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Additive manufacturingAM), also commonly known as 3printing is a modern manufacturing
technologyfor building productsisingcomputer aided desig©AD) modelsin alayerby-layer
fashion therebyallowing complexgeometiesto be producegvhich might bedifficult or even
impossible to manufacture traditionalfyneof themost widelyusedAM techniquesespecially to
build metal productdgs laser powder bed fusion {EBF)which usedaser to meltnaterial in powder
form to createsolid partsin a layer wise fashiars it is with any manufacturing process, th€BF
produced part quality is strongly dependent on its numerous processing parameters. Therefore,
depending or-PBF process parametetise produced pagt éharacteristics such dgnsity surface
guality, microstructure, properties, etc. can vary widélyeseparametersan berelated to laser,
scanningstrategy powder andbothbuild plateand powder betemperature Finding optimal
building parametersan be veryifficult since therere numerousariables in the tPBF process.
Making the proceseeliably repeatable is one of the biggestrentchallenges of tPBFto reach the
potentialof being industriallyworthy manufacturing method.

Stainless steslare widelyusedmaterial groupn everydayutensils and in manydustial sectors

Great parbf stainless steels include nickethich can causéealth hazards and an expensive

element Dueto health issueselated to nickel usagtere hae beeneffortsto reduce itatilization
especiallyin productsusedfor biomedical applicatiorResearcton processingnickel free steelby L -
PBFisin very initial stageNickel free steels have many applicationsanousindusties especially

in healthtechnologysector Since L-PBF has already been identified gzotential manufacturing

methodto support various health technology business sectors such as biomedical implants, it is worth
looking at how LPBF carbeused to processedically relevant Nickel free stainless steels.

Therefore, m this studynovelstainlesssteelpowderwith negligibleNickel content (hence Nickel
free)was proes®dusing Aconity3d MIDI+ PBF machineSeveral different tPBFprocess
parametecombinatios werestudied to get different volume energy den$itED) to find outoptimal
combinations to produce dense and deformationsjpeeimen. The study identifiedlaser power,
scanning speed and hatching distaame¢he key proess parameters angreoptimized Moreover,
the study o investigated theffect of thesupport structureon specimerdeformation and density

Smallcuboid shapedpecimesweresuccessfullyproduced with multiple parameter combinations
Defects wereseenin lower VED and higher VEBpecimes. In lower VEDspecimes delamination
and crackingverecommotty obseredand in higher VEBspecimes over meltingwassignificant.
Four different parameter combinatioyislding defect free specimengere choseffor further
examinationsAlthough not in the scope of this studiyete werespecimes printed for mechanical
testing with the chosen combinations fiertherinvestigation The microstructure and phase
compositionof these specimengasexaminedn this work In asbuilt condition, theaustenitic phase
waspresent in small amount, however it was significantly incredsedghappropriatgpostprocess
heat treatments.

Key words: Additive manufacturinglaser powder bed fusionickel free steels3D-printing
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1 Introduction

Additive manufacturingAM), populaty calledas3D-printing, is rising from beingool for
prototypinginto a newway to produceeal industriacomponentsAs it started from plastics
the variety of materials possiblelte processed witAM has spread from biomaterials and
ceramics tozariousmetals While the existing materials are finding napplications through
AM, new nmaterials aralsobeingdeveloped soleljor AM purposesTheresearch orthe
new materialgs hot topicas there immbitionto creatamproved and newroducts
manufacturedhroughAM. Certainmaterials have already shown to have better feasifter
processingia AM routethanmadetraditionally. (Gibson et al2021.)

Laser powder bed fusiqih.-PBF)alsocommonly knowrasSelective Laser Melting (SLM$
one of the most widely acceptédl methodthat hagjainedbroadattractionin researchn
recent yearsespecially when it comes toanufacturing metal parti.hasbenefis like
possibility toprodu@ nearnetshapecomplicatedmetal part§rom wide variety of materials
as well asustomised microstructurg$Sofras et al2022)

Steelsareone of the moswidely usedmateriaé for various applicationg9ecially austenitic
stainless steelsavemany applicationgn differentindustrial sectorand everyday lifeln

fact, stainless steel is among one of the most wiebghgrimenteanaterialwith L-PBF by
various research groupsridwide (Akilan et al. 2022Boes, Réttger, & Theisen 2020, Cui et
al. 2019 Freitas et al. 202XKarimi et al. 2021, Li et al. 2012.iu et al. 2015Merot et al.
2022,Simson et al. 201, Bofras et al. 2022)ddinet al. 2022. Stainless steel is an Iron

based alloy consisting of seveed¢ments such atirome,nickel, molybdenum, copper
titanium, aluminium, nitrogen and niobiymith each element playing a crucial rahe
determining the overall property/characterisb€she materiakuch as corrosion resistance,
mechanical strength etc. Amotigese various alloying elementiromium andhickel are
present irrelatively higher amourg (Davis 1994.)t is a welkknown fact that nickel can

cause health problems e.g., allergic reactmnskin contact. Even though the material can be
considered as corrosion resistant there can still be enough nickel ions dissolved by sweat or
other body fluids to irritate the skin and causflammation. Nickel has been used in stainless
steels to stabilize the austenitic phase whpidvidessuperiorductility, formability and
toughnessvith good corrosion resistand@ut due to health issueslated to nickelthere

have been actions to avoits usage(Gavriljuk & Berns 1999.Thereforethis need has
drivenattempts talevelop different nickel free steels. (Davis 1994, Menzel, Kirschner &



