismaraging 300

steel.

The parameters related to energy density, such as laser power, scanning speed, layer
thicknessand hatch space, each has a significant effect on the porosity rate, which explains
the densification behaviour. As shown in Fig@r2, illustrated from previous work89-91],
there must be an optimal interval within which the appropriate energy ylelasiér power
and scanning speed should be chosen to produce fully dense maraging steel (C300) parts. At

low laser energy density, with a low laser power or k8ganning speed, an incomplete

96



melting and a balling defectagobserved (Figur@.8). Then, he porosity rate increased, and

the product parts had a low density and a very low mechanical beh§@&&@1]. At high

density, with a high laser power or low scanning sg8eeb6], Yao et al. [68Table2.4)],

a more spherical form of pores was olvsel; and their rate began to increase once the energy
density was outside the optimal interval. The hatching space and the layer thickness also have
a significant effect on the densification behaviour by affecting the overlapping amount. In
fact, increasig the hatching space may not allow the laser to overlap enough and may result
in insufficient melting of the powdeDhinakara et al. [90investigated the effect of the

hat ching space from 300 to 750 em, wise h a ¢
the relative density of SLM maraging steel (C300) parts by aroundB8%ouza et al. [33]
observed that the porosity of SLM maraging steel (C300) parts increased by ~0.23% as the
manufacturing time was reduced by 30%, resulting in an increase afyérethickness by a

factor of up to ~1.6.

In addition, the porosity is typically affected by the scanning strategy and the powder
morphology. On the one hand, there are different scanning strategies which can be used by
the L-PBF process, such as thenidirectionab, ficrosshatching, fispiralo and fizigzag
strategies. On the edges of the tracks to be scanned, there is a greater accumulation of defects
than at the center due to instability of the power level and a gradual reduction of the scanning
speed, which causea higher laser energy. This problem isahunore pronounced for the
Aunidirectionab andfizigza@ scanning strategid96-97]. To reduce the problem, a specific
scanning strategy or SLM remelting process may improve the surface quality, densification,
and mechanical behaviour by remelting thadsféd layers[119-121]. Cheng et al. [119]
compared two different scanning strategies, namely, Lateral Spatial (LS) and Spatial in Line
(SiL), using SLM maraging steel. They reported no significant effect of scanning speed on
the average surface rougheeRa. For both scanning strategies, the resulted morphology of
the molten poolsvasdifferent. In the case of lateral spatial (LS) scanning strategy, obtained
SLM maraging steel (C300) parts had higher density and hardness beh&wiogret al.

[120] investigated the effect of the remelting process on the surface quality and tensile

behaviour of SLM maraging steel (C300) manufactured by Selective Laser Melting. They
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observed that the remelting process contributed to a smoother top surface morphology.
However, remelting had no obvious influence on the side surface morphology. The remelting
process increased the side surface roughness by 49% and had no noticeable impact on the top
surface roughness. It increased the Yield Strength (YS) by 5.5% and hadiowsabpact

on the Ultimate Tensile Strength (UTS). Similar results were report&kehyr et al. [121]

who found that remelting strategies are effective in improving the part density and surface
roughness, where the strategy based on a superficial gyelamely polishing, proved to be

the best solution. The polishing strategy provided a smooth surface free of pits and protruded

zones inherent to the initial volume melting pass.

However, a double scanning strategy can generate a very high levetenierature
gradient and thermal energy, which could introduce some additional pores. Therefore, a
controlled process is required in this case. On the other hand, the powder size and
morphology may significantly affect the porosity rate in SLM maragiregls{C300).
Opatova et al. [87eported that the recycling process may introduce a significant change in
the chemical composition of the virgin powder. A large homogeneity particle distribution
and generated defects were observed. Similar results wende@pySalandre et al. [88]
who also observed that gas and water atomization can défiaeproducts that are similar

in terms of density (around 99%) and hardness (around 50 HRC).

2.8.3 Cracks -Dislocations-Balling

One of the main defects that can be observed in SLM maraging steel (C300) consists
of cracking and dislocationd22]. This type of defect results from a hitgmperature
gradient, a complex thermal history, and a rapid cooling and solidification [had8e A
high rate of cracks and dislocations may have a dramatic effect on the surface quality,
densification, and mechanical behaviour ofbagt parts. The formation of cracks and
dislocations may be controlled via process paramé¢l@4126] or corrected using post

processing127]. Bai et al. [128]reported that inadequate process parameters will cause
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discontinuites and distortion, resulting in poor surface quality and hole formation. They
observed that a higher laser power has a posffeet on the surface quality; a low hatching

space leads to material aggregation due to mass transfer between adjacent melt tracks, leading
to a sharp reduction of surface quality; and a low scanning speed and layer thickness render

the top surface muchmoother.

The balling phenomenon, which is one of the most common defects during the SLM
procesg129-130], is an agglomeration of particles generally caused by insufficient melting
and splashing during laser melting (Fig@r®). This type of defect isery easily formed
during the SLM process and is critical to the quality of the final SLM pdrich mayhinder
further development of SLM technolo@#31-132]. The balling formation mode is typically
affected by process parameters, as well as the lasegyedensity and material impurities
andrather complicatedharacteristicgl33i 135]. The presence of balling phenomena, such
as in the case of surface cracks, can significantly decrease the quality of SLM parts, including
SLM managing steel (C300) partdy affecting the thermodynamic and Kkinetic
characteristics during SLNIL35]. It can lead to various defects, which may reduce the
surface roughness of the final parts and destroy the continuity of the forming di@&ss
In some cases, a slower scamngpeed is preferred to ensure adequate melting and obtain a

stable molten pool, which limits overall efficiency somewHi&i6].

As reported in previous work$37-139], the substrate preheating step can reduce the
temperature gradient, which minimizes ttracks[140] caused by residual thermal stress
[141-142]. Preheating at 200 °C usually helps to increase relative density and to eliminate
crack formatiorf138-139,142].
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Figure2. 8. SEM micrographs showing the surface morphology of the samples: a, b top
surfaces for SLM and SLRM (remelted SLM), respectively; c, d side surfaces for SLM and
SLRM, respectively (P=285W/=900mm/sH=110, t=40)[120].

2.9 MECHANICAL PROPERTIES OF SLM MARAGIN G STEELS

For specific industrial applications of $Lmaraging steel (C300}he quality of the
produced parts and their mechanical behaviors, such as hardness, tensile, compressive, and
fatigue properties, are the major critical challengeg!l-145]. Like the microstructure and
the densification, the evolutioof themechanical behaers of SLM maraging steel (C300)
has been investigated by few researcérs[19, 3334, 7072, 96101]. Furthermore, few
SLM process parameters with some repetitiveesland the densification mechanisms have
received the most attention (Tal@d), which made the literatureoncerning the subject
limited. Future works must explore new combinatofhparameters, evaluate the sensitivity
of mechanical performances oropess parameters, modulate slensitivity interrelation by
statistical or FEM methods, optimize the module, and se@arcadequateostprocessing

than optimize it if possible.
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This sectiompresents collection of thalifferenttypes of investigationswl significant
results reporteth therecent literaturg¢33, 68, 7172, 96, 98, 10401, 147149. The main

test parameters used, well azhe main results observed filremain mechanical behars

(hardness, tensile, compression, fatigue, corrosiod,impact),in the asbuilt and heat

treated stat® arepresented in Tab$2.4-2.7. These &bles were designed to correlate the

material, the relative density of the samples and their observed mechanical performances,

which can facilitate comparissnbetween the analyzed works. In addition, the tables

summarize the main observations in thebadt state ad follow the various treatments

capable of directly influencing the mechanical performances. Finally, the most significant

results are reported the next sections, to show the main trends characterizing theibghav

of SLM maraging steel (C300) subjected to different mechanical.t@stsrefore, the

resulting mechanical behaviour reported in the literature is worth studying as it allows to

presenthe state of the art on SLM maraging, identify existing gaps, and define future work

avenues

Table2. 4. most used SLM process parameters anbudls maraging steel (C300) relative

density and mechanical behavior.

Author Particle Laser Scan Density (%) Hardness Tensile strength  Y-break (%)
size power speed (MPa)
(em) (W (mm/s)
Kempen et al[96] (2011) - 100 150 99.48 39.9+£0.1 HRC 1214 + 99 13.3+1.9
Casalino et al[98] (2015) ~40 100 180 99.9 34 HRC 1170 8
Bai et al.[100] (2017) 1540 160 400 99.19 381 HV 1177 7.9
Mutua et al[147] (2017) ~20 300 700 99.8 3301403HV 1125 10.38
Tan et al[101] (2017) 35 HRC 1165 12.44
Yao et al[68] (2018) 1590 1600 300900 >98.5 350.5 HV 959.21 +20.27 0.15
2000
Guo et al[148] (2018) 10-50 180 600 >99 348.6 HV 1155 11.7
Yin et al.[71] (2018) 3340 285 960 99.22 + 0.32 350 HV 1180 12
De souza et a[33] (2019) 5-35 400 600-1500 99.3+ 0.6% 380 + 10 HV 1138 + 10 165+1.5
Wu et al[142] (2020) 12-35 200 250 98.2+ 443.0 £ 66.2 1173.1 + 68 10.9+0.45
0.52% HV
Tascioglu et al[149] 40 280 960 >99 362 HV - -
(2021)
Zhu et al[72] (2021) - - - - 368 HV 1041.0+14 14.0+0.4
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2.9.1 Microhardness

Generally, the hardness behaviour has a strong correlation with the densification rate,
the process parameters, and the jpostessing heat treatmed9, 72, 95101, 112, 116,
122, 142148]. Moreover, in the abuilt state, they are positively relatedth@ densification
rate and to the tensile strength of SLM maraging steel (30632, 96, 98, 104101, 148]
Thus, a higher relative density means a higher hardness, and therefore, a higher strength of
the material. The microhardness can provide a dast critical means of evaluating the
qguality and mechanical performance of a part. This behaviour is directly related to the
microstructure evolution and the phase formation inside the SLM maraging steel [€200)
101]. Table24 and25 preserdg the mos$ significant works that have examined these
interrelations in recent years. They present the most used process parameters, the observed
asbuilt mechanical behaviour (Tak?4), and the effect of pogirocessing heat treatment

on the mechanical behavio(irable2.5).

In the asbuilt state,Casalino et al. [98ihvestigated the effects of energy density on
the microhardness behaviour of SLM maraging steel (C300) parts. They reported that the
microhardness increased from 14 HRC to an average of 34 HRG anéngy density
increased from 1.29 J/mih (P=57 W,V=220 mm/s) to 2.78 J/mi (P=100 W,vV=180
mm/s), at a constant spot diameter of 20@h That result appears very normal, especially
since the relative density (%) of-bgilt parts increases with @mergy density of 2.78 J/min
from 90.9 to 99.9%, obtaining nearly the full density. A similar hardness behaviour ir the as
built state was reported bylutua et al. [147hndGuo et al. [148]Using a similar energy
density, Casalino et al. [98]for 2.78 J/mm2 (P=100 W,V=180 mm/s, d=20@ ry and
Campanelli et al. [L174ucceeded in producing samples capable of reaching a hardness of 37

HRC in the agbuilt state, which is in accordance with the EOS companydtedet.

The maximum average hardness (~440 &hd 40 HRC) of an SLM maraging steel
(C300) adhuilt samples with the highest density (98.7% and 99%)ere obtained
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respectively byWu et al. [142] at a laser power of 200 W, with a scanning speed of 250
mm/s, a layer thickness of 80mand a spot diaeter of 100 mm, and bgempen et al. [96]
at a laser power of 100 W, with a scanning speed of 150 mm/s and a hatching distance of 112

eEm

De Souza et al. [33investigated the effects of laser speed and layer thickness on the
mechanical behaviour of SLivharaging steel (C300), including the hardness. First, they
reported that in general, the surface hardness was about 20% lower than that of the core.
Also, at the same layer thickness, the hardness in the core tended to increase as the laser
speed increaseavhich was attributable to the difference of remelting effect between layers.

For example, at a layer thickness of 45, it was found that when the laser speed increases from
600 mm/s to 1500 mm/s, the hardness increased from 310 HV to 345 HV. In cattiiast,
surface, which was the last deposited layer, the hardness tended to decrease by 20 HV, from
390 HV to 370 HV, as the laser speed increased from 600 mm/s to 1500 mm/s.

Becker et al. [99]nvestigated the effects of the scanning strategy on the hardness
behaviour. They reported that the single exposure strategy results in a higher hardness (420
HV) in the asbuilt condition than does the double scanning strategy (340 HV). As shown in
Table2.5, the single exposure strategy usedBlegker et al. [99]eads to a higher hardness

in the asannealed and in the-aged states as well.

Mooney et al. [113investigated the effect of build direction on the hardness behaviour
of maraging steel (C300Yhey reported that a horizontal orientation (0°) leads to a higher

hardness value than the vertical (90°) and inclined orientations (45°).

To improve the hardness behaviour many researchers have also studied the influence
of heat treatment and secoepbase particles on the hardness of SLM maraging steel (C300)
parts. As reported above, the heat treatment generally consists of 2 main steps: annealing
(also known as the quenching step) and aging. The quenching step leads to the total

disappearance of thesltular microstructure and to the appearance of a coarse martensitic
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microstructure. As a result, a reduction of some mechanical performances as compared to the
asbuilt state may be observgb-100, 116]

In the asannealed (aguenched) statd3eckeret al. [99]analyzed the effects of the
annealing temperature and hardness of SLM maraging 300 steel, usingpnocitss
parameters. An annealing treatment at 830 °C was applied for 1 hour. They found that the
annealed treatment could reduce thdaift hardness by an average of between 10 HV and
90 HV to a value of 330 HV. The same average reduction in hardness was rep@teshby
et al. [116] from 371 HV in the abuilt state to 279 HV after annealing treatment at 815 °C
for 30 min.Bai et al. [L0OJalso observed a lower hardness in thamsealed state (840 °C,

1 hour) than in the alsuilt state. They found that the hardness is reduced from 381 HV to
341 HV, as shown in Tab5.

In the asaged state (after the quenched st&®cker et al. [99]investigated the
hardness behaviour of SLM maraging steel (C300) after aging at 490 °C for 6h. They reported
that the hardness behaviour increases significantly to reach 600 HV. Similar results were
reported byCasati et al. [116{600 HV, 460 °C, 8h) anGuo et al. [148]605 HV, 530 °C,
3h). Comparing the three workd9, 116, 148]it can clearly be seen that a certain hardness
value can be achieved faster by increasing the aging temperature. For eXanapk, al.

[148] observed similar hardness resudisBecker et al. [99twice as fast by increasing the
aging temperature by ~8%. As shown in Tahke after annealing and aging, the maximum
average hardness (>700 HV~58 HRC) of the SLM maraging steel (C300) with the highest
density (98.7%) was observeespectively byhao et al. [122andCampanelli et al. [117]

A few researchers have preferred to ignore the quenching step and limited themselves
to just an aging step (juaped).Yin et al. [71] analyzed the relationship between the
annealing temperate and hardness of SLM maraging 300 steel. An aging treatment for 3
hours at respectively 390 °C, 490 °C, and 590®empplied. They found that the aging
treatment could increase thelaslt hardness until an aging temperature average, after which

thehardness decreases again due to a high level of residual austenite. They also pointed out
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that a high aging temperature (around or over 600°C) improves the hardness behaviour. In
this work, the best hardness result was observed at 490 °C. A similaggastemperature

was used byran et al. [101{490 °C, 6hours 51~55 HRC)Mooney et al. [113{490 °C, 6

hours 608 HV), andTascioglu et al. [149{490 °C, 6hours 542 HV) leading to a high
hardness behaviour, considering various process parametergajsstaged treatment, the
maximum average hardness (630 HV~55 HRC) of the SLM maraging steel (C300) sample
with the highest density (>99%) was obtained respectiveljayet al[101], Casati et al.

