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Abstract

In present research the effect of buildingorientation on microstructure, textureand mechanical
properties ofa low carbon maraging steptocessed bgelective laser melting (SLM) technidgastudied.
The microstructual characterizatiomnd grain structure observationd the printed samplesare carried
out usingelectron microscopieand electron backscatter diffractiart is observedthat by varying the
building orientation from vertical to horizontalthe morphologyof the grainschanges from columnar
dendriticto equiaxedBesidesa highervolume fraction of austenitesretained in the horizontal sample's
microstructure compared with the vertidglprintedsample due to dastercooling rate higher degree of
micro-segregationandfinner prior austenite grais. Consequently, aigher strength and better ductility
are achievedn the horizontally printed sample. The Taylor facgttirat measureghe tendency of grains
to slip,showsthat different obtained tensile properties are not relatedttte crystallographic texture but

are affected by grain size, retained austenignd stress concentration conditions
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1. Introduction

Additive manufacturing (AM) technologiaseused to manufacture complex and/or customized different
metallic partsi.e., steek[1], Tt [2¢4], Ni [5], Al [6¢8], and Mg [9,10] based alloysPowder bed fusion
(PBF) techniquesuch aselectivelasermelting (SLM)havebeen among the most popular AM process
where a powder bed is selectively fused usihgrmal energy to build parthavingcomplexgeometry
and finemicrostructuralfeatures[11]. It has been shown that the manufactured parts cawmeal better
mechanical propertiethan those of conventional counterpar{d?].

Martensitic precipitation hardening (PH) staist steels, also known as maraging stainless steels,
have been recently additively manufactured (Aljngthe SLM procesand showedsuperiorstrength,
highcorrosion resistanceand good ductilittcomparedo thoseprocessedyy conventional process¢s3g
15]. This excellent combination of properties makeraragingstainlesssteek potential candidatesfor
harshserviceconditions where there is a need faxcellentcorrosion resistance arsliperiormechanical
strength such as marine, powtant, aerospace nuclear and moulding industrie§11]. Maraging
stainlesssteels usually consist oflaw carbonmartensitic matrixalong with some strengtheningano-
scaleintermetallicg[16]. Recently, a new grade of maraging steels known as Corrax stainless steel (CX SS)
has beendeveloped by Uddeholm compai¥7] in which the level othe expersive element of Ni has
decreased to ~8 wia which is lower than that of the traditional maraging steels with ~18%vNi.
Besdes, the chemical composition of the CX SS is free of Ti alloying elgtr@gthis alloy has recently
attracted more attention due toits extraordinary propertie$19]. The enhanced mechanical properties of
CX steetrel f a4 2 R dzNiAlipecipitateSwhith form during aging at temperatures above 400°C
[18]. Considering theadvantages of this newly developed stainless steel over the traditional maraging
steels, the CX SS could be a suitable choice for applicationasplakticmanufactuing, injection moulds
for different industries, andextrusion dies

Although severaltadies have investigated the AM process of traditional maraging stainless steels
[20¢22], considering thenovelty of thisfamily of stainlessteek, there is little literature on AM of CX SS.
Accordinglythe microstructure change and texture developmen@X S8arts throughthe AM process
such aghe SLM,are not well understood Additionally, these features are not predictable thgy are

designed to be present after conventiomalnufacturing processing



Preferred orientation or texturdésdeveloped at almost every stage of material processing. In fact,
it is challengingo completelyavoid texture at any stage of processing. However, in most cases, these
textures are modified inpostprocessingstages such as heat treatmentThe most important
developments in texture evolution take place during plastic deformationsatdequentecrystallization.
The solidification texturedirectly influencesthe deformation texture andindirectly influencesthe
annealing texturg23]. Therefore, it iboth scientifically and technologicairgry important tounderstand
the evolution of solidification texture.