Stein 1996.)n an attempt towards minimizing the role of Nickel in stainless gtee present
studyshowed for the first time 3printing ofnovelNickel free stainlessteelusing L-PBF.
Experiments were madeth Aconity3D MIDI+ machineto form dense andeformation free

specimengrom thesphericalpowderof Nickel free steels

Thestructure of theéhesisis as follows: The firstwo chaptes covertherelevanttheory m
AM and L-PBF includinglimitations of the technologyand alsaaboutthe processed
material,i.e., stainless steel§ he third chapter is about materials amethodsused inthe
study. In the fourth chapter the resultem the study are presentadd in the fifth chapter
theseresultsarediscussedogethemwith findingsfrom prior studiesAnd finally, in the sixth

chapter theonclusions drawn from thibesiswork are presented.



2 Theory

Additive manufacturing is debated to dree of the pillars of the next generatiadustrial
revolutiondue to its potential to disrupt almost every manufacturing séedoAM, a three
dimensonal model is created in Computer Aided Design (Cabdthe CAD file is then
sliced into thin 2D layers, with each layer having appropriate thicktygssally 50-90
micronandconvertednto a STL file which isthentransferred taghe AM machine. In AM
machine theoartis thenbuilt in alayerby-layerfashion following the sliced CAD model
After the buildis finishedthe part is removed and pgstocessedandthese steptypically
include cleaning, support structure rerabandthermaltreatmentA key advantage of AM
comparedo traditional manufacturinig its ability to producecomplex partgspecially with
shorter lead timeslraditionally, parts are produced Isubtractivevay, thatis by removing
the materiafrom a bigger partwhich needs careful plannirgnd more importantly causes
huge material wastagBurthermore, AM gives possibilities ppocessiew materials for
manufacturingSomematerials are in fact customized (in terms of shape, size distribution
etc.) onlyfor AM. (Gibson et al2021.)

Additive manufacturings the next generation technologlgat is considered to play a
significant rolein transitioningtowards sustainabl@anufacturingThepartdesign can be
done in one centred location and then digitally delivatedround the world to factories. In
thesefactoriesparts can be produced using AM technologieand whemeededthereby
saving expenses and time relatethi@ntorying managemeand shipping. AMcauses
significantlylessmaterialwastesincematerial is depositexh appropriateamountat needed
place. Using energy resource like nonpollution lasemgAM, thisis considered to beven
more sustainableDgbRoy et al2018,Gu 2015.)

2.1 AM techn ologies

The American Society for Testingand Mateaa | s ( ASTM) g fi Addive NASTM F4
Ma n u f a cdassified hegaveraldifferentAM techniques irseven categorie®rocess
usingseletively delivered energy teolidify certain area on liquighotopolymeis calledVat
Photopolymerization (VPP). Powder Bed Fusion (P@egessesncludetechniquesvhere

powderbedis selectivelyprocessedavith energy sourceike laser orelectron beam. In

Material Extrusion§MEX) substance isxtruded through a tipMaterial Jetting (MT) means
placingbeadsf materialselectively Processes whefiguid adhesive is deposiito powder



bedare Binder Jetting (BJT). In Sheet Lamination (SHh¢ets of substaneee joinedo
form a part. And finally process@&svolving simultaneous meltingmaterial in powder/wire
form) and depositiof the materiabn a surfacare called Directed Energy Deposition
(DED). When it comes tonetalAM, PBFandDED using powdearemost comma. (Gibson
et al 2021.)

PBFis one of the mosattracting AM methogdespeciallywhen it comes to etal AM
processesThe metal PBF processes using laseergy(L-PBF) have beemore in the focus
for development than the ones useigctron beam. (Gibson et 2021,Gu 2015 Sames et
al. 2016) Among other factors, this could be particularly attributed to the versatility of the
techniqueao enable processing of relatively wide range of mateitalesng PBF, mwder
particles are heatda/ absorbed photorieom laser beam inPBF andoy kinetic energy
from electrons irelectron beam PBEEB-PBF) Limitation with EB-PBF is the negative
charge the powdeagets from electronhich causes repulsive force between negatively
charged particleghich canlead toburstcausingipowder clou@d. As a result, the powder
particles can fly around in the machied jeopardize the processing. Egamplethe
particles carnteract with the eleabn beam and cause undesired scattering of the beam

reducing itsefficiency. (Gibson et al2021.)