[98], Guo et al. [148]andKempen et al[96].

2.9.2 tensile properties

Besides compression, the tensile properties dfl $haraging steel (C300) parts are
also an important mechanical behawur. To date, one of the major challenging taskthie
SLM of maraging steel (C30®gs beero produce final parts wh a high tensile behaur.
Previous works proved that, in the optimal condition, SLM can produce final parts with
mechanical performanse&omparable tadhose obtained usingonventional manufacturing
technique$72, 96100, 122, 147148]. However, the laye residual stress generatgdSLM
inside maraging steel (C300) pactmhavesignificanteffects on the mechanical behavs,
including the tensile properties. Due to cooling and solidificatiorhuals SLM maraging
steel (C300) generally has a tydisghomogeneous microstructure and mitegture, which
improve the anisotropy ofits mechanical behawour. Its densification mechanisms and
microstructure composition also have a significant effect on the mechanicalidaeghav
Thereforg the SLM process parameters ngagatlyinfluence the mechanical behaur[72,
96-98, 100101, 149] Thermal posprocessing is the simplest way to homogenize the
microstructure of SM maraging steel (C300) and significantly affets mechanical
behavour. The main tensile proprties of asbuilt and heatreated SM maraging steel
(C300) reportedn theliterature are shown in Tald@.4-2.5.

Many recenpapers heeinvestigated the performance of MLmaraging steel (C300)

under tensile tests. Unlike camession, the tensile properties ofImaraging steel (C300)
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are moresensitive todifferent defects, such as porosity, microcracks, and residual stress,

which can beattributedto low fracture strains and stresses under tension.

Recently Zhu et al. [72investigated the tensile behaur of SLM maraging 300 steel
parts. In the abuilt state, they used a combination of parameters, which allowed them to
generate an ultimate tensile strength of 1042 MPa, with an elongation of 14.5%. This was
followed by an aging heat treatment at 500 °C for @bhs An improvement in properties
was observed at a maximum ultimate tensile strength of 1686 MPa, with an elongation of
11.5%.Wu et al. [142]found that aguilt SLM maragingsteel (C300) shows an ultimate
tensilestrength of 1173 MPa with a tensile strain of 10.9%. They reported that the tensile
behavour mayreacha very high level (2275 MPa, 4.5%) after a jaging treatment at 550
°C for 50 lours As illustrated in Tabl@.5, similar results in bottheashbuilt (11001300
MPa) and heatreated (~>2000 MPa) state/ere reported by asati et al[98, 116] Bai et
al. [100} Mutua et al. [147]Guo et al. [148]Zhao et al[122], andMooney et al. [113]
Kempen et al. [96foundavery good tensile behawr in boththeasbuilt (1290 MPa, 13%)
and justaged stateat 480 °C for only Hours(2212MPa, 2%).Campanelli et al. [1][lused
a combination of parameters which alledgenerating a hardness of 34 HRC andltimate
tensile strength of 1085 MPa. Afteeat treatment, an improvement in properties was noted
and a maximum hardness of 50 HRC and ultimate tensile strength of 2097 MPa were
obtained. In their investigatio®ai et al [100] used asnanufactured partwith a hardness
of 381 HV and ultimate tene strength of 1177 MPa&.his was bllowed by heat treatment,
after whichimproved properties werebservedat a maximum hardness of 645 HV and
ultimate tensile strength of 2164 MPa. Additionallyan et al [101] observed that as
fabricated parts haverardness of 35 HRC and ultimate tensile strength of 1165 MPg. The
applied aheat treatmentvhich generated a hardness improvement to about 55 HR@rand

ultimate tensile strength of 2014 MPa.

The maximum average tensile belawr, in the asbuilt state (1200 MPa, >13%0f
the SIM maraging steel (C300) sample with the highest density (>99%) was obtained
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respectively byVu et al. [142]Becker et al. [99]andKempen et al. [96]nthe heattreated

state, the maximum average tensile belaw of the SM maraging steel (C300) sample

with the highest density (>99%) with an adequate strain rate (>2000 MPa, >5%) was
obtained respectively biylooney et al[113](2020 MPa, 8.3%{;uo et al. [148(2090 MPa,
5.05%), andMutua et al. [147]2033 MPa, 5.27%)

Table2. 5. Overview of published mechanical properties of maraging steel (C300). AB: as
built, SA: solution annealed, AH: aging heat treated.

Author condition E Sy Su Y-break Hardness Charpy
(GPa) (MPa) (MPa) (%) impact
()
[95], [99-101], Wrought AB 180 760-895 1001170 6-15 30-37 HRC
[116] Wrought AH 190 18652000 19162050 6-8 530HV/54HR
C
Kempen et al[96] SLM AB 163 - 1290 13 40 HRC 42
(2011) SLM AH @480°C,5h) 189 2212 2 58 HRC 5
Casalinoet al.[95] SLM AB - - 10851192 5-8 30-35 HRC -
(2015)
Becker et al. [99] SLM AB 181-194 900-1080 10101205 8.312.1 340420 HV -
(2016) SLM SA (830C, 1h) 158164 800-815 950-1000 11.813.5 320330 HV
SLMSA+AH (490°C,6h) 217-220 17201790 18001850 4.45.1 590-600 HV
Casati et al. [116] SLM AB - 915 1188 6.1 371 HV 23
(2016) SLM SA (815C,0.5h) 279 HV 24
SLM SA+AH (460C, 8h) 1957 2017 15 600 HV 5
Bai et al. [100] SLMAB - - 1178 7.9 381 HV 24
(2017) SLM SA (840C, 1h) 1080 10.2 341 HV 26
SLM SA+AH (480C, 6h) 2164 25 646 HV 5
Mutua et al.[147] SLM AB 163 1125 10.38 3301403 HV
(2017) SLM SA(820°C, 1h) +AH (460°C, 185 2033 5.27 618 HV
5h)
Tan et al. [101] SLMAB 1165 12.44 35~36 HRC
(2017) SLM AH (490°C,6h) 2014 3.28 51~55 HRC
Casati et al. [98] SLM AB - - 1200 6 -
(2017) SLM AH 2000 15 630 HV
Yao et al [68] SLMAB 960 0.15 350 HV
(2018) SLM SA(830°C, 1h) +AH (490°C, 1562 0.12 533 HV
10h)
Guo et al. [148] SLM AH (460°C,12h) 2090 5.05 629 HV
(2018) SLM AH (530°C,3h) 2032 5.12 605 HV
Yin et al [71] SLMAB 1160 12.5 360 HV
(2018) SLM AH (390°C,3h) 1680 6.8 440 HV
SLM AH (490°C,3h) 1880 4.7 560 HV
SLM AH (590°C,3h) 1390 6.8 480 HV
Mooneyet al.[113] SLM AB 160 1100 10 360 HV
(2019) SLM AH (490°C,8h) 183 2020 8.3 608 HV
Bodziaket al. [49] SLM AB - - - - 370 HV -
(2019) SLM AH (510,2h) 573 HV
Campanelii et al. SLM AB - - - - 370 HV -
[117] (2019) SLM SA(900C, 1h)+AH(480°C, 700 HV

10h)
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Wu et al [142] SLM AH (550°C,25h) - - 570 HV

(2020) SLM AH (550°C,50h) 2225+51  4.2+0.38 460 HV

Tascioglu et al. SLM AH(490°C,6h) - - - - 542 HV

[149] (2021)

Zhu et al [72] SLM AH(500°C,3h) - - 1686 11.5 509 HV

(2021)

Zhao et al.[122] SLM AB - - 1159.7 14.8 428.3

(2021) SLM SA (820°C,1H) 1028.1 16 366.5
SLM SA+AH(480°C,2h) 1943.3 8 683.2
SLM SA+AH480°C, 5h) 2009.5 7 711.5

2.9.3 Compression properties

Only a few works[150, 152154 have focused orcompression properties to
investigate the mechanical beiaw of SLM maraging steel (C300). The compression test
is an importantway to characterize the behass of parts. In this type of application, the
dramatic effect of typical SLM defects, such as porosity, cracks, and residual strength, was
limited or ignored. Tabl@.6 studies and summarizethe primary explored conpression
behavour reported by previous worf450, 152154] Table2.6 shows the process design
and the compression belans for maraging steel (C300). The maissociated majoworks
with different considerationand different resultebservedare repeoted in this section. The
presented works compare the mechanical performance, including compyréssithre
densification mechanisms and the process parameters. The most recent significanhworks

SLM maraging steel (C300) are summarized in T&e

Cyretal. [150]preser¢da preliminary study of experimental results of the tensile and
compressive behawr of maragingsteel (C300) additively manufactured (P=285W#960
mm/s, H=1 1 0 € m, t=40¢egm) . They reported t hat
compessive force of 200 Kip (kikpound), DMLSmaraging steel (C300) shows
moderately higher ultimatgrength than in tension, where elongation increases dramatically.
It was found that the compressivedaritimate strengtican reach 1450 MPa, with a very
high elongation, which may exceed 40%. This strength differdmaicdlbeemeported earlier
for conventionally manufactured maraging stdesigned fomarine industriefl51]. Using

the same process parameters (laser p&x@85 W, scamng speedvV=960 mm/s, hatching
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spactH=110em, | ayedOtem)ckmwes s a rotation angl e
layer,Dehgahi et al. [1521eported that during the compression test, the compressive yield
stressof asbuilt DMLS-maraging steel (C300) inasal from 1232 MPa to 2004 MPa as

the compression pressure increaaem 100 Kpa (kilepascal) to 200 Kpa, angith strain

rates of 13.76% and 33.46.

The SLM build direction may generate a risotropic geometry. The effect of build
direction has been eluated by a few work§l53]. DeOliveira et al. [153]found that
samples witha vertical direction at 90° offea better compression behaur and energy
absorption capacity than horizontal paat®°. On the other hand, they reported that heat
treated amples can achieve higher ultimate compressive stretigth asbuilt parts, with a
muchlower total strain and energy absorption capacity. Similar compression peak stresses
(~200 MPa) hae been reported bgontuzzi et al. [151in the asbuilt condition

Table2. 6. Overview of published Compression behaviors of maraging steel (C300).

Author Process design geometry Test parameters Output Values
(MPa?)
Cyretal[150] - Cubes of - Yiled strength (MPa) 1200
(2018) 25 x 25 x An ultimate strength >1425
25 mm (MPa) 0.425
Total Strain
Dehgahi et al.  Asbuilt Cylindric  Pressurel00 KPa, strain ratd.5*1* s  Yiled strength (MPa) 1232
[152] (2021) d=7mm An ultimate strength 2005
L=8mm (MPa) 13.76
Total Strain (%) 2453
Toughness (MJ/m3)
Pressure200 KPa, strain raté*103 st 2004
Yiled strength (MPa) 2493
An ultimate strength 33.46
(MPa) 647.7
Total Strain (%)
Heattreatment (490°C, 6 h) Pressures0 KPa, strain ratel .5*1(%s? Toughness (MJ/m3) 3271
3397
Yiledstrength (MPa) 0.09
An ultimate strength 24.0
(MPa)
Pressure90 KPa, strain rate2*10?s? Total Strain (%) 2864
Toughness (MJ/m3) 3305
4.55
Yiled strength (MPa) 132.8
An ultimate strength
(MPa)

Total Strain (%)
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Toughness (MJ/m3)

Contuzzi et al. Cell sizes - 250 KN load cell Peak stress (MPa) 97-206
[153] (2013)
De Oliveiraet  Asbuilt 0° (horizontal) - Maximum load of 250 kN E (GPa) 2.3
al. [154] (2021) Yiled strength (MPa) 114.3
An ultimate strength 196
(MPa) 21.9
Total Strain (%) 19.1
Toughness (MJ/m3)
Asbuit  90° (vertical) 2.1
E (GPa) 120.7
Yiled strength (MPa) 212
An ultimate strength 23.7
(MPa) 20.6
Total Strain (%)
Heattreatment (480°C, 3 h; Toughness (MJ/m3) 2.2
+ 90° (vertical) 182.7
E (GPa) 246
Yiled strength (MPa) 20.9
An ultimate strength 17.3
(MPa)

Total Strain (%)
Toughness (MJ/m3)

2.9.4 Fatigue properties

Fatigue failure is one of thenost severeconsequences of the propagation of
dislocations and crack®©f note, AM can produce maraging steghris with fatigue rates
comparable to those produced by conventional means. The most recent significam@rworks

SLM maraging steel (C300) are summarized in T&dle

Recently Ty c z y (Es k i ineestigatetl the fatigu behaur of SLM maraging
steel (C300) at a constant load pressure of 35 MPa. They found thmvastress amplitude
(<200 MPa) the tested part achieves several cycles to fallfr8x10° cycles. As thestress
amplitude levegoesup to 1200 MPa, the maximal number of cycles tlufa decreaseto
Nf=200. In the asbuilt state,Bouzakis et al. [156&lso observed that the fatigue behaviour
of SLM maraging steel (C300) decreases as the load force and/or stress amplitude increases
They also reported that the presence of corrosiead to a dramatic decrease the
maximum number of cycles to failurby up to 50%. For example, at a load force of 400 N
and a stress amplitude of 500, Nf decredisem 12x 10° to 6 x 10° cycles. Itis important
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to note that the wrought state (conventional maraging steel (C300)) aalagses digher

fatigue behawur than SLM, even if there is corrosion.

Becker et al. [9Pconcluded thanotwithstandinghe influence of residual stresses and
microstructure, e fatigue growth rates following specific heat treatmentspeaetically

similar tothose of wrought material.

Antunes et al[157] studiedthegrowth of fatigue cracks ipartsof powderedmaraging
C300 steel manufactured by arABF process. They fodrthat cyclic plastic deformation
may be one of the best control mechanisms. They observed a low level of plastic deformation
on the crack tip. This led to the conclusion that a reduced level of plasticity induces crack
closure Branco et al. [158%tudiedthelow-cycle fatigue behaviour of AISI SLM maraging
seel (C300). They reported that the cyclic stressponse increased a very short initial
stage of about-3 cycles; itthen decreased continuously at higher strain amplitudes and
remained almost constaat lower strain amplitudes; in a third stage, for life ratios higher

than 90%, there waasrapid drop in cycles.

Croccolo et al. [159hvestigated the fatigue response cbagt DMLS maragingsteel
(C300) and the effects of aging, machining, and peening treatments. Comparing the fatigue
S-N curves (Figur.9), they reported that the pegstocessing heat treatment without the
micro-shot peeningters, can reduce the residusttess state induced by the DMLS process,
which is not particularly high due to the properties of maragiagl(C300) The machining
step can have a positive effect on the fatigue resistance, which oaefhéforthe removal
of the surface layers taeed by micreshot peening before the heat treatment. They pointed
out that the aging treatment makes DMLS maraging stdethis the addition ofa small
outer surface machining sgpmuch more sensitive to nicks, which can make it very
beneficial on réned surfacesOtherwise, DMLS maraging steel without a machining step
and with a moderately remarkable porosity, aging treatment can even be detrifiegyal.
also found that a proper adjustment of piosatment parameters can lead to a fatigue limit
of the ultimate tensile strength of about 40%. In another investig&iatcolo et al. [160]

used a DMLS maragingteel(C300)to obtain informatiornon the influence of théuild
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orientationon the fatigue resistance of the base matenatases wherall samples ha
undergone thermal and mechanical posatmens. They reported that no significant
differencein terms of fatigue properties wagenby changing the build orientation with
respect to théuilt direction
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(c) Design of the experimental campaign [160].
Figure2.9. The SN curves in thdinite life domain [160].