Like other AMoperations, the material experiences a complex thermal history with a significant
high thermal gradient through SLNhthe SLM process, some areas might be meltedsatidifiedseveral
times, accumulating stregs due to inconsistent heating level$he® residual stresss are inherent in
the melting andsolidification processwhich ischallengingin the SLM produd [11,24] The thermal
history of a part manufactured bysLM depends oiis chemistry geometry and process parameters.
Therefore, microstructure, residual stresscrystallographic textureand mechanical propertiesould be
stronglyinfluencedby SLM processingarameterg13,25,26]

Buildingorientationor printing orientation is @rominent process parameter that can significantly
alter the part€microstructure and crystallographic textur€his is associated with the fact thatiloing
orientation can change the manufacturirgpeed the number ofthermal cycles, and thermal boundary
conditions[26]. Therefore, to enhancthe properties of the SLMpart, it is crucialthat the impact of
buildingorientation on mechanicalnd microstructural propertiess fully understood.This paper aim$o
study the impact of the building orientation during t&&Mprocess on thenicrostructural development
crystallographic textureand tensile propertiesf the CXmaragingsteel
2. Material and methods
Table 1Isummarizeghe chemical composition of theéirgingasatomizedCXpowder used irthe present
research The shape ofmost of thepowders were spherical and analysis of the particle size distribution

revealedthe powdermean particlesize ofo T dp > Y

Tablel. Nominal chemicatomposition of thestartingpowder.
Element Ni Mn Al Si Mo C Cr Fe
wt.% 8.4-10 0.40 1.2-2 040 1.1-1.7 0.05 11-13 Bal

The samples wer@roducedvia an EOS M290 machineith laser power of 258.7 W, layer

thicknessof 30 um, scanning speed of 1066.7 mm/s and a hadittanceof 100 pum.Therod samples
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wereprinted underaprotectiveargonatmosphereviaan alternding scanningnapin whichthe direction
of laserscanningsrotated 67 after building eactayer, cf. Fig. 1.

Inthe present researcithe rod-shapedpartswere printed in vertical andhorizontal directioss,
asillustratedin Fig. 1.The microstructure of printed samplegasanalyzedvia FEI Nova NanoSEBSH0
field emission gun scanning electron microscope (EE®)and FEI Tecnai Osirisansmissiorelectron
microscopes (TEM) The grain structure andrystallographic texture were studiedsing electron
backscatteed diffraction EBSI technique Sample preparation for SEMnalysisconducted using
grounding, polishing, and etching with . S Niht &t¢h&n&(100 mL water, 20 ml HCI, 2.4 gsNHand
100 mg KSOs) for 40 secondd-orthe EBSD analysis, after grounditige specimens werelectrolytically
polished.TheEBScanswvere conducted on 70° tilted samples with a step size of 0.4apdithe data
were analyzed using OIM 8 softwarEne TEM foils were extracted vid@used ion beantEl Helios
Nanolab650 duatbeam apparatus
The constitutional phaseswere determined by the Xray diffraction (XRD) method. The XRD
measurementsvere conducted orbuilding direction (BDplane, using &iemens D5004iffractometer
andMo-ka source 40 kV and 40 mpunder the step scan @&02° XRD patterns wereollectedA y 1 K S
range from B° to 40° with adwell time of 20 sThefraction ofthe austenite was determined by the direct
comparison method27,28]using the integratedhtensityof the (2003, (2113, (220pand (311ypeaks.
¢tKSasS SIr1a tAS gAGKAY GKS SYLX 2SR NIy3asS 27F

Tensile samples havirsggauge length of 32 mm artie diameter of 6 mm werextractedfrom
the printedsamplesThe uniaxial tensilexperiments, with an engineering strain rate 6fx 16*/s, were
conductedusinglnstron 1332tensile machine, with a hydraulic load frame,evaluate the mechanical
properties.A 25 mm Instron extensometer was used to accurately measlamegation Notably,three

tensilesamples were examined for each buildmgentation
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Fig.1. lllustrationof the printedrodsandthe scan strategyall dimensions are in mm)

3. Results
3.1. Microstructureand solidificationmorphology
To study the impact of printing direction onthe microstructure, the plane parallel to the building

orientation (ZY plane) for both samples wasut and considerefbr the microstructureobservations
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Fig. 2. SecondanelectronSEM micrographs, inZ planeat different magnifications(@) and (b): verticaly printed
rod, (c) and (d): horizontaly printed rod