In DED, the energy source is used to create a melt pool on the substratmaktianeously
materialis introduced into the melt pool using external mechalrdevice called as feeder.

The energy source is typically mounted on an industrial robot and the substrate is typically
fixed to a mechanical rotating or stationary fixture. A desired amount of material is then
depositedayer-by-layerto build a 3D part The material can be in powdarwire form DED

is especially suitable for repairing and building on exgsparts and it isirawing interesin
industry based oits capability to formnearnetshapeproducts faster and cheaper than
traditionally manufactureshearnetshape productgGibson et al2021.)

2.2 Laser Powder Bed Fusion

In L-PBF, desired amount ggfowderequivalent to the layer thickness of @i sliced layer
of the3D partis spreadon abuilding platform Thenthe aredased orCAD file is scanned
with laserwhich selectivelymelts the powder tadepth that exceeds the layer thieks so
that the previously sdlified structure is partially renelted andlayers are boretwell
creating high densitgarts. The process repekger-by-layer until the desiregart thickness

is reached and trmompletepart isprinted (Gibson et al2021.)



Basically,any material that can berderd after melting can be used iFABF processes
So polymers, composites, metateramics anderamic composites are albssible materials
for powder bed fusiorBut as mentioned befopowder bed fusion imostly raising interest
in AM of metals,somany different metal powdelavebeen used in PBF process8teels
and several steel alloystanium nickelbased alloys, aluminium alloys, cobaliromeand
even silver and gold awerailable for PBF(Gibson et al2021.)

2.2.1 L-PBF process parameters

In L-PBF, process parameters candagegorizednto four groupsLaser based parameters
such as laser powend spot sizescanning parameters suchsaan speedatch or line
spacing andcanpattern powder parameters sucharticle shape and size, layer thickness
and material propertieand finallyheat paramets such apowder bedemperature and build

plate temperaturéGibson et al2021.)

The laser melts powdén a certain depttand width depending athevaried process
parameteras mentioned above. For example size of the melt poathich is considerd as
one of the most crucidctorsto control the quality of the printed paststronglydependent
onkey parameters such ser power, scanning spesgot sizebuild plate temperatu@nd
powder bed temperatu(Bertoli et al. 2017Yang et al2022) For the samealser power and
other parameters, lowstanningspeed gives higher energytte area causing deeper and
wider melt poal To getsufficientfusion between the layetise melt pool needs textendto
previous layerthat is beyond thgpical layer thicknessassed in -PBF whichare from 0.02
to 0.15 mmScan spacing also called hatch distaetermines the melt pool overlapgin
between the scanlelt pool overlappingffects mechanical propertie§the printed parts
Shapeand size of the powder as well as the spreading of the paadeaffecthe quality of
the partDensity of the powder bed depends aladhe shap@r morphologyof the powder
Higherpowderbed density givebigher thermal anductivity to the powder bed whicheates

bettermechanical properties for the produced p&tbson et al2021.)
2.2.2 Limitations of L-PBF

The very complex nature &FPBF processlue to several factorpredominatelythe
numerous process parameters and their interdependancesate several issues during
printing leading tdifficulties in produceng desired higkguality parts. Even though there are
many different LPBF systems availabie the marketwith their ownassets andonstraints
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there is stilldoubts how well PBF metal AM @imedfor industrial manufacturing (Moshiri
et al 2019).

As said beforgvariedparameteren L-PBFcan have a strong influence differentprinted
partfeatures Theparameterand conditions in the processgulate the energy densand the
resultof thepart quality. Higher energy density cameateresidual streskeading to warping
and cracking but alseaporizationcausing pore formation to the part. (Simsonl e2@17.)
On the othehand,lower energy densitgan caus@oor flowability andsmallconnection
region whichleads to balling phomenon anéhcreasedurface roughnegsi et al. 2012)
Usually, giving high laser power on higtowderbedtemperaturgives dense products but
there can bé&oubles of cleaning the products as vealiecycling the powdeOn the other
hand,using low laser power and logowderbed temperaturgivesmore precis@roducts
with lower density and possib¥itof layer delaminatioriJsinghigh laser power and low
powderbed temperaturmay lead to uneven shrinkaged accumulation of residual stresses
which leads to warping. (Gibson et @021.)The building up ofresidual stresses #@sresult of
fastcoolingand subsequesblidification shrinkage and thermal contractiBesides residual
stressgsit is more likely to createnicrostructures that are ndésired (Narasimharaju et al
2022)

There are two mechanisnmsL-PBFthat can resuin increasedesidual stress) a
temperature gradient mechani§hGM) andb) the cooing stage of theop layers In TGM, a
hightemperaturgradientis generatethy thequick heating of the top layer by thaser beam
andconsderaby slow heat conductionCompressivestress is created whemxpansion of the
hot surface i$imited bythe layers below. Onaaa t e ryieldistréngths attainedhe
surface layer will bglastically compresse&ince there are no mechanicahstraints the
partsbend away from the laser beawihile cooling the top layers shrinnd starto bend
towards the laser beamhe second mechanism causing residual stress is dsleitking of
the top layebecause othermal contractionwhich is again restricted by the layers below
This will cause tensile stress to top layers and compressiess to the lower layers.
(Mercelis & Kruth 2006.)