FurthermoreSantos et al [161)sed a maraging 300 steel adapted to a DMLS process.
They found that at a laser power of 100 W, the tensile and fatigue behaviors decreased as the
scanning speed exceeded a certain value (especially at high levels of 400 or 600 hay/s).
found that at arly cycles, the fatigue performance of parts fabricated by AM is similar to
that of a conventionally sintered materighe fatigue strength became significantly lower as

the lifetime at the point of comparison increased

112



Table2. 7. Overview of published Fatigue behaviors of maraging steel (C300).

Author Test parameters Fatigue behavior
Stress Frequency  Subtract Load Maximum Process design Nf (cycles)
ratio (Hz) preheating  Pressure stress
temperature  (MPa)/ 0 ma x
(°C) force (N) (MPa)
Bouzakis et R=0 40 - 400N 500 wrought 1.05x 10°
al. [156] (SLM+GB:glass >2 x 1P
(2021) blasting) 1.2x 1P
(SLM asbuilt) 6x 10P
SLM + Corrosion
700N 875 >2 x 1P
wrought 20x 10°
(SLM+GB:glass 55x 108
blasting) 20x 10°

(SLM asbuilt)
SLM + Corrosion

Tyczy & 80 35 MPa 200 SLM asbuilt 300 000
al. [155] 600 20 000
(2021) 1200 200
Uematsu et R=-1 2-10 Hz - 100 kN 150 DMSL asbuilt 10
al. [162] (Max) 200 7x 10
(2021) 300 100
600 10%-2*104
Brancoetal. R=-1 - - - 512.9 A constant strain rat8 33
[158] (2021) 602.7 x1073s 1 1, f ¢ 64
990.8 parts. 2399
1005. 5441

Finally, compared to conventional maraging steel patesnatsu et al. [L62fported
that the specimens with a hybrid structure had lower fatigue strengths. They also pointed out
that although posaging treatments had an insignificant effect on residual stresses, the fatigue
strengths of the alsuilt, aged, and seraiged specines were nearly the same. They found
that postaging could increase the fatigue strengths of conventional parts, while it had little
effect on the fatigue lives of the DME®araging steel (C300) in the finite life region. This

can be attributed to the preme of the fatigue craslkand their propagation histary
2.9.5 Corrosion Properties

Corrosion is a natural phenomenon that happens after the repetitive exposure of metals
to aggressive media, such as fluids in general and specifically acidic measaq163].

This can cause progressive damage to materials, which can degrade their properties, such as

the appearance and strength. Tool steels, including maraging steels, are subject to stress
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corrosion cracking like many ste¢l$4-165]. It is thus essential tonderstand the behaviour

of SLM maraging steel (C300) with respect to these corrosion properties. Very few studies
have examined this phenomenon. The most significant recent such works are summarized in
this sectiorf122, 163]

Simson et al. [166%tudiedthe corrosion resistance of SLM maraging steel (C300).
They reported that the surface quality-faslt, turned, sandblasted, as milled, or ground) has
no significant influence on the corrosion resistance, while thegrosessing treatment may
dramaticdly affect the corrosion behaviour of SLM maraging steel (C300). They found that
the aging treatment reduces the corrosion resistance by around 50%, significantly more than
solutionrannealed treatments, which can lead to a lower corrosion resistancehafrdgaed
parts due to a galvanic effect. For soluteomealed parts, the range of current corrosion
densitiesis icorr = 0.38 ~ 0.7 mA/cm?, while for the agé@drdened parts, the current
corrosion densities are approximately twice as high, located naumige oficorr =1.2 ~ 1.55

mA/cmz2.

Zhao et al. [122]nvestigated the influence of the porosity rate on the mechanical
property and corrosion behaviour of SLM maraging steel (C300). They found that internal
grain distortion will take place because of agineatment, which is able to force the pore
voids to shrink or rupture, leading to a decrease in pore size. They also showed a negative
relationship between the pore size and corrosion resistance of SLM (C300) maraging steel,
making it a must to controhé formation of macrospores, which are the main cause of local
corrosion. On the other hand, solution treatment resulted in deeper corrosion pits compared
to aging treatment. According to this study?2], after solution treatment, the depth of the
pitsicr eased by 45%, from 95, 47 2 haursand5bour$,38, 977 ¢
the depth of the pits decreased by 10% and 15%, as compared to the samples treated in
solution, respectively, at 1245 6 amdrhil7,94% min their comparative workRajeshet
al. [167] carried out a corrosion analysis on SLM maraging steel (C300) and36I4
They reported that at 2% of NaCl solutsxuring corrosion testing, the SLM maraging steel
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(C300) has a lower anodic coefficient and corrosion rate than stairdek31€ L. Therefore,
MS1 maraging steel is preferable to 316 L stainless steel in the automotive and aerospace

industries due to its low wear rate, frictional force, and corrosion rate

2.9.6 Charpy Impact Behavior

To assess the tensile strength and ductility of materials, a simple standard charpy
impact test mayepresenthe best and simpdesolution A high-temperature test medium
can increase the capacity of mater[al88], especially ductilenateriald168-169, to absorb
more energy than at lower test temperatfit€®]. At low temperatures, steels, including
maraging steel, lose their ductilitypssibly due téow cleavage energy. Maraging steels are
frequently subjeed to suchimpact loads, especially fdrigh-speed applications, such as
defense and automotive. Therefore, it is essential to understand the impaciloesfssi M
maraging steel (C300). The most significant recenitks[96, 100, 116, 164resummarized

in this section.

Masoumi et al. [170%udied the effect of microstructure and crystallographic texture
on the charpy impact test for BLmaraging steel (C300). They reported that the energy of
the charpy impact test increased with increasing {111}, {112} and {110}//ND texture fibers
using a shution annealing at up to approximately 1000 °C. They poiotgdhat the grain
boundaries which are close to compact directions in the BCC lattice, such as {112}, {113}
and {110}, showed more failure resistance than the boundaries related to the c{@é\dge
planes. They also found that the charpy impact energy reachagimum of 30.5 J using a
solution annealing at 1000 °C, without any significant loss in hardness. For high temggerature
(>1000 °C) rotated cubic componentnay be generated by the stibn annealing, which
can significantly decrease the impact toughness. At this solution annealing temperature
(>1000 °C)ahigher rate of retained austenite may limit the negative effechigh solution
annealing temperature. As showrnliable5, Bai et al. [L00Jinvestigated the charpy impact
behawour of SLM maraging steel (C300) for dmiilt, asquenched (7802020 °C, 0.254
hours) asaged (406660 °C, 112 hour9 andjustaged (406660 °C, 112 hour9 samples.
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They observed that the charpy impanergy reached a value of 2éhXhe asbuilt state. In
the asquenched state, the charpy impact energy incdessthe temperature increased, until
reachng 42 J, up to 960 °Gandthen it started to decrease. The charpy impact energy of the
asaged pass decreaskdramatically as the temperature increastareach the lowest level
of 5 J at 480 °C. A high aging temperature (>480 °@higher rate of retained austenite
may limit the negative effect of aginghile the justaged parts maintagala nmoderately high
charpy impact energwas compared to the aaged parts, wibse charpy impact energy
increasd as the temperature increased. Very similar results have been repofiaddiyet
al. [116] in asbuilt, asquenched (815 °C, Olour9, and asaged (460 °C, &ourg samples.
Also, Kempen et al. [96found similar results in jusaged (480 °C, Hourg parts (charpy
impact energy of 5 J), but they susstilly reacled the maximum average of 40charpy

impact energy in the asuilt state.

2.10 SUMM ARY AND OUTLOOK

The aim of this review was to present recent significant works on maraging steel
manufactured by SLM. SLM has the capacity to produce complex geometries, with
comparable or superior properties as conventional manufacturing methods, witich
significantly promote the development of higttength maraging steels. These advantages,
coupled with a fast production time, the minimization of losses, design flexibility, and the
possibility of controlling metallographic and mechanical behavibreugh an oriented
optimization of SLM process parameters, enable the development of a much more
widespread SLM process applications in the future. The main conclusions from the state of

the art of selective melting of maraging steels can be summariZekbass:

AThe SLM process accommodates complex physical phenomena, such as heat transfer, mass
transfer, phase change, and fluid mechanics in its molten pool. This gives rise to complex
microstructural changes, including cellular refinement of grainsdéwelopment of local

texture, the introduction of microstructural heterogeneity, variations in composition, the
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formation of precipitates and dislocations, the introduction of residual stresses, and the
formation of cracks. Despite, the current paper $oog on the microstructural aspect of SLM
maraging steel, more-depth work is needed to study the sensitivity of the microstructure,

the formation of defects, and densification properties.

A Maraging steel I's at tr a differentdields of applicatiahu c t i o
and its high printability.

AL SLM maraging steels are known for their h
their ability to generate hardenable precipitates, in addition to their typical refined cellular
microstucture. These microstructural characteristics also result in good mechanical
behaviour, including hardness, tensile strength, and fatigue behaviour, comparable to
conventional maraging steel.

A With high strengths, mar a(@800)ghave maederdtedy, i nc
reduced ductility due to the presence of porosities generated by SLM.

A Defect s, cracks, di sl ocations, resi dual
current issues faced in the SLM of martensitic steels, such as n@sdgel.

A - The various defects (pores, cracks, disl oc¢
stress) generated by SLM can destroy not only the surface roughness and dimensional
accuracy, but also the mechanical properties of final productgetAw, for current research,

which shines the light on the mechanisms of defect formation and to methods of control by
statistical models, analyses of variance, computer simulations, and experiments there is much
more to be done.

A 1 n gener af process pammeters mg welbals the different heat treatment routes

can reduce the formation of defects in the microstructure of maraging steel. However, finding
ways to optimize these heat treatments is essential to achieve the required mechanical
perfomance.

A I'n terms of process parameter s, a |l ack o
mechanical behaviors of SLM maraging steel (C300) to various process parameters can be
clearly observed. That is why more systematic works in ternms/estigating the sensitivity

relationship between the mechanical behaviors and the process parameters are required.
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A I n t e rprocessiod heap toeatrnent, it is recommended to investigate the effects of

various treatments, including solution anénagreatment, to study the interrelation between

each treatment temperature and time and related metallurgic and mechanical behaviors.

A The presence of a 1marteresitei trarsforraatiod duting 6SLMa u st e ni |
processes and after the various gosatments are responsible for generating and controlling

the resistance/ductility combinations acquired by SLM maraging steel parts.

AL SLM can be considered as an intrinsic micr
physical phenomena involved and th®sg temperature gradients, which can generate stress
concentrations, phase transformations, geometric occurrences, as well aschasions,

which gives the option to ignore the thermal posicessing essential in the conventional

case.

Al n g eLMearaging sted (C3000) exhibits a good tensile strength in theitistate

and a higher tensile strength in the keaated state. In contrast, the average total elongation

always remains reduced, in general, 6% <<12% in tHridisstate and drantiaally smaller

after the aging treatment (up to 1.5%). Future work is highly recommended in terms of
investigating and clarifying the defect formation mechanisms and their influences on the
mechanical performance of SLM maraging steel, under different Stddess conditions

and different heat treatment routes.

A  Compared to the conventional stat e, SLM mar
compressive strength. SLM maraging steels have greater compressive strengths than tensile
strengths, with dramadally larger elongations.

A The fatigue and -mit 8BLMaenaragmaesteel €C800srénminloveas o f a's
compared to the conventional state, mainly due to the surface quality produced by SLM. In

particular, the presence of maamacks negately affects the fatigue and corrosion

behaviors.

A Except for solution treatments (complete au

leads to higher corrosion resistance
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Concentrated and idepth systematic research can take both the SLM procéss an
materials suitable for additive manufacturing, including maraging steel, to another level. It is
even recommended to involve the SLM process in the manufacture and development of metal

matrix composites
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3.1 RESUME EN FRANGAIS DU TROISIEME ARTICLE

Le procédé SLM a connu des évolutions majeures, notamment des développements liés a la
fabricationde piéces en acier maraging. Alors que SLM vise a atteindre et a améliorer les
propriétés meécaniques obtenues par les procédés traditionnels, il reste beaucoup a faire pour
perfectionner et optimiser son utilisation pour les aciers maraging de maniexkleesit
efficace. Léobjectif de ce travail estédxplorer divers parametres de ptsitement liés a

IGacier maraging SLM afin@btenir des comportements mécaniques de haut niveau dans le
temps de traitement le plus court, en utilisant des solutamususes de NaCl pour le
refroidissement. Le premier objectif egbbtenir un temps de traitement réduit par rapport

aux valeurs les plus fréquentes rencontrées dans la littérature, qui est généraiemenind

1 heure pour les traitements en solutidnde 56 heures ou plus pour les traitements de
vieillissement. Dans le cadre de la présente étude, les effets de divers paramétres de post
traitement (solution de refroidissement, température de vieillissement et temps de

vieillissement) sur la microstrture et les comportements mécaniques, en particulier la
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dureté et la résistance a la traction, @eier maraging SLM (C300) ont éétudiés.Une

série deprouvettes de traction, fabriquées avec une deriibedjie laser de 6Bmm3, ont

été soumises ain posttraitement puis a divers tests mécaniques abétudier leurs
performances. Une étape de traitement de solufieondogénéisation (HT) commune a été
effectuée a 1020 C pendant 15nin. Trois températures de vieillissement différentes
(485°C, 585°C et 685°C) et des durées de vieillissement (12i@, 150min et 180min) ont

éte utilisées sur les piéces. Pour les pieces telles que construites et traitées thermiquement,
les changements de microstructure et de composition de phase sont les prifegpaurs

qui affectent les variations des performances mécaniquéadaierimaraging SLM (C300).

Plus précisément, ces variations sont déterminées par diverses caractéristiques
microstructurales, telles que la taille des grains, la fraction de phasiegae la distribution
spatiale et la morphologie des phases dans la microstructure. Afin de caractériser les effets
du traitement thermique sur la microstructure et sur le comportement mécanique, différentes
techniques de microscopie, telles que la ndcopie confocale a balayage laser (CLSM), la
microscopie électronique a balayage (SEM) et la diffraction par rétrodiffusidacttons
(EBSD), ont été utilisées. Pour quantifier le comportement mécaniquiaaiker Imaraging

SLM (C300), des mesures de didreet des essais de traction ont été effectués aprés des
traitements de vieillissement en solutioth@mogénéisation (HAT). De plus, un modéle
statistiqgue a été développé en utilisadinhlyse de variance (ANOVA) pour prédire le
comportement mécanique [@té€) et déterminer le parametre significatif associé. Le modele

a lié le comportement mécanique aux propriétés detpgtment dans la zone de travail.