Asshown in Fig2, the crackfree samplesvereachieved in both horizontal and vertical directions.
The etchingevealsthe half-elliptical shapednelt poolsin the mcrostructure(cf. Fig 2a and fwhich
form the fish scaleappearancesypical of theSLMparts[12]. The neasuranents based on pixel count
determined the melt pool height of 65 tahd55+ 5> Yfor verticalandhorizontalsamplesrespectively.
In both samples the height of the melt pool is larger than theeight2 ¥ G KS L2 6RSNJ f I & SN
indicatingpartial re-melting ofthe previouslyformed layers.In terms of solidification morphologyhe
microstructure is mainly domnar and equiaxed ithe horizontallyprinted sample and cellulaszolumnar
in the verticallyprinted one consistent withprevious report41,29]. Using analyzing the SEM images, the
intercdumnarspacingn the rangeof 300-600 nmwas measured foprinted rods. Theformation of such
a fine solidified structure iascribed byapid cooling rates associated withe SLMtechnique(up top Tt
K/s), preventing the development of secondary dendrite arms during the solidification pr¢@ejss-or
both vertical and horizontabuilds, martensite packets containing parallel laths can dizserved.
Considering the fact thahe martensite laths arausuallyvery fine so theycannotbe to be observed
obviouslyin the SEMphotos.However as can be seetthe martensite blocksontainingthe parallel laths
along with prior austenite grain boundaries are the main features of the microstructurigher
magnification imagescf. Fig.2b and dclearly showhat most of thegrains withcolumnarmorphology
are approximately formed perpendiculdo the melt poolborders. Duringthe solidification, the grains
preferto grow perpendicular to the solid/liqui¢s/L)surface because this direction provides the highest
thermal gradient and, in turn, the highedtivingforce for solidificatioff30]. It is noted that no sign of

precipitates wasdund in the SEM microstructures.

3.2 Grain morphology and orientation
Fig. 3 presents the building direction inverse pole figurel@Eimagesof different samplesConsideing
the importance ofthe crystallographiénformation along the building directionthe BDIPFmaps are

analyzed
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Fig. 3. The microstructure ofY-Z plane)f the SLMproducedmaraging steesamples, (a) and (b): IPFs of
horizontal and verticalods, respectively, (c) and {dorresponding tain boundary map(continuous black lines
denote the melt pool boundariesje) andf) corresponding phase maps.



It is observed that the printing of the samples in various directiorgads to different
microstructure developmerst In terms ofphase analysjgnartensiteisidentified as the dominant phase
for both samplesThe EBSD phase map analysis showed the presence of retained austenite phase in both
printed samples. Along with EBSD measuremaeardgligibleand 12 vol% ofRAphasewere detected in
the XRDmeasurements for vertically and horizontally printextis, respectively.

Theformationof the RAhas been previously reported in AM martensitic stainless s{é8ls The
difference inthe RAlevelsis related to different solidification conditions

In the horizontal sample,both columnar ancequiaxedgrainsare observedMost fine equiaxed
grains are observedt the center of melt pools anttelow the melt pool boundarieswhereas the
columnargrainsare formed along thebuilding direction inside the melpools. The columnar grain
morphology formation is related to higtoolingcondition experiencing during ANlvhich changeshe
mannerof solidification from planar to columnar epitaxial i.e. a continuous growth of columnar grains
beyond the melpool boundarieg31]. This bimodastructure has been reported duringe AM of steels
[20]. Development ofrefined grains below themelt pool boundariescan be ascribedo heaing and
cooling cyclespplied todepositedmaterials below the€fusedlayer. The materialbelowthe melt pool
boundary experience heating cysl@ith atemperature higher thanhe upper critical temperaturdAcs),
resulting in reausteritization. Since the heating rate is very hitjte formed austenitegrainsdo not find
sufficienttime to grow andmaintaintheir small size. During subsequent cooling, this austenite transform
into new martensite.