The residual stressascumulate causingacroscopicracks in the product usualiy or
aroundgeometricallysharplocatiors like theedges of the part dne interfacdoetween the
build platformandthe build material Cracking usually happens in reguiistancebecause of

the accumulation of the stressermed in L-PBF process. (Platl et.&022.)Extreme case of
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cracking is oacethe residual stress exceeds the yield strength gh#tterialwhich leads to
the complete separation o¥o adjacentayersfrom each othewhich is also called as
delamination. (Mukherjee, Zhang & DebRoy 2017.) Delamination can alacdesequence
of flaws in powder recoating which may leadriterior fusion of two adjacent layers
(Colosimo & Grasso 2020).

Themicroscopiccracking is dependent on the volumetmergy density and scanning
strategy of LPBF technology since thosdfectthe columnar crystal size and growth
orientation. The cracks fortion iseagdwhen coarse columnar crystals and straight grain

boundariesre formed(Li et al 2023.)

Anotherchallengan L-PBF isformation ofporosityin the printedparts.Different types of
porosityareformed in L-PBF printed parts such as keyhole porqdagk-off of fusion

porosity and gas porositi{eyhole porositys partially related tahedeep anaharrow melt

pool. Keyholes appear under conditions where laser power is high and scanning speed is low.
Pores near the end of the keyhole are moved away from the keyhole and get closed to be
flaws in the part. This happemscritical keyhole instability which creates acoustic waves in
the melt pool providing driving force for the poresing et al 2014,Zhao et al2020.)Lack
of-fusion porosity iggeneréedwhenmelt pool penetratiodepthis notsufficientand
overlappng of subsequent melt podse too far from each other and some of the powder is
left unmeltel betweerthem(Reijonen et al. 2020rang, Pistorius & Beuth 20)17Gas
porosityoccursdue toprevious gas pores from the miigzation production process tife
powder It can also happeih shielding ga®r vaporizingalloysin powderget entrappedh

melt pool (DebRoyet al. 2018du Plessis 2019Also, the effectivityof the inert gas flovin
clearing the byproductsfrom the impact zone of the laser dretpowder bedffects
vigorouslythe melt poolThat is some of the laser energy is absotiyethe byproducts and
less energyhan intendeds absorbed to the powder béakefficient clearance of thiey-
productsmight also cause higher porosity of #hetualproducts.(Boes, Rottger & Theisen
2020,Wang et al2017.)Even thetype ofinert gase.g., ifit is argon or nitrogen mighhake

a difference in this, since they have differdansities which will causéfterent gas flow
charactesticsandtherefore the absorbed energy in the powder bed mayBaes, Rottger,

& Theisen 2020)

Another challenge ib-PBFis also the formation cfpatter Spatteiis createckitherby the

tearing ofthe moltenmetal, callechsdroplet spatteor whennonmeltedmetal powder
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particlesaround the melt pool are blown awawlledaspowder spatter. They both cause
metallic vapor above thenpact zone, once the laser bearabsorbed small metal particles
are formel. If the spatters are notmoved by inert gas flow and they fall on the powder bed
theycan bere-melted by laseleading to undesirefinal product properties such dsnsity,
microstructure and mechanigalopertiesSince L-PBFincludeseverakcomplicated
phenomenaontaining quick melting ansblidifying of the powdebut also dynamics ah
heat transfer of the melt poahdsospattering isnfluencedby variouscomponentstherefore
it is very difficult to predict spattebehaviour But usually, spattering is more intensen
the energyoadis higher On average the spattering particlesdearly bigger than the
original powder size leading tmeven powder distributiomhich is harmful to laseio make
consistent and uniform mehacks. (Liu et al 2015, Wang et aR017.)

2.3 Stainless steels

Stainless steels are iron based alloys containing at least 11% of chromium which inhibits
rusting in uncontaminated environment. There are various other elemenis&dtab

achieve better properties e.g., nickeblybdenum, nitrogen, and carbon. Usually, carbon
content is from less than3¥o to over 10%. Stainless steels are presented in four groups
based on their microstructure: ferritic stainless steel whiclhdscentredcubic BCC)
structure, austenitic stainless steel which has¢aoéredcubic FCC) structure, martensitic
stainless steel which has bedgntred tetragonaB(CT) structure and duplex stainless steel
which includes bottBCC andFCCstructure m similar proportionAmong all,austenitic
stainless steel is the most used group. There are two categories of austenitic stainless steels:
chromiumnickel and chromiuammanganesaitrogen alloys. The second category has often
low nickel and high nitrogelevel. Nitrogen substitutes nickel as an austenite stabilizer and
manganese is needed to enhance solubility of nitrogen but also inhibiting transformation to

martensite. (Davis 1994.)