Par rapport aux piéces telles que construites, la microdureté et les résistances ultimes a la
traction ont été considérablement améliorées apres les traitements de vieillissement en
solution dhomogénéisation (HAT). Les effets des parametres de traitement thermique
(solution de refroidissement, température de vieillissement et temps de vieillissemka) su
propriétés mécaniques dépendent principalement des changements de microstructure qui se
produisent. Les résultats ont montré que les pieces traitées thermiquement avaient une
microstructure plus fine et non continue, conduisant a une dureté plés 0-50 %) et

a des propriétés de résistance ultime a la traction plus élevée5392K par rapport a la
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version telle que construitees piéces. La microdureté et la résistance ultime peuvent aller
jusqua ~56HRC et 2150MPa, respectivement, augiéne de traitement thermique optimal
(traitement en solution a 102C pendant 1%nin + traitement de vieillissement a 480
pendant ~17%nin).

Ce troisieme article intitulé<Influence of postreatment on microstructure and
mechanical properties afdditively manufactured C300 Maraging steel pu voir le jour
gr©ce " | a coll aboration de | 6®qui pe de recher
Professeur Mohammed Jahazi. Le premier auteur, Faical Habassi, a mené la partie essentielle
de la echerche concernant | 6 ®t at de | 6art, | es
libnt er pr ®t ati on des r®sultats ainsi gue | dopti
des travaux de rédaction a été fait aussi par le premier auteur sous la supelwision
Noureddine Barka et de Mohammed Jahazi. Manel Houria, le second auteur a apporté une
partie essentielle, ce gaiaidé a améliorer la qualitéupapier. Le professeur Noureddine
Barka, qui est le troisieme auteur a défini le projet ainsi la méthoéchoadopter. Quaal
co-directeur, Mohammed Jahazi, il a apporté une partie essentielle grace a sa connaissance

approfondie de la métallurgie et des matériaux.

3.2 TITRE DU TROISIEME ARTICLE

Influence of postreatment on microstructure and mechanical proggedf additively

manufactured C300 Maraging steel

3.3 ABSTRACT

The SLM process has undergone major evolutions, including developments related to
the manufacture of maraging steel parts. While SLM aims to achieve and improve the
mechanical properties obtainby traditional processes, much remains to be done to perfect
and optimize its use for maraging steels in a-effstctive and efficient manner. The aim of
this work is to explore various pegtocessing parameters related to SLM maraging steel in

order toachieve higHevel mechanical behaviors in the shortest processing time, using
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aqueous NacCl solutions for cooling. The first goal is to obtain a reduced processing time
versus the most frequent values encountered in the literature, which is generally
appioximately 1 hour for solution treatments an@ Bours or more for aging treatments. In

the context of the present study, the effects of varioustpestiment parameters (cooling
solutiors, aging temperature, and aging time) on the microstructure andamieah
behaviors, especially the hardness and tensile strength, of SLM maraging steel (C300) was
investigated. A series of tensile specimens, manufactured with a laser energy density of 65
J/Imm3, were subjected to peseatment and then to various mediahtests in order to
investigate their performance. A common homogenization solution treatment (HT) step was
performed at 1020 °C for 15 min. Three different aging temperatures (485 °C, 585 °C, and
685 °C) and aging times (120 min, 150 min, and 180 nvere used on the parts. For as

built and heatreated parts, microstructure and phase composition changes are the major
factors that affect variations in the mechanical performance of SLM maraging steel (C300).
Specifically, such variations are determirdvarious microstructural features, such as the
grain size, the phase fraction, as well as the spatial distribution and morphology of the phases
in the microstructure. In order to characterize the effects of heat treatment on the
microstructure and on th@echanical behaviour, various microscopy techniques, such as
confocal laser scanning microscopy (CLSM), scanning electron microscopy (SEM), and
electrors backscatter diffraction (EBSD), were used. To quantify the mechanical behaviour
of SLM maraging stee{C300), hardness measurements and tensile tests were performed
after homogenization solutieeging treatments (HAT). Furthermore, a statistical model was
developed using analysis of variance (ANOVA) to predict the mechanical behaviour
(hardness) and detame the related significant parameter. The model related the mechanical
behaviour to the podteatment properties in the work region. Compared to tiigisparts,

the microhardness and ultimate tensile strengths were significantly improved after
homogenization solutioraging treatments (HAT). The effects of heat treatment parameters
(cooling solutios, aging temperature and aging time) on mechanical properties depend
primarily on the microstructure changes that occur. The results showed that tireduteat

parts had a finer and naiontinuous microstructure, leading to higher hardnB2§-60%)
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and higher ultimate tensile strength (+85%) properties, as compared to thébast parts.

The microhardness and ultimate strength can go up to ~56 HRZ1&0dVIPa, respectively,

at the optimal heat treatment regime (solution treatment at 1020 °C for 15 min + aging
treatment at 480 °C for ~175 min)

3.4 |INTRODUCTION

Additive manufacturing (AM) is an emerging manufacturing process in the tool and
mold industry]{1-2]. Specifically, AM has become a promising manufacturing technique for
die-casting and tool makind.-2]. Gaedan et al. [IldndDurakovic et al. [2have highlighted
this in their paper regarding additive manufacturing and trends. The main advariitAlyes o
in die casting include reduced material waste, improved functionality and customization of
tools thanks to the freedom of design and flexibility accorded to mold designers. AM
technology also allows to design dies with complex geometries, microsgscand high
quality parts such as cooling chann@le?], lattice structuref3], automotivespecific parts

[4], and highprecision aerospace paffs.

Selective Laser Melting (SLM) is one of the b&siown and most promising AM
technologied6-7]. The SLM process, its principles, advantages, and prospects have been
extensively reviewed in the literature, including in works such as thdSerwdsekaran et al.

[6], andChen et al. [7]These previous works point to SLM technology as being in increasing
development especially as it allows the production of complex anddughty metallic parts

[6-7]. That is the case even though the process must necessarily be completed by certain
finishing operations, such as the removal of supports and longrpathat [1-2, 6-7].
Compared to conventional manufacturing techniques, SLM offers many advantages, such as
freedom of design, minimum material waste and fgghlity finished part§l-2, 6-7]. SLM

is an AM powder bed fusion (PBF) technology that involves coxplg/si@al phenomena,

such as heating, melting, and solidification of a metallic powder. When a heat source,
generally in the form of a laser, is moved, the energy involved leads to the complete layer

by-layer melting of the powdégf.-2, 6-7]; this meltingis a function of the desired geometry.
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Once a given layer is completed, the construction platform is lowered by theetiesl layer
thickness, and an additional powder layer is spread on the work platform. The process is
repeated until the desired compom construction is achieved. As SLM does not require long
posttreatment, it can produce approximately fully dense metallic parts, with acceptable
mechanical propertie§6-7]. The SLM technology has proven to be suitable for the
manufacture of hard toolteels[8-10], stainless steelgl1-12], Ti-based alloyg13-14],
aluminum alloyq15-17], Ni-based alloy$13, 18]and Mgbased alloy$19-20]. However,

since SLM as a technology is still evolvif@-2, 6-7], certain elements call for further
improvementm practice. The most limiting factors with the technology are manufacturing
costs and the need for lotigermal posjprocessing. These two factors further breakdown
mainly into the cost of machines, their low productivity and long thermal processing times.
Furthermore, a lack of material standards specific to certain sectors hinders the use of these
processes. AM is generally thus more suitable for small or medium series. Some processes
will not allow specific surface orientations without the addition gdpsrts, and this can

generate subsequent costly ppstcessingl-2, 6-7].

Maraging steels, which are nicketh alloys (FeNi), are commonly used in the tool
and mold industry21-24] because of their high mechanical strefg@th22], wear resistance
[21-22], toughness[21-22], machinability [23], and weldability [24]. Their final
microstructurg25-27], density[25-27] and mechanical behaviof35-27] can be modified
through posfprocessing heat treatmg@8-30] or process parametdfl ], according to their
applications. Asbuilt SLM maraging steel reaches a comparable mechanical behaviour to
the wrought state with fine cellular microstructuséandford et al. [37eported that an AM
fabricated maraging steel (C300) had a comparablehamécal performance to that of
conventional forged C300 steel bf33-39]. Similar results were reported Bgmpen et al.
[38] and Casalino et al. [39]Recently,Mooney et al. [40]reported a cell solidification
microstructure generally confined by rasid austenite retained along the irbeundaries.
This result has been confirmed bggle et al. [41]in their comparative study between the
micro-and nanostructure produced conventionally and by laser additive manufactiang.

et al [42]used a similaAM system to produce C300 alloy parts and observed a fully dense
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dendritic cell microstructure. The pegstocessing heat treatment for steels, such as maraging
steels, usually requires a combined gosatmenhomogenization solutieaging treatment

(HAT) (homogenization solution treatmeiiuenching operation) + aging treatment)
consisting of ahomogenization solution treatmefguenching operation using a cooling
solution) (HT) followed by an aging treatment (AB)L-36]. Therefore, it is considered as

critical step of SLM processes, which is mainly crucial for the density and microstructural
characteristics of the manufactured object; these are the decomposition of the martensitic
phase, precipitation of second phase particles, stress relief ansitpaoeruction. The
cellular microstructure of the dmuilt parts is affected by posteatments, which can affect

the hardness and resistance of hardenable alloys, including maragin[p 5t42]. These

microstructural changes are characterized in dieptiis chaper.

In the context of pogprocessing heat treatment, recent years have seen research works
on the effect of podreatment parameters on SLM maraging steel. Althoughtpestment
represents a technique of choice for joining parts with pigperties in SLM maraging steel
due to the many advantages offered by the process, a lot remains to be done to improve and
optimize it as the properties of the metal have led to its reputation as a difficult material to
posttreat because long pefseatnents are generally requird@6-48]. In general, post
treatments are able to reduce the stress of the SLM and generate a high hardenability in the
microstructure, and therefore harder mechanical properties. Many researchers have
investigated the effect plostprocessing heat treatment on the final quality of SLM maraging
steels. RecentlyQzer et al. [36] (2020investigated the effects of different heat treatment
parameters on the microstructure and mechanical behaviors of direct SLM maraging steel,
espe@lly hardness properties. They found that the maximum hardness exceeded 55 HRC
after solution heat treatment and subsequent aging (240 °G2 hoursair cooling, 490
°C-6 hoursair cooling) and 56 HRC after direct aging (aging: 4966°Rbursair cooling),
as compared to 36 HRC in thelaslt state. In the same study, they also pointed out that the
corrosion behaviour is better in thelaslt state. Similar results (hardness: 55 HRC, UTS:
2014 MPa) were reported Byan et al. [42] (2017and Mooney etal. [40] (2019)using a

direct aging treatment at 490 °C foh6urs and &ours respectively. Koukolikova et al.
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[43] (2021)reported that the mechanical behaviour of SLM maraging steel can largely
increase after pogirocessing heat treatment. Theyufd the maximum hardness and
ultimate tensile strength exceeded ~620 HV and ~2157 MPa, respectively, after solution heat
treatment and subsequent aging (SH®O0 °G1 hourswater cooling, 480 °& hoursair
cooling), as compared to 36 HRC and 1163 MPth@asbuilt state. They also stated that

the build direction of 45° leads to the best mechanical behaWlarsinez et al. [44] (2021)
reported that aging heat treatments between 460 and 490-8Q@dr9 resulted in the
maximum hardness value (~55HCEprlier,Guo et al. [45] (2018)ad studied the influence

of various heat treatments on the microstructure and mechanical properties. Their results
showed that the maximum mechanical behaviour was observed with a direct aging treatment
at 460 °C for 12hours After this long treatment the hardness and ultimate tensile strength
increase up to 628.9 HV and 2089.7 MPa, respectively. Similar results were repdBad by

et al. [46](Hardness ~645 HV, UTS~2163 MPa, using heat treatment (840 °G1 hours

air cooling, 480 °@ hoursair cooling)),Yasa et al. [47[Hardness ~58 HRC, UTS~2217
MPa, using heat treatment (direct aging 4865°@oursair cooling)), Kempen et al. [38]
(Hardness ~58 HRC, UTS~2212 MPa, using a direct aging treatment (48thdQ@s-air
cooling)) andCasati et al. [48[Hardness ~630 HV, UTS~2017 MPa, using heat treatment
(460 °G8 hoursair cooling)). Considering an acceptable pasicessing heat treatment time

(=3 hourg, a high temperature was generally used, and a lower maxiewgirwas achieved.

Guo et al. [45] (2018bbserved a hardness of 605 HV and an ultimate tensile strength of
2032 MPa with direct aging at 530 °C foh8urs However, in this case, there was a fatal
flaw in the sense that if the aging temperature exabad=ertain level, then the mechanical
behaviors of SLM maraging steel parts would dramatically decrease; indeed, this is one
critical limitation that has impeded its further application in the industry. This limitation can
be seen iCasati et al. [48]in which it was reported that for an aging treatment at 540 °C,
the maximum hardness (~560 HV) and tensile strength (~1957 MPa) can be reached in 1
hour before decreasing as the aging time is increased. In the same work, at an aging
temperature of 600 °Ché mechanical behaviour began to decrease from its maximum

(hardness: ~530 HV, UTS: 1660 MPa) in just 10 min. Furthermore, few previous works lend

143



specific importance to the effect of austenitizing temperature on laser sintered parts of
different materials Lian et al. [49] conducted work on the influence of austenitizing
temperature on the microstructure of maraging steel. They noted that normal grain growth
occurs at austenitizing temperatures ranging between 800 and 1000 °Cthdsege steel,
Condé e al. [50] observed that direct aging of a part aguesit the hardest character,
smallest strain to failure, and highest flexural strength due to the preferential secondary
precipitates generated. The authors recommended relatively high homogenization

temperatures (980 °C) to guarantee a more efficient rsituxtural dissolution.

As illustrated in the literature, many researchers have reported their investigations on
the effects of posprocessing heat treatment on maraging steel parts. However, emains
to be done to perfect and further optimize the use of SLM and thermapnoestssing for
maraging steels to have a cestective and efficient process, especially in terms of reducing
the long posprocessing and optimizing their effects. This kvaims to explore various pest
processing parameters related to SLM maraging steel in a bid to achieweuagh
mechanical behaviors in the shortest processing time. The first goal is to further optimize the
most frequent processing times present ifitemture, which is generally arounchbursor
more for the solution treatment anéd®hoursor more for the aging treatment, using statistical
tools such as ANOVA, preceded by a design of experismesihg the Taguchi method. A
Taguchi rotatable desigwith three factors and three levels was chosen to minimize the
number of experimental conditions. An empirical relationship was established to predict the
interrelation between hardness and the jpogtessing heat treatment parameters by
incorporating in@pendently controllable parameters. The optimization was accomplished
using numerical tools, including response surface methodology (RSM), to find the optimal
postprocessing parameters needed to attain maximum hardness. A validation step was
applied usinghe tensile test to validate the optimal ppsicessing parameters. The study
employs confocal laser scanning microscopy (CLSM), scanning electron microscopy (SEM),
and electroa backscatter diffraction (EBSD) to reveal the phase transformation and

microstructure of adbuilt and heatreated samples. Additionally, it offers some practical
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recommendations in terms of solution treatment cooling, aging temperature, and aging time
needed to successfully haa¢at SLM maraging steel (C300)

3.5 NOMENCLATURE

AM: Additive manufacturing,

SLM: Selectivelaserfusion,

HT: Homogenization solution treatment

AT:  Aging treatment,

HAT: Homogenization solutioaging treatment@HT+AT),
Ta: Aging temperaturé @),

S: Cooling Solutionconcentration(%),

timea Aging time (min),

UTS: Ultimatetensilestrength,

3.6 MATERIALS AND METHODS

Some tensile samples are manufactured by the SLM process using a specific maraging
steel (C300) powder. Different petseatments (in the context of a specific tempering and
guenching process) were used in this investigation. The influence efrpashen on the
microstructure and the hardness were investigated for all tharpasinents. However, for
the tensile test, one of the three aging treatments studied was selected, based on metallurgical
and micrehardness tests, and identified as the optimadgageatment. Some of the tensile
coupons homogenized by HT at 1020 °C forrif was aged according to thisptimab
treatment (ATop: 480°C 175min). Tensile tests were performed onkaslt and solution

aged parts (HATop) according to tlieptimab treatment. Details of the powder, the
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tempering and quenching process, the metallography characterization, and the mechanical

tests used are presented later in the present paper.
3.6.1 Materials

The maraging steel (C300) powder used in this study was mamgadby a gas
atomization process, in an approximately spherical form and in t4& 1B6n particle size

range. The micrograph of the maraging steel (C300) powder is shown in Bijued the

chemical compositioarelisted inTable3.1.