In contrast withthe horizontal samplethe vertically printed sample's microstructumaainly
consistsof large elongatedolumnargrainsparallel tothe building directiorcovering several melt pool
boundaries i.e. dominance of epitaxial growtiMoreover, it is seen that the columnar grains do not
propagateexactlyparallel to the building directiorwhereby a Bghtinclination is observed between the
building and growth directions. This is related to theal variations of heat transf¢82].

Considering theffect of grain shape ontensile properties, a quantified approach based on the
aspect ratio definitioris followed. An ellipse is fittedo the grainandthe aspect ratios measuredby
dividing the length of the minor axi¢L1) over the length of the major axi§L2). The threshold for
distinguishing columnar and equiaxed grathe aspect ratio of 0.3831]. Grainshavingan aspectatio
higher and lower than thigalueare consideredasequiaxed and columnar, respectiveliig 4 showsthe

analysis ofhe grain size anthe morphologycorrespondingo Fig.3.
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Fig. 4. Theimpactof buildingorientation on the grainsizeand morphology (a) and (k)grainshape aspect ratio
map for horizontdly and verticaly printed rods respectively(c)grainsizedistribution chart and (d) grainshape

aspect ratio distribution chart

FromFig.4, byvarying the buildingorientationfrom horizontal to verticaincrease the average

value of thegrain size fron8.98 + 3.05to 11.57+ 9.14um. During horizontal printing, most of the grains

(68%) are equiaxed, while in vertically printed samples, the columpaphology ilominant (66%)This

morphologicalifference is due to different solidification conditions during procesg33g

3.3 TEMbbservations andanalysis

Fig. 5 a and b show the bright field (Bkjtures taken in scaning mode (STEM), while Fig. 5 c and d

present the corresponding higéingle annular dark fields (HAADF) images for printed samplgsical



lath martensite structure is observed in both samples similar to structtirashave been obtained in

many low carbon maraging stainless stdai.

verticalsample respectively (Red arrows indicate the RA pha@pand (d) The correspondingAADF image

Small austenite grains with either an elliptic shape or granular shape are present alotigewitartensite
laths or triple points marked with red arrows in Fig. 5 a and b. A higher amount of RA is visible in the
horizontally printed sample's microstructure, confirming the XRD results.

Fig. 6 shows HAADF images along with corresporieldfg elemental maps. Sorfiee spherical

particles are seein the microstructure of printed sample€orresponding EDS elemental maggeal
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that these particles are rich in Al angvhichindicates the formation of AD compounds due to oxidation

duringthe melting procesd35,36]

Fig. 6: HAADF images of (a) Horizontal sample, and (b) vertical sample with correspondantpyBiS

Thereis no meanindul difference inthe fraction ofthese particles in both samples, which might be
due tothe useof the same procesparametesfor both sampleslt should be mentioned thathe size of
these oxidess muchsmallerthan the large oxide inclusions (> 1um) in conventional maitierstainless
steels[14]. The EDS map analysis also reveals the segregation of some elements such as Ni and Cr within
the laths. Sinceeach lath consists of several cells, this misegregation is related to solidification
behavior duringhe SLMprocess. It is noted that the sexgation of some austenite stabilizer elements
such as Ni can suppress the martensitic transformation and promoteRifv@hase presence[37].
Comparing the EDS results shows that a higher degree of sggm@gation has occurred in horizontal

sample than the vertical sample.
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3.4 CrystallographicTexture
Fig.7 illustratesthe pole figures (PFs) of the martensite for vertically and horizontally primtdsl As can
be seen, wek texturesare developed for both sampleQther studiesalsohave reportedthe texture

weakeningduringthe AM of shipbuilding stee]38], 17- 4 PH stainless stef9], and HY100 ste¢40].
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Fig. 7. Theimpactof buildingorientation on texture evaluation. Pole figures of BCC structure constituent for (a)
horizontal sampleand(b) vertical sample.

Asexported from the PFs, the martensite textures show an almost axial symnagbund the
building direction(BD) This symmetry is more evident in the vertically printed sample. In the horizontal
sample, Figra, the (001) and (111) PFs exhibit the maximum intensity of martensite; however, only (111)
PF reveals the peak in the center. In the vertical sample,/Bjghe maximum intensity of martensite
texture occurs in (111) PF, and the second maximum is obdetv(001) PF; however, the <111> Il BD is

consideredasthe dominant fiber teture.