Austenitic steels that contain nickel have excellent properties lilexisupluctility and
corrosion resistanc@ndare commonly used in various industries, especially in medical
applications and everyday items. Downside in using nickel is its consequences on human
health. Most common health problem that nickel can causdkeiigia reactions with skin, but
also more severe carcinogenic relations on accumulation of nickel in the body has been
reported. (Yang & Ren 2010.) Use of nickehtainingalloys in prosthetics is based on good

resistance against surface corrosion hilttkey are influencedby corrosions like pitting,
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crevice, and stress corrosion. This causes of course a big risk of dissolving of nickel ions to
human body but also possibility to prosthetic to crack. Changing prosthetic manufacturing to
other materialsuch as titanium or cobalt is problematic since those are very expensive and
those alloys also include nickel. To reduce use of materials that contain nickel in health or
biomedical applications there has been legislations in Europe and USA. (Menzshniirs:

Stein 1996.)

There are only limited number of irdrased materials that can be used to produce dense parts
by L-PBF. Different elements in the iralloy have different effects on multiple physical
phenomena that are present in the process of PiB¥se phenomena are for example heat
transfer, laser absorption, and spreading of the melgRenbouts et al. 2006.) The chemical
composition can also affect the phase composition of steetsAbMiildepending also on the
technique and parameters on finecess. Traditionally manufactured steels usually have only
singlephase structure whereas AM steels may have siagtémultiphase structures.

Compared to fully austenite steels having ferrite or other phases the properties can vary
remarkably, e.g.,teength could rise and ductility and corrosion resistance could reduce if dual
phase steels are produced. (Astafurov & Astafurova 2021.)

2.4 Nickel free steels

Nickel free ferritic and martensitic stainless steels might not be tough enough for many
applicatiors. Also nickel free martensitic stainless steel does not have corrosion resistance
which is required in most applications. For stainless steel to be aiestewi nickel free there
needs to be adequate amounts of nitrogen, carbon, cobalt and man(feidel,

Magdowski, & Uggewitzer 1996.)

Nitrogen has the same ability to stabilize austenitic structure as nickel, but also ability to
make the steel more resistant to corrosion and it also strengthens the austenite steel. For this
reason, there have beettempts to produce austenitic stainless steels with increased nitrogen
and molybdenum contents and lowered carbon and nickel for use i.e., in chemical industry
and medical applications. (Stein & Hucklenbroich 2004, Yang & Ren 2010.) High nitrogen
steels (HNS) have up to 0.9 mass% of nitrogen in solid statbigh nitrogen containing steel
powders used in laser AM the nitrogen content should be khaarin traditional HNS

because there is a risk of generating gas pores and chromium nitride in the ipseifdzut

also in the manufactured structureSuiet al.2019.)
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2.4.1 Previous studies on L-PBF

Tablel shows amount of research papers between 2019 to 2022 searched from Science Direct

wi t h sear chandNoalaysgTrafolysPSEé alloys/INf r ee st eel so. Ni cl
steels are clearlyast studied subject when related t®BF. Nickel free steels are studied

less than half of the number of Nickaloys and less than third of the amount of Steel alloys

in same content with-PBF. This shows a clear lack of global research and devefdpme

efforts in studying these Nickel free steels which highlights the importance of this thesis as it

not only attempted Nickle free steels but took it one step further to find out how one of the

most versatile metal 3Printing technique, i.e.,4PBF can b used to produced parts from

these steels.

Table 1 Research papers during 2019-2022 on L-PBF of respective alloys; in Science Direct.

Ni-alloys Ti-alloys Steel alloys Ni-free steels
Papers 857 1092 1277 418

2.5 Aim of the study

The aim of this study was to optimize thd®BF process for creating deformation feswl
dense novel nickel free stainless steels. The overall objectivachasedoy answering the

following two research questions:

1. How to tailor the process faaneters for the Aconity3d MIDI+ printer to create

deformation freenddense novel nickel free stainless steels specimens?

2. What is the optimal support strategy to create deformatiomfegense novel nickel free

stainless steels specimens?

In Figurel, the architecture of the studyisshowni r st |l y, Aconityds own
database forommonly used materials was exploess$tarting process parameters.