Table3. 1. Chemical composition (Wwt%) of MS1.

C Ni Co Mo Mn,Si Ti Al Cr PS Fe
0.03 1719 8510 4552 0.1 0.60.8 0.15 0.5 0.01 Bal.

Table3. 2. Additive manufacturing process parameters.

Laser powder Laser speed Hatching Hatching Resolution
space direction
195 W 750 mm/s 0.1 mm Stripelike 40 pm o

Figure3. 1. MS1 Powder morpholocg
[38].

3.6.2 Additive Manufacturing

A series of tensile coupon samples sized according to AEBNb1] (Figure3.2 -
dimensionis in mm) were fabricated using an EQ&90 device (SLM).The procedure
parameters are shown in TaBl&. The thickness of the powder layer was 40 pum. A nitrogen

atmosphere was maintained throughout the fabrication process.

B ¢

Figure3. 2. Size of tensile test samples.

146



3.6.3 Quenching andTempering

In order to investigate the influence of pogatment on the microstructure and
mechanical properties of SLM maraging steel parts, three types of thermal routes were

employed (HAT2HAT3). Each one of them included two steps.

The first step, which is aoecnmon one in the three peseatments (HAT1, HAT3),
consists of homogenization using homogenization solution treatments (HT; also known as
austenitization and designated as FH'L3) at 1020 °C for 15 min in an aqueous salt solution
guenching to producefally martensitic structurgs2-53]. The concentration of the aqueous
NaCl solution differs between the homogenization solution treatments (respectively 0% for
HT1, 6% for HT2 and 12% for HT3). The second step consists of an aging treatment
(designated aAT1-AT3). The aging cycles (Ta, timea) were performed at 485 °C (HAT1),
585 °C (HAT2), and 685 °C (HAT3), respectively. At each aging temperature, three aging
times, respectively 120 min, 150 min, and 180 min were used. The effects of the aging

temperaturé€Ta) and the aging times (timea) were evaluated.

To reduce the number of samples to be used and the number of experiments to be
performed, a design of experiment approach using Taguchethod was employed,
choosing a combi nat i(eedinbomogenxationisolugon featment i o n
(HT)) - aging temperature (Ta) aging time (timea), for selecting the priority of the

experiments. Details and corresponding designations are givebia3.3 and Figure3.3.

3.6.4 Metallography Characterization

All samples produced for metallography were analyzed using an OLYMPUS
LEXT OLS4100 confocal laser scanning microscope (CLSM) to obtain large optical
micrographs through an automated assembly operation. The scanning electron microscope
(SEM), HitachiTM3000 malel, equipped with energy dispersive spectroscopy (EDS), was
used for microstructure and chemical composition analysis (when possible) on some critical

samples (high/low hardness;laslt or hardened). The microstructure, texture evolution, and
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phase idetification were studied on asuilt samples by Electron BackScatter Diffraction

(EBSD) analysis using a HitacBiU8320 field emission gun (FESEM), equipped with an

e-flash plus detectsr The samples were tilted 70° to the backscattered eledttector. The

step size and the accelerating voltages were 23 nm and 25 Kv, respectively. The Bruker

Esprit2.2 software was used to analyze EBSD data.

Before microscopy observations, a preparation step was executed, during which the

metallography and miorhardness samples were cut from the sides of the manufactured AM

coupons in a 1< 3 x4 mm rectangular shape. They were polished using the standard

polishing procedure to a 1 um diamond paste size. After this step, the specimens selected for

the EBSD anlgsis were mechanochemically polished with a colloidal silica solution (0.05

pm) using a BUEHLER VibroMet polisher for Itburs Then, the samples were prepared

with the HitachilMP4000plus ion polisher to remove the subsurface deformed layer. The

microstucture was revealed using Eyeagent (y CuCl, 50mI HCI, 50ml HNO3, 150ml

H20).

Table3. 3. Post- treatment details for managing steel (C300) after SLM

Solutionizing/Homogenizing
heat treatment (HT)

Aging treatmentAT)

Aging / Tempering [AT2)

Samples T(UC) / ti solutionS Ta ( timea
_ (min)
HTL 102 015Mc  S1 -
HT2 10 2 015MiC  S2
HT3 102 015miiC  S3 - -
HAT1L  HTL 485 120
HAT1 HAT12  HT2 ATL g5 150
HAT13  HT3 485 180
HAT21  HTL 585 150
HAT2 HAT22  HT2 AT2 “ggg 180
HAT23  HT3 585 120
HAT31  HTL 685 180
HAT3 HAT32  HT2 AT3 “ggs 120
HAT33  HT3 685 150
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Stage | Stage Il
Solutionizing/ Austenitizing (HT) Aging / Tempering (AT1)

1020 °C - 15 min
485 °C - time

AirQ

Stage Iil Stage IV
Aging / Tempering (AT3)

685 °C - time

585 °C - time
/ \um

Figure3. 3. Post- treatment cyclefor
MS (C300).




3.6.5 Mechanical Testing

Vickers (HV) and Rockwell C (HRC) hardnetssts were performed on -asilt
samples, immediately after solution treatment, and after aging. A CIST2800 machine
was used to perform the Vickers and Rockell C mimodness measurements, which were
taken at an average of thirty points on the dreeg of the samples, with a 200 pum pitch. The
applied load was 300 gf and the dwell time was 10 seconds. The tensile tests were carried
out at room temperature using &810 Material Test Systeirmachine at a displacement

speed of 0.01 mm/s. The loadingadition was parallel to the build direction of the samples.

3.7 RESULTS ANALYSIS AND DISCUSSION

3.7.1 Metallographic examination - evolution of the microstructure of the matrix

It is known that the mechanical performance of maraging steels depends on the
microstructure containing the hardening precipitate, and more specifically on the type and
rate of creation (presence) of these hardening precipitates resulting from aging@mtsatm
which has been proven by a few previous w¢Bds58]. Examinations of the maraging steel
(C300) under confocal laser scanning microscopy (CLSM), SEM, and EBSD and for the
three states (alsuilt (without any postreatment), asjuenched (after HT1, F2, and HT3),
and asaged (after HAT1, HAT2, and HAT3))ascarried out at 20 °C.

The effects of the conventional pdstatment methods applied, including
homogenization solution treatments (HT1, HT2, and HT3) and aging steps from combined
homogenizationsolutionaging treatments (HAT1, HAT2, and HAT3) were studied.
Depending on the temperature range for the targeted phase transformations3Eigure
displays the R diagram[59], the nickel (Ni) effect diagran0], the phase diagram
concerning the comition given in Table.1, showing all possible phases depending on
temperature and Ni content for the steels. The vertical red line in RBgurg) [61-62]
indicates the nominal Ni content of 18 wt%. The gray rectangle was drawn to facilitate

visualizaton of the phases of interg§t1-62].
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Figure3. 4. Phase diagram of nickel steels {63)].

3.71.1 As-built Condition

Confocal laser scanning microscopy (CLSM) micrographs ifuals samples, shown
in Figure3.5 (a), consist of a ferritic matrix with vehytle austenitic traces generated by the
cyclic reflow of the characteristic additive manufacturing (AM) layers. The structure of the
grains is presented in a very fine cellular form. Some milgfects (porosity) and cracks can
be seen in Figurgd5 (a). These defects are typically the result of incomplete melting of the
powder and gas bubbles trapped in the B8H67]. Density measurement on 5 micrographs,
using the image processing and analysis softwidreaged, on asbuilt maraging steel
(C300) sarples showed that the relative density was about 97%, which is quite similar to

that of a conventional fully dense material.
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Figure3. 5. As built specimens (a) confocal laser Micrographs (b) SEM Micrographs.

Scanningelectron microscopy (SEM) micrographs of thebadt samples are shown
in Figure35 (b). The asuilt microstructure (Figur85 (b)) consists of the columnar and
fine equiaxed grains. Columnar and equiaxed grains were observed at the bottom and top of
the melt pool, respectively. Moreover, the cellular grains were formed between columnar
grains. Similar results were reported Alfam et al.[68], Dehgahi et al. [69&nd in a few
other workg70-71], considering different steels. The fine equiaxed grains mainly appear as
a result of the higltooling rate during melt pool formatigf8-71]. The orientation of the
columnar grain almst coincides with the build direction. This phenomenon occurs because
of the preferential cooling direction coincides with the build direction, as the powder
surrounding the part acts as an isolation layer, and the only heat loss modes are conduction
through substrate and convection/radiation from the top of the part. Moreover, it presents a

relatively large amount of retained austenite and no noticeable secondary precipitation.

To understand the microstructure formation mechanism and its evolution, a
microstructure analysis and a mietexture analysis were performed using EBSD

characterizations on the-bsilt sample.

In the SLM process, the growth of columnar grains is determined by the direction of

heat flow influenced by the laser energy dengit®], the direction[72] and the scanning
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strategy[73-74]. During cell solidification, at relatively low rates, cells grow perpendicular

to the liquidsolid interface regardless of the crystal orientation, but as the growth rate
increases, the direction of cgllowth deviates to the favorite direction of crystal grofvth

78]. So, it is important to determine the influence of laser energy density, direction, and
scanning strategy on the crystallographic texture of samples fabricated by SLM to understand

theiranisotropic mechanical behaviour. This goal may be covered in future work.

Figure3.6 (ae) shows ferrite pole figures, ferrite inverse polar figuil®F) maps
relating to the Z (construction) and Y (scanning) laser directions, phase maps, grain
boundaries, and a grain size distribution calculated from EBSD data of-theltasample,
which was selected for EBSD characterization (as a referencgotode a detailed
investigation and understand the SLMasIt microstructure of maraging steel (C300).
Some results may be useful for predicting the possible evolution of the microstructure and
micro-texture after the podgteatments done above. Phasaps Figure3.6 (a)) show that
the microstructure contains two phases: ferrite with red color and austenite located in grain
boundaries with green color, which represent the lowest percentegese3.6 (b, c)
represents the grain boundaries, the graaa and the morphology. It shows fine and large
grains homogeneously distributed. The colors of the grains are accepted for better contrast,
and are not related to their orientation. The EBSD analysis of tbailhsnicrostructure
revealed that some firmisteniteq) grains were distributed in a ferrite)(matrix Figure3.6
(a, b)). Theo phases often appeared along the grain boundaries thfbenatrix. This result
strongly agrees with the results of previous stuffl8s52, 79] A higher fraction bferrite
crystals was found in construction samples (approximately 89% ferrite crystals irdi& as
samples). Notably, the fing grains were often lotad at the melt pool boundaries. This
austenite phase was returned earlier than the residigairé 3.6 (a)). The microstructural
morphologies observed in thiphase Figure3.6 (c)) will be easily transformed into the lath
martensite structure after paseatment. This is confirmed by EBSD characterizations in
many research work80-83], indicatingthat anU-Fe structure was developed in thebasit
SLM maraging steels. Note that no particular crystallographic textures were observed in the

Uphase Figure3.6 c).
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Figure3.6 (b) shows phase maps with a superimposed boundarylfilasamples.
The green lines represent low angle boundaries with misorientation (<5°); the red lines
represent medium angle boundaries with misorientatioi1 §8f and the blue lines represent
high angle grain boundaries (> 15°). For the small features, with misorientditioore than
15° inside the austenite grains, the software may detect them as grains. These maps show the
random orientation of laths, indicating a complete reconstitution of thbuilis
microstructure during SLM. As can be seé&igure3.6 (b) shows tat about 82% of the
angles of disorientation between adjacent cells were greater than 15° (given by blue lines).
They demonstrated large and fine grains in the powder particle. The percentage of angles
between 5° and 10° was about 4%. Moreover, thoseheass5° did not exceed 14%. This

may indicate the presence of a sttucture in the grain.

Figure3.6 (d, e) represents the inverse pole figure IPFY and IPFZ maps ofbhdtas
sample, respectively, according to the laser direction. IPFY resultssstemk of dominance
of any of the three colors (green, red, and blue) in the IPF orientation maps. This indicates
that the basal (001), (101), and (111) planes of the grains are almost equivalently parallel to
the directions of construction. The -hsilt microstructure exhibits randomly oriented
crystals. The IPFZ map (in magnification of 5 um) indicates that most grains have their basal
(101) planes parallel to the laser scanning direction, but in a large view (a magnification of
100 pum) this is not immedtely apparent. These crystals are realigned in a preferred
orientation upon impact loading, under the effect of the temperature guard applied by the AM
process. It can be confirmed by the pole figure results {100} {110} and {111} shown in
Figure3.6 (a) @ 3.6 (f) that the asbuilt sample exhibits a crystalline structysa-88] with

two main components (Ferrite, Austenite).

We were able to investigate the microstructure of thleuals sample in greater detail
using EBSD techniques. It was observed that thleugls microstructure consisted of fine
grains with an average size of 3.2 + 1.8 um. Most of the grains were equiatted,little
rate of retained austenite. High resolution EBSD studies revealed the lath structure of the

matrix, which was also confirmed by previous wo&8, 42, 4850, 52] Here, EBSD was
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performed to determine the crystallographic texture and e gize distribution in the SLM
samples. EBSD analysis of -bsilt samples can be very useftibr approximately
understanishg and estimahg the temperature effect on the maraging steel microstrictur
Thismaybe helpfulin allowingus to answer a parf our problemof identifying, controling,
and predidahg the influence of posprocessing on the microstructyamd more particularly
on the mechanical performances. Based osdhesults, thepresentstudy and future work
will further discuss the delMpment ofthe microstructure in maraging steel during the SLM

process.

In summarywith a moderately low lasgrower(<200 W) and a scanning strategy, the
asbuilt SLM maraging stee(C300) sample has a cubic texture not aligned with the
manufacturing deection. It is useful to study the influence of process parameters on the type
and degree ofhe exture ofSLM maraging steel (C300) samples. This is not the subject of

this workbutis highly recommended for futuprojecs.