3.5Mechanical properties under uniaxial tension
Fig. 8a illustratesthe engineering stresengineering strairbehaviorsfor different samplesunder the
uniaxialtensile test
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Fig.8. (a) Comparison of uniaxial tensile test curvesddferent samplesand (b) work hardeningbehavia in
terms of nodified CrussarqJaoulplot ( RSy 2 G4 Sa (a#dé indiddiezthe siraini@Bdering rate-()).
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Table.2 comparesthe tensile properties of samplgsrocessedin different orientations.It is

noticeable thathe absorbed energy before fractur@® iscalculatedbased on the arebelowthe stress

straincurveasfollows[41]:

o _ ,-0Q-

[1]

where- isdefined as the true strain at the fracturln the presentesearchthe hardening capacitjQ,

of the samples is defined §42]
o —-

in which,, and, denotes ultimate tensile and yield strength, respectively.

Table2. Tensile resultat different buildingorientations.

Building E 0.2% Ultimate  Uniform
orientation = (GPa) Yield tensile @ elongation elongation

stress strength (%)

(MPa) (MPa)

Horizontal 164.5 807+ 1092+ 7+
Vertical 160.7 1036 1085+ 1.1+

+

2]

Absorbed  Hardening

capacity

0.35+
0.05=+

It is obviousthat the building orientation significantly affectshe tensile characteristics A

continuousyielding isevidentfor both samplesThe \ertically printed sample reveshigheryield stress

(YS9, while itsultimate tensile strengthWT$ is slightlylower than the horizontally printed samplBoth

uniform and total elongation othe horizontal sample are significantly higher than tha$¢he vertical

sample, indicating higher ductilitiiowever, the buildingrientationdoesy” 2 {i

AAAYATFAOlLyif @

modulus.FromTable2, the horizontal rodreveals arapparenthigher hardening capacity (0.35) compared

with that of the verticalsample(0.05) which is related tahe work hardening behavior. Although the

work-hardening behavior has a determining impact on tensile properties, it is rarely reportdtefSi.M

manufactured steels. Figb shows thevork-hardening behavior during uniform elongationtbé printed

samplesviathe modified Crussaglaoul (€J) method. It is noticeable that the modifiedJGnethod is

developed based on the Swift modéB], as follows:

14
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where-,, andd are true strain, true stress, and strain hardening exponent, respectively. ifldéecKtes
a material constant and is defined as initial true strain. After differentiatingt@nd then presenting in

logarithmic form, the following equation is developed:

11— p aae,llQa [4]

Accordingly, the strain hardening exponent (m) can be calculated linay regression. The
curves obtained for samples show two stages of strain hardening where the first stage is associated with
the deformation of martensite, and the second stage may be related to straidening saturation due
to dynamic recovery44]. The value calculatefdr strain hardening exponent (m) corresponding to the
first stage othe vertical sample (31.8% muchhigher than that othe horizontal sample (7.8). The values
of 58.7 and 37.8 alsare obtained ford in the second stage for vertidgland horizontdly printed
samplesrespectively

By consideringhte absorbed energy befothe fractureas a neasure of toughness, the horizontal
samplehasa toughness about 4.5 times higher than the vertical samplécaticiga better combination
of strength and ductility.
4. Discussion
4.1 Grain morphology
Considering SEM and EBSD results, Fignd 3, the main microstructurathange fordifferent building
orientations is cellularcolumnar morphologyin the vertical sampleversuscolumnarequiaxed in the
horizontal one This difference is mainly related #dteredlocal solidification conditionby changing the
building orientations [31]. In fact, the grain morphology during solidification is governed the
solidification front instability which is relatedto undercooling conditionsincreasingthe extent of
undercoolingoromotes equiaxed dendritic growth. The undercooling is mainly determinélodipermal
gradient (Gps well aghe solid/liquid interfacemovement speedR) so thata lower GRratio increases
the undercooling favoring equiaxed solidification morphologie above explanations and resultant
microstructure, cf. Fig3, suggest thavaryingthe buildingorientationfrom vertical to horizontal has led
to anincrement of thesolid/liquid &/L) interfacevelocity. Thiscan be ascribed by consideritige cooling
conditionsoccurred during the solidification shmpleduilt in different directionsinfact, higher cooling
rates decrease the solidification timleading toa higher velocity of S/L interfac8y varyingthe building
orientation, the geometry configuratiors altered, andthe thermalconditionsare changed Inthe vertical
rod, the area to be scanned is smaller than that of the horizorad] leading toshorter scan length