Moreover, previous studies from literature on similar powders, (¢NS 1.4452/ P2000

(Arabi-Hashemi et al. 2020X40MnCrMoN1918-1 (Boes, Rottger & Theise2020 &
X36CrMoWVTIi-10-3-2 (Grofwendt et aR021)) printed in L-PBF process wasxplored to

identify starting process parameters. Based on those baseline parameters, an experimental

matrix consisting of different parameter combinations was made and subsequently a print plan

was made, including trepecimergeometry and positioning plaing. With proper file the

print was made and the results were examined. Based on the visual examinations the best
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combinations of parameters were chosen and the print was planned again, but this time by
also considering the geometry along with the positig. This experimental printing

parameter development procedure was repeated along with the evaluation of the printed
specimens until optimal parameters were found which could result in creating deformation
freeanddense novel Nickel free stainless Hespecimens. The printesgpecimes made out

from the optimal process parameters were also examined to study their microstructure and
phase composition using microscopy anda¥s.The details about experimental procedure

for microscopy, EBSD and phase bsés can be found in earlierwork @ pe k e). al

Figure 1 Architecture of the study

20
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3 Materials and Methods

3.1 Powder

Powder used was commercially available PANACEA powder from Sandvik AB, Sweden,
whichis alsoknownasa ferritic stainlesssteel powder. The chemical composition of the
powder is shown ifable2. Particle size of the powder as per the supplier w@4.6.7 pm,
d5027.5um and, @048.0 um. The ®value means diameter of particles at x% in the
cumulative distribution (ArabHashemi et al. 2020). Tap density of the powder as provided

by the supplier was 4.8 g/&and relative density 7.75.

Table 2 The chemical composition of the PANACEA powder, w-%.

Cr Mn Mo Si N C Co S P Ni @) Nb
17.30 11.40 3.24 0.7 0.177 0.028 0.01 0.005 0.017 0.100 0.156 0.01

Fe
balance

3.2 Aconity MIDI+

Aconity3d is a German company that manufactwBF machines. It was founded in 2014
and is &astgrowingcompany with many partnerships worldwide. Aconity MIDI+ is a laser
powder bed fusion machine manufactured by Aconity3d. (Aconity3d 2022). It hasowsn
possible variatiogfor technical specifications. In this study the setup used was IPG single
mode ytterbium fiber laser, a spot size of 80 um up to 500 pum, with maximum output power
of 400 W and a wavelength of 1070 nm, 250 mm diameter build pldtAmon shielding

gas.Picturel shows the setup in the laboratory environment.



Picture 1 Aconity MIDI+ in the laboratory. Picture: Tuomas Kantonen

3.3 Parameters for MIDI+

As mentioned previously there are four groups of parametersBBR_process. Sindae
PANACEA stainless steedtudied in this thesisad never been usedAM processes before,
therewere no known parameters to ugéne powder related parameters wenastant since
we used the same powder during all éxperimental trials foprocess parameter
developmentFurthermore, theowderbed layer thicknessl( wasalso kept the same
throughout all the experiments, which wa8 pm since the %D of the powdewas 27.5 pum.
Moreover the parameters related to the temperature were constant since there was no
preheating of the building platform nor the powder feeder in use in the current settie S
parameters that were varied in this study were laser and scan related. The laseP)poseer (
was from 110 W to 300 W, the scanning velocitywas from 400 mm/s to 2000 mm/s and

hatch distancehj was from 0.05 mm to 0.08 mm. Based on theseegaltine volumetric
energy density\(ED) can be calculated using equatirO O — which gave VEDs from

46.7 J/mmto 312.5 J/mri(Arabi-Hashemi et al. 2020Y.he whole list of different

combinations of the laser power, scanning speed and hatchiagagisreated 60 different

VEDs which were used to manufacture specimémsr * 5 mm * 10 mm) with Aconity3d

MIDI+ printer. All combinations of different parameters are showAppendix 1, Table 5

Reference for the parameters that were chosen based on the study diadsiadmi et al.

from 2020 where similar HNS was also manufacturedusiRgp.F and al so t he Ac
parameters for AISI 316L. The argon atmosphere with oxygen level below 200@3gpm
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kept during the experimentEhe laser spot size was kept in 80 |Hhatching strategy was
hatch filling and the hatching direction wadated by 70° with each layer. Changing the
direction of the laser laydyy-layer ensues uniform heat distributiohiah will cause more

coherent microstructure of the build pditd pe k ej). al . 2022

Based orour previous printing experienagith Aconity MIDI+, the contour was left out and
only the hatch pattern was scanned to aanigsharp edgeformation and angpddtional

issues Basically, in the contour mode the shape of the sample is scanned for precision and
texture matters (Gibson et al. 2021). Since precision or texture did not have any particular

significance in this study, leaving out the contour mode wsi#igd.
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4 Results

4.1 The first build attempt

The first building attempt was to print 5 mm * 5 mm * 10 mm size cubsippatimes, with

60 different parameter combinatiogppendix1, Table $ on the building platform, having
each cuboid a different processgmaeter combination. The support structure used in this
build is presented in theicture2. The support structure was chosen such that it can be easily
removed fromhe specimes and specimens were easy to remove from build platfaswell

asbased omur previous experience on Aconity MIDI+.