The microstructure of irogabon materials generally evolves with aging treatments.
This development leads to changes in the microstructures of the metal matrix, such as
tempering of the martensite formed as a result of the solution homogenization treatment
(HT), the formation of redual austenite, the formation of strengthening precipitates, and
grain widening. The type and extent of these microstructural changes vary alongside the
aging treatment temperature. In this context, thquesiched and asged microstructure of

the sampless investigated in detail later in the present work.
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Phase name Raw Norm
B Ferrite, bcc (New) 89,1% 96,3%
W Austenite, fcc (New) 3,4% 3,68%

Phasemap MAG:300x HV:25kV WD:16,8mm Px: 0,53 ym Phasemap MAG:300x HV:25kV WD:168mm Px: 0,63 ym

Ferrite, bee (New)

{oo1]

Grains MAG: 300x HV:25kv WD: 16,8 mm Px: 0,53 ym IPFYMap MAG: 300x HV:25kV WD: 16,8 mm Px: 0,53 ym

€) Grain size distribution d) Inverse pole~igure(IPF) map of Y direction which is
parallel to extrusion direction
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{111}

Ferrite, bee (New)
420083 points (67,5%)
e

{111}

IPFZMap MAG: 300x HV:25kV WD: 16,8 mm Px: 0,53 ym

e) Inverse poleFigure(IPF) map of direction which is f) Pole Figure ferrite bcand austenite fcc
parallel to extrusion direction

Figure3. 6. EBSD microstructure analysis.

3.7.1.2  As-quenchedtate- Influence ofHomogenizingrreatment

The solutiortreated(asquenched parts) starting material was examined in terms of
microstructure Figures3.7 (a, b, c)shows the microstructure after homogenization solution
treatment conditionslT1, HT2, and HT3, respectively. Regardless of the cooling solution S,
the micostructure observed at this zone consisted of a hardened martensite matrix. After HT,
the cell structure was transformed into a large and uniformly distributed martensitic lath
matrix. The high cooling rate and rapid solidification far from equilibriumddgons may
lead to a homogeneous shear which can form laths in the martensitic structure. The scan
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direction and melt morphology disappeared. Increasing the cooling solution concentration,
which affects the cooling rate, made the martensitic structuageclebigger and easier to
observe. Some bainite grains were observed at HT2 and HT3 (solution concentration
respectively CNaCl = 6% = 0.06 = S2 and CNaCl = 12% = 0.12 = S3) (Rgu(b, c)). A
complete transformation of the austenite occurred duringtifige which led to the
observation of a hardened martensitic matrix microstructure after co@mgl1]. This

transformation was likely to introduce induced macroscopic shear, which may explain the

inconsistent orientation of the martensite in the aatid laths.

@) (b)
Figure3. 7. Micrographs of (a) treated specimens (HT1) (b) treated specimens (HT2) (c)
treated specimens (HT3).

The homogenized samples with HT2 and HT3 were selected for a further investigation
of the microstructure. Scanning electron microscopy (SEM) micrographs of HT2 and HT3
posttreatment conditions are shownhingure3.8 (ab). Figure3.4 (ad) will be useful for
identifying the phase transformations and microstructure elements as a result of the applied
posttreatment (for agjuenched state, but especially for theaged state). For a nominal
nickel (Ni) content o 18 wt%, complete aienitization takes place at about 680 °C, as
shown in the phase diagram of nickel st¢él depicted inFigure3.4 (b-d). For maraging
steels, even moderate quenching cycles can easily trigger a martensitic transfoi@2tion

whereas a decrease in fgenature requires an increase of holding time to ensure a complete
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and stable martensitic transformation. Frdfigure3.4 (c), homogenization solution
treatment temperatures in the 80000 °C range should be sufficient to produce a fully
austenitic matrixvith the presence of some TIC precipitates. In the present work, all samples
were homogenized using a homogenization solution treatment at 1020 °C for 15 min and
cooled in different solutions (HT1, HT2, and HT3), which was higher than 680 °C. During
cooling, the austenite obtained due to homogenization solution treatment transformed to a
martensitic matrix structure. The extended quenching time ofml®d and solution
concentration favors rapid cooling, and hence, martensitic transformation. Overall, the
homogenization treatment (HT1, HT2, or HT3), promoted a reduction of the cellular and

dendritic matrices.

After the different homogenization treatments (HT), the boundaries and cells gradually
disappeared with the increase of temperature and holding tinflasaated inFigure3.8 (a
b). At high temperature (HT) (HT: 1020 °C15 min), the microstructure manifests largely
intertwined laths, represented by orange (tempered martensite) and yellow arrows (bainite)
in Figure3.8 (ab). This is because the higgmperature during HT causes the austenite grain
to grow, which leads to larger martensite laths after quenching. They are generally aligned
parallel to each other with the same habit plane, and form groups called packets. Each packet
is further subdividd into blocks (a group of laths with the same orientatj68)97], and a
packet contains a high density of tangled dislocations, which increases the material hardness
[94]. The martensite morphologies change with the carbon content. Finer lath martensite
forms where the carbon content is low (up to 0.8%); however, with a high carbon content,
lenticular martensite also forms in addition to lath martef@&e9597]. Furthermore, based
on the results irFigure3.8 (ab), little or no residual austenite cae observed in the as
guenched samples (HT1, HT2, and HT3)
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(a) (b)
Figure3. 8. Micrographs of (a) Specimehtl'2 (b) SpecimenbiT3.

3.7.1.3 As-aged state Influence of aging temperature and time

Aqging at 485 °C

The 485 °C aging temperature is within the range of the main aging temperatures for
several industrial applications, thanks to the good mechanical performance obtained when it
is used for wrought materia]88-99]. Figure3.9 (a, d, g) represents timaicrostructure of
maraging steeC300 after aging at 485 °C during %20 (S1: cooling solution for
homogenization solution treatment (HT1), 120: aging timaiim), S2150, and S3.80min,
respectively. The microstructure has maintained the martensticxmDensely distributed
and extremely fine needlike laths and precipitations appeared. With the increase in the
cooling solution concentration due to HT and aging time, they grew unevenly in the
martensite lath matrix. The formation of a large numbkethese precipitates led to an
increase in hardness at an increased rate varying between 20% adcab68tding to the
aging tim@® as compared to the dmiilt sample (See Tald&.5 and3.6). Considering the
limitations of the resolution of the laser scanghiconfocal microscope, these precipitates are
not easily identified. However, based on the literajdfe 5253, 5961] and the increase in
hardness observed in our experimental work, at 485 °C, most of these precipitations can be
attributed to the Ni3iT precipitate. At this aging temperature, no residual austenite was
observed, but bainite grains appeared at a cooling time ainir8(~igure3.9 (g)).
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Aging at 585 °C

Figure3.9 (b, e, h) shows the microstructure after aging at 585 °C-468152180,
and S3120min, respectivel y. At this aging temperatu
microstructure was faster. For the same aging time, the appearance rate of the $aths wa
greater, and the laths and the precipitation had a coarser appearance than at 485 °C. Increasing
the temperature from 485° C to 585° C caused a 12% decrease in the hardness, from an
average of 51 HRC (485° C) to an average of 45 HRC (585° C). Theds meste confirmed
by previous workg100-105]. Cabeza et a[100] noted a loss in hardness at temperatures
equivalent to 585° C in their study of maraging steel (CZBi®@yreported that the hardness
goes from 500 HV (at 500° C) to 420 HV (at 585° Cmtar results were reported ly et
al.[101] andMaloletnev et al[102]. Increasing the aging time also has a negative effect on
the hardnessnd thuson the microstructure. As the aging time increased, inverted austenite
began to form. This resulted & gradual decrease in hardness, with a decrease ratetluat c
go up to B%, from ~52 HRC to ~37 HRetween the KT23 (HT3: S3+1020 °C+15 min,
AT2: 585 °C) with an aging time of 120 mamd HAT21 (HT1: S1+1020 °C+15 min, AT2:
585 °C) with an aging timof 150 min(Tables3.3 and 3.6)

Aging at 685 °C

Figure3.9 (c, f, i) depicts the microstructure after aging at 685 °C &8, S2120,

and S3150 min, respectively. At this elevated aging temperature, the microstructure of
maraging steel (C30®howed a higher tendency to form austenite. Also, some perlite grain
was observedHigure3.9 (c)). The influence of aging temperature on the microstructure and
on hardness properties was investigated systematically. Increasing from 585 °C to 685 °C,
the ging temperature had the opposite influence on strength and hardenability. A 19%
decrease in hardness, from an average of ~45 HRC (585°C) to an average of ~38 HRC
(685°C), was observed. With increasing aging time at a constant temperature of 585 °C,

inverted austenite was formed in large amounts, not only inside the laths, but also along the
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grain boundaries. This implies a 17% decrease in hardness to 35 HRC (HAT31 samples)
from about 41 HRC (HAT33 samples).

For a better understanding of the microstructunésasaged SLM samples after

homogenization solutieaging treatment HAT, SEM analysis was carried out, and is

discussed below.

e 5
S1685°C- 180 min)

8

259 s W
(d) HAT12 (S2485°C- 150 min)
. " AT 3 = %

~ A ».
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(g) HAT13 (S3485°C 180 min) (h) HAT23 (S3585°C- 120 min) (i) HAT33 (S3685°C 150 min)
Figure3. 9. Micrographs of asged specimen(®) HAT11 (b) HAT21 (c) HAT31 (d)
HAT12 (e) HAT22 (f) HAT32 (g) HAT13 (h) HAT23 (i) HAT33.

Scanning electron microscopy (SEM) micrographs of thegesl samples with
different homogenization solutiesging treatment conditions (HAT1, HAT2, and HAT3)
are slown in Figure3.10 (ac). Figure3.4 (ad) will be useful for identifying the phase
transformations and microstructure elements resulting from the appliedrgaishent.
According to the calculated equilibrium phase diagraigure3.4 (c), above 680 °Gonly
TiC precipitates remain, while the dissolution of other commonly reported secondary phases,
such ag, NisTi, and MsC, is expected. This was already confirmeddmnde et al. [50in
SLM maraging steeC300. For maraging steels, even moderate quegdycles can easily
trigger a martensitic transformatiq@2], whereas a decrease in temperature requires an
increase of holding time to ensure a complete and stable martensitic transformation. Overall,
the thermal routes applied by homogenization sotudiging treatmentiAT1 to HATS3, as

shown inFigure3.10 (ac), promoted a reduction of the cellular and dendritic matrices.

Figure3.10 (ac) presents the microstructure of HAT samples, selected using well
defined criteria (samples representing all terapees and aging times used, high and less
hardness), at different homogenization solution treatment stages (HT) and aging
temperatures. It was reported that the formation of alikeehstructure is favored when a
small number of cycles are applied andewHow aging temperatures are u$&d3-106],
and conversely, that a large number of cycles or-fjigdnching temperature results in the
formation of higher volume fractions of austenite with spherical and blocky morphologies,
but with high thermal instaliiy [106-107]. The microstructure observedHkingure3.10 (&

c) followed this tendency, as the aging temperatures between 485 and 585 °C resulted in the
appearance of mainly globular morphologies with few laths. The presence of spherical
austenite tracescan be observed F{gure3.10 (b-c)). As mentioned before, after
homogenization solution treatment (HT1, HT2, and HT3), little or no additional austenite
was observed, as shownkigure3.8 (ab). The homogenization solutieaging treatment

(HAT) showed different austenite contents. Based on the restigure3.7 (b-c), it can be
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posited that the austenite present in the HAT1 to HAT3 conditions is most likely reverted
instead of retainaustenite. Given the similarity in peseatment routes, this increment can

be associated with the increase in aging time, from 120 tariiBOAustenite reverted by
aging was also observed in previous resef@8h108111]. Reverted austenite is berol

for maraging steels as it increases their ductility, and indeed allows the transformation
prompted plasticity effect (TRIFD6].

When the temperature rises to 585 °C, for a holding time ofnii@pthe martensitic
laths become a bit blurred. Theregpo many irregular light bars are embedded in the dark
matrix shown inFigure3.10 (b). The aging cycling temperature at 685 °C resulted in
microstructures composed mainly of typically quenched martensite interfaces in the form of
guenched laths, as shownFigure3.10 (c). The high homogenization temperature (1020
°C) also presented a significant effect on HT1, HT2, and HT3, which may result in a zero or
low austenite content. The latter may be related to the absence of an aging treatment. In
addition tothe structured and solubilized conditions, all homogenization solatiorg
treatment routes, from HAT1 to HAT3, yielded secondary precipitates. The exact

identification of these precipitates is beyond the scope of this work.

Nevertheless, according toetlequilibrium calculations ifrigure3.4 (c), the strong

precipitation ofe and Ni3Ti is expected for aging steps below 680 °C

N  D3.8 x6.0k 10 pm

(2)HAT13 (S3485 °C 180 min)

(C)HAT31 (S1685 °C 180 min)
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Figure3. 10. Micrographs of (a) SpecimehBAT13 (b) SpecimenBlAT22 (c)
Specimens${AT31.

At the end of this microstructure characterization Hbast, asquenched, and eged
states, we can clearly observe that the microstructuregeaare significantly affected by
temperature and holding time. Thelaslt samplesKigures3.5 and3.6) show a cell and lath
structure with a white edge. This is because, rapid quenching at high cooling rates gives the
microstructure the ability to produce small grains. According to EDS analysis, the white
boundary is composed of Fe, Ni, Co, Mo, Ti, and akxd the Ni, Co, and Ti contents are
much higher outside the dark zone, as showRigure3.11 andTable3. 4. This is mainly
due to the lower solubility of Ni, Co, and Ti in the solid than in the liquid phase. During rapid
cooling, they are forced to ewe to the liquid zone when grain formation is initiated. As

neighboring grains meet, NiCo-, and Ttrich regions are formed in the boundary.

The high temperature (1020 °C) used during HT is able to gain enough energy for the
addi ti onb6s e¢ Ni,nGonMosand Ti to allowtdem to be diffused into the
interior of the grains. As a result, the white boundaries and lines begin to break up and
dissolve. This can be seen in samples homogenized by Hig2ré3.8 (a)) and HT3
(Figure3.8 (b)) beforeaging. According to EDS analysis, the light boundaries (Zone B)
between cells (Zone S), presentedrigure3.11 and proved byable3. 4, show higher Ni,

Co, and Ti contents. In addition, for the samples aged by HAT1 to HAT3 presented in
Figure3.10 (ac), it should be noted that the discontinuous boundaries are only the
precipitated intermetallic phases, including Ni3Ti, Ni3Mo, and NiBAI2-114]. It is worth

pointing out that it is difficult to identify F8 Mo and Ni3 (Ti, Mo) intermetallic compounds

in the microstructure of asuilt, asquenched (different HT), and-aged (different HAT)
samples. The main reason is that the precipitate size is extremely small, the phase content is
too low, and the distribution is highly disperdéd5-116]. Besidesthe high magnification

SEM micrographs reported in Figures$o 10 showa significant difference between HAT1

and HATS3. The optical micrographs were also useful in providing clarifications about the
microstructure and allowed to follow up the overall tymel size of martensite according to

the applied postreatment.
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However, more research is still needed to explore and understand the strengthening
mechanism of HAT samples. Future work will focus on the texture, precipitation behaviour
and reverse nucldan of austenite using transmission electron microscopy (TEM) and

electron (backscatter) diffraction (EBSD).

Table3. 4. EDS analyses: Chemical composition between Zone B and Zone S.

EDS Fe Ni Co Mo TI Cr C
Zone B 65.38 18.09 9.65 4.98 0.73 0.25 0.93
Zone S 66.21 17.61 8.55 5.27 1.19 0.00 1.17

A D81 x5.0k 20 um

A DB1 x50k 20 pm

(@) (b)
Figure3. 11. Microstructure EDS anatg (a) Zone S (sombre) (b) Zone B (blanche).