Thus,less time is left for thesolidified layerto cool down prior to scanningthe next trackleading toa
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higher temperature. Fothe horizontal sample witta larger scan area, the laser beam needs to travel a
longer distance to scan the track, resulting in more timefi@fthe fused material beingoolked, leading
to a lower temperatureSince most of the heat iSLMis transferred through the deposited layers, the
fabricated layers ofhe verticalrod with a higher temperature show a lower ability to heat dissipation
which is equivalent to a slower cooling ratecanparisonwith the horizontalone [45,46] Moreover, in
the vertical samplea largemumber oflayersare solidifiedduringthe pastbuildingtracks compared with
the horizontal sample, which contributes to decreasing heat dissipation rate resulting in ¢owkng
rates.
4.2. The effect of buildingrientation on phase content
The RA presene could significantly affect the resultingroperties, such asnechanicalproperties.
Accordinglythe study of the affecting parameters adhe RA stability duringsLMat different building
orientations is impatant. A higher fraction of RA ithe horizontally printed sample clearly indicates its
higher stabilityof austenite phaseduring solidificatio and successivereheating cyclesThe finish
temperature for martensitic transformationd( ) is estimated between -10 and -20J# using thethe
thermodynamic data basis in JMat Pro softwité]. Accordingly, the retention of sonausteniteafter
cooling tothe room temperature is expected.he ooling rate is considereadetermining factoron the
austenite stability during martensitic transformation. The higtiercooling rate the higherpossibility of
austenite retention However, 1 is notablethat that in the case of SLM process, very high cooling rates
are experienced either for horizontal eertical samples. Accordingly, although a higher cooling rate is
experienced in the horizontally buitdd, the cooling rate in the verticabd ishigh enough to exceed the
critical one for martensitic transformation. So, the differennecooling ratescannot be considered a
determining factor for the higher fraction of the RA in horizontal sample.

Another factor influencing the austenite phase stability during coolindpésprior austenite grain
(PAG) sizeThe refinement of PAGaIppresses the martensitic transformatif#8]. It is well known that
the martensitic transformatioproceedsby moving the austenite/martensite interface. The formation of
a barrier to the movement of this interface suppresses the transformation. DecreasingARsiz
increases the strength of the austenite phase, resulting in higher resistance against interface mobility and
suppression of transformation. Suppression of transformation means higher undercooling needed to
continuethe transformation, which means loweinfshing martensite transformatiotemperature[34].
Accordingly, the evaluation of PAG size gives more insight into austenite stability teir§iM
processing Fig 8 illustrates the IPFas well as thegrain size distribution ofhe reconstructedPAG

corresponding to Fig3, reconstructed based on the approach defined48]. It is seen that the rod
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printed in the vertical direction has a higher PAG §#e2um) than the rod printed in the horizontal

direction(27.3um). Hence it contributes to a higher fraction &Ain the horizontally printed sample
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Fig. 9. Reconstruction oPAGdor (a) horizontal samplgb) vertical sampléBlack lines indicate the high angle
boundaries (higher than Th and (c)the grain size ditribution of different samples, showing larger PAG Bize
vertical sample.