Picture 2 Design of the support structure used in this study. Picture: Tuomas Kantonen

In the first building attempt thepecimes with the lower VEDparameter combinatiohto

21 (Appendix 1, Table p were not attached to the platfomith support structurand thus
these losespecimes in the powder bed were creating serious issuesiatdbingthe

printing processAlso, some very high VEBpecimes were showingver meltingduring the
visual inspection while printing. During these wide screening parameters, however, we found
some process parameters in the-MiD region and some higih VED region whictcould

be further usetb printspecimensThespecimengrinted using mieVED process parameters
(parameter combinations 24 to fppendix 1, Table § were only built up t& mmheight
whereas using high'ED procesparameterg¢Parameter combinations &2 [Appendix 1,
Table 3) specimensvere built upto full 10 mmheight.Picture3 shows the building

platform, the increase in \[Efrom the left to the right and from the front to the back of the

picture.Figure2 presers the layout of the first build attempt.



VED increased

VED increased
>

20 mm

Oy

Fume extraction QCONITY3D

Figure 2 First build layout.
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4.2 The second build attem pt

Based on the learnings from the first build printing, a second build was planrikd.decond
build attemptthe lower VEDspecimes (parameter combinatioristo 23 [Appendix 1, Table
5]) were left out and only thepecimes with parameters from 24 60 were printed
(Appendix 1, Table b Also, the height oéll thespecimensvas lowered to 5 mm, so the

S p e c i gaemetsyass mm * 5 mm * 5 mmThe height reduction was made simply to
reduce the process tisgcesuchheight of the build wasnoud for parameter screening
The support structure was kept the same as in thdfilstattempt. InPicture4, it can be
seen how all thepecimes in second attemptere successfully printetHowever, even in
this attempt, the lower VEBpecimes (parameter combinations 28 [Appendix 1, Table

ha_ﬁm |

o . ; J_42
S 558 54 53'{__52 i!:! 41

5]) were barely attached to the platform.

- R [ 4y
o 56 &-574.58 «.59 4 60

Fiad ol RSN
#-51 .50 < 49 £40

Picture 4 The result of the second build attempt. Picture: Tuomas Kantonen

4.3 The third build attempt

The third building attempt was made with low VEDB&23 to be built straight on the platform
without any supportdvioreover, hespecimersize wasalsochanged to 10 mm * 10 mm * 5
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mm. Both the neuse if support as well ak¢ enlargement was done to geiéwould make
anydifferenceto the printing of these low VED specimens without them getting detached
from the build plateln addition to low VED specimend)dre were also some of the higher
VED specimes with the previous support structuneludedin this printing attempt.

Numbers printed on thepecimen were also much easier to recognize sincspleeimes
were larger. IrPictureb, it can be seen that albeemers except one higher VE§pecimen
were again printed successfully. The one that failed was partially off from the building
platform and it was aborted early to avoid any problems with continuing the priftiag.
reason for the failure was partiatiysconnectecgsupport which ledo bending of the

specimen

Picture 5 The result of the third build attempt. Picture: Tuomas Kantonen

Despite of successful printing, careful visual inspection shmeadiderably visible cracking
as well as delamination in some of #pecimes. Picture6 andPicture7 show such cracks
and delaminatiom low VED specimes that were built straight on the building platform on
the third build attempt.
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Picture 7 Delamination and cracking in the low VED specimens. Picture: Tuomas Kantonen

On the contrary, in the same third building attemptiethveas clearlyver meltingin the high
VED specimes that is seen iRicture8.



Picture 8 Over melted high VED specimens. Picture: Tuomas Kantonen

4.4 Further experiments

24

Based on the first three building attempts, four optimal parameter corobsatere chosen

for further experiments. Parameter combination number 19, 29, 42 and 60 were chosen

(Appendix 1, Table pand3 replicates were printed for each conditigith previously used

supports (sePicture2). Based on visual observatiaf the specimens looked deformation

and defect free. In fact, for die pecimes, thedensities in as built conditioneremeasured

to beover 98% as shown ihable3.

Density

measur ement s

wer e

principle.Accordingdy, specimes wereweighted in ailandin water(my) in room temperature

and densities we calculateds follows” &

z

in air and mis mass of thepecimenn water and wateriS the density of wate(Bai et al.

2019.)

Table 3 Specimen densities g/cm3.

. Wheremt is mass of thespecimen

Specimen 1 Specimen 2 Specimen 3 Average Density%
Parameters 19 7.620 7.604 7.582 7.602+0.019 98.090
Parameters 29 7.632 7.638 7.641 7.637+0.005 98.542
Parameters 42 7.621 7.637 7.636 7.631+0.009  98.469
Parameters 60 7.592 7.611 7.590 7.598+0.012 98.034

me
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4.4.1 Building tensile test specimen

Next attempt with the above selected four parameters was to build longer 10 mm * 10 mm *
61 mmspecimes for tensile testing. The support structures were kept as prandtise
specimes were horizontally positioned on the building platform. However, the build was not

successful and there were problems during the printing which was an overnight pmet. The

wasno successfiy build specimerfrom this attempt as can be seerinture9.