3.8 HARDNESSBEHAVIOR T ANOVA ANALYSIS

Hardness profiles wenme a sur ed al ong t he di setwonsal s of
An investigation of the micrtiardness of the dsuilt, asquenched (HT) and emged (HAT)
samples wre conducted. The average vatug the results are shown ihables 8.5) and
(3.6).
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3.8.1 As-built Samples- Solution Treated

Hardness measurements taken otbalf samples, and showed an average micro
hardness of about 37 HRC (365 VH). This correlates with the litefaintée one hand, and
with the datasheet provided by EO[&17] for maraging steels, on the other hand.

Table3. 5. Hardness of abuilt and homogenized specimens.

Measured HRC Hardness HRC (HV)
As built specimens HT1 specimens HT2 specimens HT3 specimens
37 (365) 38 (367) 32 (320) 30.5(307)

The hardness decreased after the homogenization solution treatments (HT1 to HT3)
due to the cooling rate being increased by increasing the concentration of the cooling solution
from HT1 to HT3. The hardness values listedlable3.5 show that thédhardness of the
samples cooled in solutid®l (water: C = 0%) was not significantly affected and remained
practically at 37 HRC (365 HV) 38 HRC (367 HV). The most significant decrease was
found for the samples cooled in soluti8@ (CNaCl = 6%). Hardnegssts performed on
these samples yielded an average of about 32 HRC (320 HV). The hardness measurements
of the samples cooled in soluti®3 (CNaCl = 12%) continued to decrease slightly towards
30.5 HRC (307 HV). This decrease in midrardness of the saies at different cooling
rates, after the homogenization solution treatment, is explained by the fact that the maraging
steel (C300) obtained its maraging state by aging treatment after quenching. This is because
at this stage (just after quenching), ttegdening precipitates are not yet formed. It can also
be attributed to grain enlargement, as well as to the release of residual stresses after
homogenization solution treatment. This is consistent with the literature regarding the poor
hardenability of meaging steels. The above results indicate that homogenization solution
treatment (HT) could reduce the midnardness of maraging steel fabricated by SLM by up
to 17.6%, in the case of HT3 (cooling solution: S3).
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3.8.2 Aged Samples

The hardness values taken frtme asaged samples (HAT) are listed in a Taguci
orthogonal table consisting of 9 sets of pimeatment conditions. Experimental results, as

well as predictive results given by an ANOVA study, are disaiafierward (Table.6).

Regardless of the oting solution concentration (S1=0%=0, S2=6%=0.06 and
S3=12%=0.12) during homogenization solution treatment (HT), the hardness increases in the
asbuilt SLM maraging Steel (C300) samples aged at 485 °C in proportion to the aging time
(timea). These resultgll be analyzed in detail in the next section, using the ANOVA method
to develop a prediction model that describes the observed changes in hardness with the aging

treatment parameters

Table3. 6. TaguchiL9-posttreatmentconditions and the experimental results.

Taguchi s orl® ho Measured Predictive
Solution S(%)/ Ta timea HRC HRC Hardness
concentraton ( UC  (min) Hardness

S1 485 120 45.21 45.41
Si1 585 150 37.32 37.15
S1 685 180 35.00 34.85
S2 485 150 54.46 54.32
S2 585 180 48.96 49.30
S2 685 120 41.04 40.72
S3 485 180 56.18 55.84
S3 585 120 52.68 52.70
S3 685 150 38.80 39.00

The results of the ANOVA analysis of hardness are reportegjure3.12. At a critical
significance level of 0.05, theonsidered podtreatment parameters (cooling solution
concentration (S1=0%=0, S2=6%=0.06, or S3=1.
585 AC, or 685 AC), and aging time f@Atimeadd
interactions are statisticalpnalyzed in terms of their significance for hardness. The results
of the experiments performed on the parsde according to a Tagudt® experiment table
(Table3.6) - were analyzed by Minitab6 softwareFigure3.12 (ab) shows the ANOVA
results andhe main effect factor graph, which shows that factors {fpeatment parameters)

were statistically significant for hardness. The aging temperature (Ta) and the cooling
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solution concentration (S) used during HT were the most significant factors infigenci
hardness Kigure3.12 (ab)), and aging time (timea) was the least significant factor for
hardness. It is worth noting that the studied factors and their effects explain over 99% of the
variations seen in responses, as evidenced by the correlatioitieoesf(R2 adj) from the
ANOVA. The error of the ANOVA model is shown in the Error row of the table in
Figure3.12 (a). Based oRigure3.12 (a) and the main effects plot showrFigure3.12 (b),

it can be concluded that the order of the contributiorthef processing parameters for
hardness is mainly aging temperature (Ta) then cooling so(f®)mrelated to HT and then

some interactions between them. The predictive hardness (HRC), presented in the last
column ofTable3.6 was calculated by the predat model derived from the ANOVA model

and presented by the following regression equation

HRC = 145.15 + 442.0 x S 1T O0.081®PO03xXL7XTa 1 0.8

timea x timea 1T 1.510 x S x ti mea (32)

This allowed us to plot the correlation curve between the predictive hardness and the
experimentally measured hardness. The scatterplot always stays around an almost linear line
as shown irFigure3.13. This @n be used as a validation of the modelFigure3.12 (a),
the contribution of each poesteatment parameter to the hardness evolution is shown. The
contour plot of the Response Surface Method (RSM), where many input vadialsded by
the TaguchiANOVA studyd influence the hardness values of maraging steel (C300), is
shown inFigure3.12 (c, d, e). They present the Contour plot displaying the hardness using
different combinations of posteatment factors. This may allow some estimation of
mechanical pedrmance at similar or close conditions, which may make it easier for future
investigations to predict the adequate treatment for the expected mechanical performance.
The analysis of the obtained results indicated that the HRC hardness value of maraging ste
(C300) was mainly influenced by the variation

solution concentration/type ASO related to the
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the hardness test results, proved by the ANOVA analysis, the highdseba values were

obtained at an aging temperature (Ta) of 485 °C

52 5. 52
50 50 50
Source DDL  Sum of Squares Contribution AdjSS  AdiMS _ Value P Value “®r a8p a8r
s 1 151.303 30.27%  57.814 57.814 24596 0.004 g 1
Ta 1 280.303 56.08% 251.781 251.781 1071.17 0.001 %4‘5' 46 46
timea 1 0.244 0.05%  14.342 14342 6102 0016 g
5+5 1 31.284 6.26% 31.284 31284 13309 0007 TYr 44 44
timea *timea 1 17.520 3.56%  17.820 17.820 75.81  0.013 T
S*timea 1 18.469 3.69% 18469 18469 7857  0.012 a2 a2 a2}
Error 2 0.470 0.09% 0.470  0.235
Total 8 499 894 100.00% 40 40} 40}
, , b ,
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In addition, at 485 °C, the measured hardness, showralie3. 6, is respectively

around 45 HRC for an aging time of 120min, 54 HRC for an aging time of 150 min, and 56

HRC for an aging time of 180 min. Therefore, it is clear that a HAT treatment atGl85

increases the hardness with a rate varying between 20% and 50%, according to the cooling

solution concentration and the aging time, versus tHaudissample (37 HRCTable 3.5).

This can be attributed to the formation of a large number of harderesgpipates, which is

also the conclusion drawn in the literat{6-61].
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Increasing the temperature of 485 °C (HAT1) to 585 °C (HAT2) caused a 12% decrease
in the hardness, from an average of 51 HRC (485 °C) to an average of 45 HRC (585 °C),
which wasalso confirmed by previous work800-105]. in their study of maraging steel
(C250),Cabeza et a[100] noted a loss in hardness at temperatures equal to 585 °C. They
reported that the hardness goes from 500 HV (at 500 °C) to 420 HV (at 585 °C). Similar
results were reported ky et al. [101]andMaloletnev et al[102]. Increasing the aging time
also has a negative effect on the hardness, and thus on the microstructure. This results in a
gradual decrease in hardness, with a decrease rate that carog8éphetween the HAT23
(585 °C- 120 min), HAT22 (585 °€180), and HAT22 (585 °@80) treated samples.

Increasing the aging temperature (Ta) to or above 685 °C contributed significantly to
the shrinkage of the maraging steel (C300). An opposite effeitteostrength and hardness
can be observed. A 19% decrease in the hardness values, from 45 HRC (585 °C) to 38 HRC

(685 °C), was observedihis temperature has not previously beethe literature.
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Figure3. 13. Correlationcurve- measured and predictive hardness.

The results obtained show that the use of the response surface methodology (RSM) as
well as the experimental design allow to correctly and accurately determine and optimize the
influence of the three chosen paraenst(S, Ta, and timea) on pgsbcessing effectiveness.

The optimum valuesf these three parameters give a maximum efficiency of 99.91%. The
reliability of the seconerder model based on multiple regression was tested through an

ANOVA analysis. The raults showed that the explored models are highly significant and in
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agreement with the experimental results. The efficiency and performance of a combined
HAT -posttreatment are positively correlated with the cooling solution concentration related
to HT (Figure3.12 (b)), which is in agreement with the literat(tt@8-119]. This influence

has been widely studied in conventional pipsatment material§l20-121). It has been
observed that after the aging step, an increase in pollutant concentration [Eadgitation
hardening of the microstructure, and consequently, to an increase in terms of hardness. Aging
temperature has a negative relationship with the final hardness of the part, and this can be
explained by the increase in residual or reverse aitsst@s theemperature risgd22]. The

RSM contours clearly confirm the ANOVA results.

The homogenization solutieaging treatment conditions were chosen, using RSM
Graphs, in the dark green range Figure3.12 (ce). The optimal combination of the
considered homogenization solutiaging treatment parameters for hardness consists of the
cooling solutionS3 (it is an aqueous NaCl solution with a concentrafibiaCl=12%=0.12),

an aging temperature (Ta) at lete485 °C), and aging (timea) at 1e\8{180 min).

Subsequently, only the optimal aging parameters were considered for validation with
a tensile test. To achieve the expected performance, it is necessary to ensure that the aging
treatment is optimal. That is why a little security merge wasl,used the optimal aging
parameters were considered at an aging temperature (Ta) of 480 °C, and aging time (timea)
of 175 min

3.9 MECHANICAL BEHAVIOR

Figure3.14 shows the engineering stress/strain resulting from tensile testingpwitas
maraging steel (0B) specimens homogenized at 1020 °C for 15 min, cooled in S = S1, S2
or S3 solutions, and aged at 480 °C for 175 min. THeudsconditions revealed relatively
moderate mechanical strengths and high ductility as compared to the aged specimens. They
hada tensile yield strength (Ys) of about 1020 MPa, a tensile yield strength at 0.2% of strain
(Ys0.2%) of about 1285 MPa, and an ultimate tensile strength (UTS) of about 1385 MPa, as

well as an elongation of about 12%. In thebagt state, a fracture ocawd in the middle of
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the tensile coupon gauge. This is in good agreement with the dictates of the maraging steel
(C300) data sheet provided by EOS.

Posttreatments involving homogenization steps followed by aging steps thus increase
the tensile strengthybdestroying the ductility of the stedlis23]. The stresstrain curves in
Figure3.14 followed this tendency. It is remarkable that thermal aging at 480 °C improves
the tensile strength and decreases the elongation of the additively manufactured maraging
steel (C300) material. The rate of variation between these two mechanical performances
depends on the cooling solution after solution treatment from S1 to S3.

The HT1 solutiorreated coupons (S1, 1020 °C, 15 min) followed by ATop aging (480
°C, 175 min) exhibited a 23% gain in tensile strength as compared to-twgtasoupons.
This posttreatment (HT1+ATop) gave the material a tensile yield strength (Yapaofit
1110 MPa, a tensile yield strength at 0.2% of strain (Ys0.2%) of about 1350 MPa, and an
ultimate tensile strength (UTS) of about 1705 MPa, and the elongation decreased to about
9%. Similar results were reported I8ong et al. [124lising a solutionreatment at 820 °C
for 1 hour and an aging treatment at 500 °C for 6 hdure.HT2 solutiorreated (S2, 1020
°C, 15 min) and ATogaged (480 °C, 175 min) coupons exhibited a gain of about 50% in
tensile strength as compared to théast coupons. This @sttreatment (HT2+ATop) gave
the material a tensile yield strength (Ys) of about 990 MPa, a tensile yield strength at 0.2%
of strain (Ys0.2%) of about 1310 MPa, and an ultimate tensile strength (UTS) of about 2105
MPa, while the elongation decreased towt5%.Similar results were reported Byu | er o v §
et al. [125] using an annulling treatment at 840 °C for 2 hours and an aging treatment at 490
°C for 6 hours.The highest tensile strength and lowest ductility were obtained for HT3
solutionttreated (S3, 020 °C, 15 min) and ATop aged (480 °C, 175 min) samples. They
showed a gain of about 55% in terms of mechanical tensile strength as compared{o the as
built coupons. This podteatment (HT3+ATop) gave the material a tensile yield strength
(Ys) of about 165 MPa, a tensile yield strength at 0.2% of strain (Ys0.2%) of about 1355
MPa, and an ultimate tensile strength (UTS) of about 2145 MPa, and the elongation

decreased to approximately 4%imilar results were reported Bhamsdini et al. [126]
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using an agig treatment at 490 °C for 6 houltss inferred that the gain in UTS at this aging

temperature is accompanied by a decrease in uniform elongation
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Figure3. 14. Tensile performancesStressStrain curve.

In summary, fronthe results reported in Tablds and3.6 andFigures3.12 t03.14,

the HT and HAT samples show a nearly similar tendency of change in-haocdoess and

tensile strength. For example, HT solution gtosatment reduces both the midrardness

and tensilestrength123]. Indeed, rapid quenching at higpeed leads to rapid solidification

of the molten bath. As a result, a microstructure composed of fine grains forms a martensite

like outcome with a high concentration of residual stresses. This can sgtlifienhibit

dislocation movements to prevent crack formation and propagation. Martensite can improve

tensile strength and micitmardness, but following HT, the mict@ardness results show a

reduction. The reason is that the martensitic transformatitowisr than the deduction of

fine gains and residual stress following HT. Therefore, the tensile strength and micro
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hardness eventually decrease. This indicates that theilhsand HT specimens exhibit

mainly inhibitory ductile fracturegL03].

As an oveview, the microstructures and mechanical properties are very different
between the abuilt, HT, and HAT samples. However, due to microstructural distinctions,
HAT samples show much higher miehardness and tensile strength, despite the loss in
ductility seen in them. Since the same mechanical properties could be obtained with less post
processing than with HAT, it will be very important to reduce the cost of heat treatment of
maraging steel by SLM

3.10 CONCLUSION

The results presented in this study indicabatthomogenization solutiesging
treatments induce several changes to the microstructure of maraging steel, including the
formation of highly yne precipitates and the r
higher hardness and moderate dugtilibut at the expense of tensile strength. The
precipitation reaction was captured indirectly via the increase in hardness observed during
posttreatment, especially at low aging temperatures (Ta) (between4880°C).
Furthermore, depending on the ptstatment, a significant difference in fracture behaviour
between the maraging steel (C300) specimearewbserved. In the asuilt specimens,
fracture occurred in the middle of the tensile coupon gauge. Depending on the cooling
solution concentration (from S1 to S3), the fracture starts to move closer to the head of the
tensile specimens (stress concentratamne). This difference in behaviour is due to a
combination of the differences in the microstructure and the distribution of hardening
precipitates in the inner matrix of the material. This study undertook a preliminary
metallurgical and mechanical chatarization of selective laser melting on the powder bed

of maraging steels (C300).