Another reason for the loveontentof retainedaustenite in vertical sample could be tlever degree of
micro-segregation due to the lower cooling rates during solidification process. In fact, occurrence of

micro-segregation of alloying elements, such as Ni, has a determining contribution on austenite retention
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during solidification50]. Besides, thénigher number of successive reheating cyclasshort periods
which is experienced in vertical samplduce the chemial inhomogeneitiesand micresegregations

resulting in lowering the fraction of RA

4.3. Martensitetempering

During reheating cycles, the pexistingmartensite phasedar from the melt pool boundary do not
transform to the austenite butexperience a nossothermal tempering phenomenon. Tempering of
martensite is associated wittaths recovery decreasing the dislocation densitjesnd releasing the
internal stresses remained in the microstructui®l]. Kernel average misorierntian (KAM) can be
consderedauseful method to evaluate the internal stresses. E@gshows the KAM mapsorresponding
to vertical and horizontal sampleshe lower KAM value e verticalrod is related to the phenomenon

that reduces thestructure's internal stressesne of which is martensite tempering.
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Fig.10. The KAM mapssed toevaluate internal stressedn (a) horizontallyprinted sample and(b) vertically
printed sample

In the current studymartensite tempering or recovery occungder a norisothermal condition
wherebythe holding period at tempering temperature v&ry short, so the heating and cooling rates
determine the severity ofhe recovery[51]. In the verticalrod with lower heating and cooling ratethe
martensite phase is exposed to the heat &longertime, resulting ina higherdegreeof recovery and

reducingthe structure's internal stressest is noted that under these conditionghe martensite is
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partially recovered Fig.11shows thesubstructurewithin alath of martensite whichindicates thigpoint

too.

I.g\;v@ensi .
dislocation ag

Fig.11. Martensite laths showingncompleterecovery of lath substructure of martensite vertical sample

It is seen that areas with high density of dislocation eexist with lav density dislocation areas. The
yellow arrowsin Fig 11 show the possible migration pafior dislocationgo recoverthe lath, indicating
incompleterecoverydue toaninsufficienttime available in nofisothermal tempering.This depicts the
uncompleted (partial) type of temperingecause offast heating and coolingycles duringhe SLM
process.

Another parameter that results in higher KAM val@i@sthe horizontal samplén comparison with that
of the vertical is the smaller PAGs. B®G sizaffects martensiic transformationand consequentlyhe
stored energy during the transformation and could result in pradgdislocations In fact,martensitic
transformation inside the small PAGs prodsiaéhigher density of dislocations in companswith that of

the larger PAGE2].
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4.4 The effect of buildingrientation on developed crystallographic texture
There is nostrong textureevolvedduring the printing of both vertical and horizontal sampl&ne
contributing factorto this texture weakening ishe varation of the scanning directioamongthe layers
[53]. The texture of the solidified metal onsiderablyimpactedby the heat flux direction during the
solidification processThe heat flux direction is varied by rotating the scan direction between the layers
(cf. Fig. 1),leadng to loweroverall crystallographic texture. Furthermore, the sedtdte martensitic
transformation during cooling also contributes to texture weakening

Considering the simultaneous presencegtiiaxedand columnar grains in the microstructusé
manufactured samles distinguishingeach morphology's contributiono texture developmentcan
provide a better understandingf the crystallographic textureln this context,Fig. 12 shows the
orientation distribution function (ODF) plots,dn 1 v skction for columnar,equiaxed and all grains

for both vertical and horizontal samples
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Fig.12. Contribution of each grain morphologdgto texture development(e T L QDF sections for different
grain morphologies ithe horizontaly and verticaly manufacturedrods)

Considering the ODF of all grains in the vertical sample 1B&g.the components belong to
gamma fiber (<111> Il BD), arteeta fiber (<100> Il BD) are intensified, which igria with the fibrous
nature ofthe texturesshowedin the PFs, cf. Fig. In the horizontal samplethe ODF of all graingveals
an intensified gamma fibeHoweverijts intensity is lower thain the vertical sample. Ithe theta fiber,
only the rotatedcube (RCube)components are presenConsidering Fidl2a, it is seen thathe texture
of columnar grains is very similar tioe overall texture ofthe vertical samplebut some differences can
be seen irthe texture of equiaxed graindn the ODF of equiaxed grains ftire vertical sample,lie R

Cube andp p pppg components are abserih <100> 11 BD and <111> |l BD fibers, respecti@ebrall,

21