Picture 9 Build attempt for tensile specimen. Picture: Tuomas Kantonen

Therefore, we have decided to buierticalspecimens using the same parameters. However,
this time we have reduced the build height. Smaller tensilspgesimesn of size 6.5 mm *

6.5 mm * 42 mm were attempted to build vertically with the same support struatuuesd

for building the small specimens in first trifh thisattempt there we parameter

combinations 19, 29, 42 and 60 and ten replicates of each condition. However, not all the
replicates were successful. Parameter 60 resulted in all 10 replicates whereas for 42, 29 and
19 there were three, two and one, respectively were stigibessiild which is shown in
PicturelO. It was notedhat thelow VED parametefi9 and 29esulted inthe wors

attachmenof the speciment the buildplatform Even the mid VED parameter 42 showed
poor attachment of the specimens with the build platfdims early detachment from the

build platformfor 19, 29 and 42 parameter specimens \a#eadynoted while printindoy

visual inspectionThiscouldhave been fixed by reheatitige first few layers multiple times
which could have resulted in better attachment of the low and mid VED (pardr@eted 29

and 42) specimens to the build platform. However, the same build also had high VED
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parameter 60 speuens getting printed which would have experienced excessgfe

meltingto those specimen$herefore we decided to abort printing of those low and mid

VED parameters specimens which by visual inspection were looked to be getting detached
from the buildplatform. The learning from this attempt was to avoid printing many specimens
with great variation in VEDs. Therefore, to continue, in the next attpnmitng was repeated
againbutwith only one set of parameter combination at a time which resul®doessful

ten replicates for every combinatiaithout any build detachment issues

Picture 10 Vertical tensile test build. Picture: Tuomas Kantonen

4.4.2 Building compression test specimen

After successful tensile testing specinpeimting, we attempted to print compression testing
specimens. For compression testing we selected a 6 mm * 6 mm * 10 mm cuboidal geometry.
Firstly, six pieces of each parameter combinations 19, 42 and 60 was attempted on the
building platform.However for this trial we have added a new support structure design which
can be seen iRicturell Despite of smaller size and new support design, as can be seen from
Picturel2 only five pieces of parameter combination 19 were successfully build while others
had to be aborted because of bending off the building platform as observed visually during

printing.
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Picture 11 Support structure. Picture: Tuomas Kantonen

Picture 12 Compression test specimens. Picture: Tuomas Kantonen

The complete build was repeated ag8iaring this trial though we have attempted to print
the same size compression tgstcimes as previous attemf@ mm *6 mm * 10 mm) but
with parameter combinations 29, 42 and 60 and the support structukeptdlsesame as in
attempted during printing of small specimensghiavery early attemptss¢ePicture2). From
this attempt all except oneece of parameter combination 29 were successfuigiymed
(Picturel3, Picturel4 andPicturel5). The parameter combinatid® was left out from this
build since we already had compression test specfroemprevious buildor thatparameter
combination
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Picture 13 Compression test specimens 29. Picture: Tuomas Kantonen

M‘*‘" ey ..m‘uj

Picture 14 Compression test specimens 42. Picture: Tuomas Kantonen
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Picture 15 Compression test specimens 60. Picture: Tuomas Kantonen

4.4.3 Microstructure and phase compositions

Microstructures and phase compositiohspecimengrom parameter$19, 29, 42 and 60)

were examined in as built conditions and after heat treatments. It is important to point out that
finding an optimal heat treatment was out of the scope of this trasitherefore the results

did not inclue any further details about heat treatment optimization vigldctron

backscatter diffraction (EBSDhapsin Picturel6 andPicturel7 show results of

microstructure on the left artde phase composition on the rigtitall the four VED

parameters in alguild condition In the phase compdon images on the right green

represents ferritic and red austenitic phé&seit can be seen from the EBSD images thmahs

built condition the phase is mstly ferriticin all the samples. It is important to point out that
thepowderis also totallyferritic as per the supplier and also as verified by XRD results (not

shown inthis work).
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Picture 16: EBSD analysis of as built specimens showing grains (left) and phase (right) maps for (a &
al) Specimen 19, (b & b-1) Specimen 29, (c & c-1) Specimen 29 and (d & d1) Specimen 42,
respectively. Picture: Jan Lapek
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Picture 17: EBSD analysis of heat treated specimen at 900°C for 0.5 hours, showing grains (left) and
phase (right) maps for (a & al) Specimen 19, (b & b-1) Specimen 29, (c & c-1) Specimen 29 and (d &
d1) Specimen 42, respectively. Picture: Jan Lapek

