This article investigates the effects of various fioshitment processes, under the
appellation homogenization solutiaging treatment, associated with selective lasétimge

(SLM) technology. A series of homogenization solutaaging treatment (HAT) experiments,
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including homogenization solution treatment (HT) and aging treatment (AT) were conducted

on SLM maraging steel (C300) samples. The mechanisms of microstruntarehardness

and tensile property evolution were investigated with different heat treatment conditions. The

following conclusions can be drawn from the study

1

The considered posteatment parameters (cooling solution concentration/type,
aging temperate, and aging time) induce several changes to the microstructure of
maraging steel (C300), including a more hardenable microstructure, by forming a
very fine precipitate. These microstructural changes contribute to the hardening of
the material.

The microsructure of the aduilt samples consists mainly of cells and dendrites.
When the HT temperature is 1020 °C, the cells, the turns, and the grain boundaries of
austenite and white melt track particles all disappear. For the HAT samples, the
microstructure onsists of lath martensite. However, when the temperature reaches
585 °C or the holding time reaches8urs the lath martensite starts to disappear,
and the martensite interfaces typically become quenched in the form of quenched
laths until they are repted by white and dark tissues.

There is a remarkable interrelation between the mechanical properties (especially
hardness) of maraging steel (C300) and the consideredrpasnent parameters
(cooling solution concentration/type, aging temperature, agihgatime). A
predictive model (Equatio®.1) of hardness evolution in relation with the considered
posttreatment parameters was developed.

Using ANOVA and RSM tools, the predictive models were analyzed. High
determination coefficients, capable of amediing the accuracy of this predictive
model, were observed.

The results also highlight the fact that a cooling solution concentration and aging
temperature have the strongest effects on hardness behaviour.

Compared to abuilt specimens, HTs reduce miehardness and tensile strength, and

elongation at break does not increase due to the disappearance of fine grains obtained
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in SLM. In contrast, all HATs used can significantly improve the ml@maodness and
tensile strength, but they reduce the resultimg@ghtions athebreak.

1 The optimal heat treatment process for high hardness and strength with acceptable
ductility is therefore homogenization solutiaging treatmentiAT13 composed of
homogenization solution treatment (HT) at 1020 °C for 15 min in al Mafdtion
concentration of 12% and an aging treatment at a temperature betwe48x80
for ~3 hourswith achievable micrdnardness up to 56 HRC and tensile strength up to

2145 MPa
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4.1 RESUME EN FRANGAIS DU QUATRIEME ARTICLE

La fabrication additive (FA) est uprocédeé de fabrication révolutionnaire basé sur un ajout
couche par couchedgh matériau, et qui passe par plusieurs technigdmsptication, et
utilisant différents matériaux.@une de ces techniques est la fusion laser sélective (SLM),
qui est une teclologie AM émergente qui trouve des applications répandues dans de
nombreux secteurs, grace a ses nombreux avantages, qae la grande liberté et la
flexibilité quéelle apporte a la table en termes de conception letréeluction du gaspillage
matériax. La microstructure et les comportements mécaniques des pieces SLM finales sont
interdépendants avec les parametres de traitement SLM. Pour modéliser cette interrelation,
un acier maraging (C300), utilisé dans plusieurs secteurs, dduntomobile et
|6Aéronautique, est sélectionné pour une évaluation de la sensibilité de ses comportements
(principalement densification/porosité, dureté et résistance a la traction) en foréten d
petite variation des parametres du processus SLM (principalement la peitsser P (W),

la vitesse de balayage V (mm/s)@spaced@®c | osi on H (e m)) .
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Une fois les résultats expérimentaux obtenus, des oudilealyse statistique utilisant
IGANOVA sont appliqués pour déterminer les effets des parametres du procédégualitéa

et les performances mécaniques@eier maraging SLM (C300). Un modele de prédiction

est développé a partir de cette analyse pour prédéterminer la porosité, la dureté et la résistance
a la traction ultime des piéces en acier maraging SLM (C30@naoes a partir des
parameétres de procédé considérés. Le modéle est également utilisé pour optimiser les
parameétres de processus en utilisant une méthode de surface de réponse (RSM) pour
déterminer les valeurs optimales. Les résultats prouvent que dioaride ces paramétres,

en particulier gespace @closion et la puissance du laser, peut affecter de maniére
significative le comportement mécanique final des piéces en acier maraging (C300) détendu
(490° C, 4 h).

Les parties les plus denses (~99,4lestplus dures (~58 HRC) sont obtenues en utilisant la

combi nai son de param tres compos®s de P=320
correspondant a une densitémkergie laser de ~ 95j/2nm3, tandis que la partie de résistance

ultime maximale a la traction (28 MPa) est obtenue en utilisant la combinaison de
param tres compos®s de P=270 W, V=1050 mm/ s et
dénergie laser de ~64j2nm3. Les résultats dénalyse ANOVA ont révélé un coefficient

de détermination prédit, R2red.),de 97,72 et 99,00 et (R2 adj) 99,006 pour la

porosité, la dureté et les modeles de résistance a la traction ultime, respectivement, ce qui

indique que les modéles développés les modeles de prédiction des propriétés des piéces en

acier maragingLM (C300) ont une grande précision

Cequatriemearticleintitulé « Sensitivity of the mechanical performance and microstructure

of a maraging steel to SLM process parametegst le fruit de collaboration entre plusieurs

auteurs. En tant que premier auteur, ma contribution constitue la partie essentielle de la
recherche concernant | 6®tat de llidegnretation | es ess
des résultats ainsiqlea sensi bilit® qui est l e ciur du t|
rédaction a été fait par le premier auteur sous la supervision de Noureddine Barka et de

Mohammed Jahazi. Le professeur Noureddine Barka, qui est le second auteur a défini le
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projet airsi la méthodologie a adopter. Quant a mordicecteur, Mohammed Jahazi, il a
apporté une partie essentielle grace a sa connaissance approfondie de la métallurgie et des

matériaux.

4.2 TITRE DU QUATRIEME ARTICLE

Sensitivity of the mechanical performance anidrostructure of a maraging steel to

SLM process parameters

4.3 ABSTRACT

Additive manufacturing (AM) is a revolutionary manufacturing process based on a
layer-by-layer addition of a material, and which proceeds through several application
techniques, and usindifferent materials. One such technique is selective laser melting
(SLM), which is an emerging AM technology that is finding widespread applications in many
sectors, thanks to its many advantages, such as the large freedom and flexibility it brings to
the table in terms of design and material waste reduction. The microstructure and the
mechanical behaviors of final SLM parts are interrelated with SLM processing parameters.
To model this interrelation, a maraging steel (C300), which is used in severalssecto
including Automotive and Aerospace, is selected for an evaluation of the sensitivity of his
behaviors (mainly densification/porosity, hardness, and tensile strength) as a function of a
small variation of SLM process parameters (mainly laser power Ps@&h speed V (mm/s),
and hatching space H (em)). Once the experi
tools using ANOVA are applied to determine the effects of process parameters on the quality
and mechanical performance of SLM maraging si{&300). A prediction model is
developed from this analysis to predetermine the porosity, hardness, and ultimate tensile
strength of SLM maraging steel parts (C300) obtained from the process parameters
considered. The model is also employed to optimiz&gs® parameters using a response
surface method (RSM) to determine optimal values. The results prove that varying these

parameters, especially the hatching space and laser power, may significantly affect the final
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mechanical behavior of stresdieved (49 °C, 4 h) maraging steel (C300) parts. The densest

(~99.4) and hardest (~58 HRC) parts are achieved using the combination of parameters
composed of a P=320 W, V=1050 mm/ s, and H=80
density of ~95.2 j/mn3, while themaximum ultimate tensile strength (1828 MPa) part is

achieved using the combination of parameters composed of a P=270 W, V=1050 mm/s, and
H=100 & m, corresponding to &. Thaosteomesefther gy den
ANOVA analysis revealed a praeded coefficient of determination, R2(pred.), of 97.72%

and 99.00% and (R2 adj) 99.00% for porosity, hardness, and ultimate tensile strength models,
respectively, which indicates that the developed prediction models of properties of SLM

maraging steel (C3I) parts have high accuracy

4.4 |[NTRODUCTION

Additive manufacturing (AM) is a new manufacturing technique that allows the
addition of melted metal, layer by layjr3]. In terms of desigmo shape or geometry is
impossible for AM AM boasts certain characigtic advantages over traditional
manufacturing techniqud4-3], including the rapid prototyping of complex products with
high quality large flexibility, reasonable costs, raw materials and energy optimization, and
short production timeld -3]. That iswhat explains why this innovative technology is already
well established in several areas using a large range of matgriéls Many papers
examining different materials that can be additively manufactured have been published.
Azarniya et al. [7] (2019ktudied the evolution of the microstructure and mechanical
behaviors during laser metal deposition (LMD) of6lAlI-4V. Zhong et al. [8] (201 73tudied
the additive manufacturing of 316L stainless steel by electron beam melting for nuclear
fusion applicatios. Keshavarzkermani et al. [9] (201Bivestigated the impact of a direct
laser melting process (DMSL) on grain formation and on the orientatidncohel718.
Kempen et al. [10] (2015)ptimized process parameters for selective laser fused aluminum
alloy and characterized the materiatinki et al. [11] (2018)investigated the effects of

powder characteristics and processing conditions on the corrosion performaneé BHL7
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stainless steel fabricated by laser powder bed fublerzog et al. [12] (20@) optimized the

productivity of laser powder bed fusion-@BF) by hot isostatic pressing (HIP) of Ti alloy.

Among AM techniques, selective laser melting powder bed systainis one of the
most promising processg¢b3-15] as it can deliver complex final parts with uniform layer
geometry, uniform ultrdine microstructures, and high mechanical performaiéel9].
Several physical phenomena, such as heating, fusion, and solidifidegi@B], occur during
the SLM proces$o fabricate complex metallic parts by melting successive powder layers,
using a high heat source (laser). It is a repetitive process that goes on until the part is
completely manufactured. The SLM technique has already been successfully applied to
manufaatire parts made of a wide range of materials such as R6e12], titanium[17, 19,
23], Inconel [24-25], and aluminum[26-27]. It must be emphasized that the process
parameters are a decisive player that can highly affect the quality and mechanigairbeha
of final parts.Krishnan et al. [28kvaluated a DMLR3ISi10Mg. They found that the hatch
distance is the most significant parameter influencing the porosity, the microstructure, and
the mechanical properties. They also reported that the scanning wpsean important
parameter affecting the hardness and density. Using other metal pSudeki et al. [29]
reported certain important changes in structural factors, including the relative density and
depth of the weld pool, as a function of the progem®meters used. Moreover, hardness
cannot always be clarified by volumetric energy density, which is widely used in research
fields related to the SLM process. For examplayak et al. [30Hiscussed the influence of
different process parameters suchtlas layer thickness, construction orientation, laser
power, and scanning speed, and observed that the energy density is the most significant

parameter influencing the mechanical properties of the manufactured part.

Maraging steels, including maraging $tg&300), are therefore obvious candidates for
use in selective laser melting, particularly considering their already superior strength in
wrought material§31-32]. This material derives its resistant character from a martensitic
matrix which is reinforcé by naneinclusions (precipitates) following thermal aging

treatmentd33-34]. Precipitate strengthening mechanisms allow higher hardness, strength
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and toughness in maraging std8-36], whichis why it is commonly used in the aerospace
[37-38], automaive [39-40], constructiorf41-42] and defense industri¢$1, 43] The use

of new technologies, including metal additive manufacturing, has the potential to introduce
these steels into new avenues of research and manufacturing, via improvements of their

microstructure and mechanical propertiés, 3536].

AM maraging steel has been the subject of intense research in recent years. The papers
published in the area cover process optimization, final quality, densification, and the
metallurgic and mechanichkehaviorsWu et al. [44] (202Q)Becker et al. [45] (2016)and
Kempen et al. [46] (201lhvestigated the effects of process parameters and heat treatment
on selective laser fused maraging steel. They found that the maximum relative density of the
selecive laser melted part could reach over 99% and that the ultimate tensile strength
exceeded 1200 MPa, in thelasilt state, and 2000 MPa, after solution and aging treatment.
The treatments used can be considered long as the total treatment time varees betivd
50 hours.Ullah et al. [47](2020) andMooney et al. [48] (2019)eported the plastic
anisotropy of 18Ni (300) parts with three fabrication directions (0°, 45° and 90°), made using
a laser additive manufacturing machine. However, heat treatmergignificantly decrease
this anisotropy. The authors investigated the effect of build direction on the hardness
behavior of maraging steel (C300) and reported that a horizontal orientation (0°) leads to a
higher hardness value than do vertical (90°) euctined (45°) orientatione Oliveira et
al. [49] (2021)found that samples with a 90° vertical direction offer a better compression
behavior and energy absorption capacity than horizontal parts at 0°. On the other hand, they
reportedthat heattreatedsamples can achieve a higher ultimate compressive strength than
asbuilt parts, with a very lower total strain and energy absorption capacity. A similar
compression peak stress (~ 200 MPa) has been reporteohiyzzi et al. [50] (2013)n the
asbuilt condition. Meneghetti et al. [51] (2017)eported that additively fabricated 0°
oriented maraging steel samples exhibited lower fatigue strength than 90° osemieies.

Yao et al. [52] (2020)llustrated that considering the heterogeneity of the temperat
gradient, the distribution of heat input and the growth amount, the microstructure of SLM

maraging steel (C300) presents two different morphologies, namely, an equiaxial and a
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columnar substructure. They observed that theomstructed samples havesandom grain
orientation with weak textures, which is attributable to the beam scan pattern (67° rotation).
Condeé et al. [53] (201%tudied the influence of heat treatment on the microstructure and
mechanical properties. Their results showed that a direct aging treatment without solution
treatment could lead to the highest hardness and flexural strengths witthamogenized
composiion retained. In addition, a higher temperature was required (980 °C) to achieve
efficient dissolution of the aluilt microstructure. All these works illustrate that with the
adequate combination of process parameg&ird maraging steel can achieve arquarable

level of behavior as the wrought state.

Different process parameters can significantly affect the quality and the mechanical
behavior of final parts. These behaviors in
hat chi ng s parcet hiiiktok, n etshse filtady,e t he ener gy dens
t), the build direction and the scanning strategy. Several researchers have examined the
correlation between process parameters and final part behaviors. An examalesisal.

[54] (2017) who investigated how the process parameters influémeemechanism of
evolution of mechanical properties of SLM maraging steel (C300). Only the correlation
between process parameters and relative density has been explored, without a prediction
model given. The authors reported that the relative density increases first and then decreases,
as a function of the energy density lewebémpen et al. [46] (2011using a constant power

of 100 W, investigated the effect of varying the scanning sgaestdveen 12600 mm/s and

the layer thickness between-80 um on relative density and miehardness of SLM
maraging steels. They found that increasing the scanning speed and layer triakisess
decreas in both the relative density and miehardnessAccordingto Huang et al. [55]
(2020)in their research on the effects of process parameters on the relative density of SLM
maraging steel (C300) parts, each parameter has a different level of importance in the SLM
process. They indicated that the most influentarBmeters, from highest to lowest, can be
ranked as follows: laser power> scanning distance> scanning speed> powder thickness. They
also reported that the highest density (99.99%) can be reached for an energy density of 75
185 j/mm3. Although commonly usk the energy density approach and/or the porosity
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