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Abstract

Thelow productivity of the SLM process is known to be a limitfagtor, butspeeding up the process can lead to material
defects Two sets of SLM process parameterhancingts productivity by50% weredevisedand tested in comparison
with baseline sets, irtms of material microstructure, porosity, surface roughness, static mechanical properti€x; and H
behavior, in the abuilt and aged conditiondhe asbuilt surfacewas investigatedDespitea significant increase in the
porosity and surface roughnetise fatigue strength was reduced by 4%. Wheakamip® | 652 parameteeffectively

correlate the fatiguestrengthandsurface roughnesariations
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1. Introduction

Selective Laser Melting (SLM) of metallic materials is emerging as a technology suitable for the industrial production of
critical components. The possibility to manufacture complex geometries, the minimization of thetalgsagtuction
leadtime, and the scarp reduction are some of the key advantages of the technology.

The productivity rate of the SLM processaslimiting factor for the industrial spread of the technology; however,
increasing productivity can lead to procasstabilities that can jeopardize the mechanical properties of the component,
particularly infatigue strength. SLM machine manufactsravercamethis issue by introducing additional laser beams
within the same machinwith thedrawba& of laser interaébns and uniformityssuesHowever,recent SLM machines
featuringa higher laser power, typically 500W, allow expiog process parametespecifically devised to increase
process build ratewith a significant cost reduction

The SLM process parametélaser power, scan speed, layer thickness, hatch distandegineg temperature, scanning
strategy) and the subsequent heat treatment (stress relieving and @gin@ fundamental role in the fatigue
performances of the componefij 4]. However, the entanglemeamong themulti-scale and intrinsically unstable
phenomena typical of the SLM procesakes a process parameters optimization procedasised on theomponetis
surface finish and strength requiremergsll an open issye[5i 10]. The present workaims to contribute tothe
understandingf the effects on the static andifate response of process parametdnh significantly enhanc&LM

productivity.
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Nomenclature

AM Additive Manufacturing P laser power
BD SLM build direction p* normalized laser power
FE Finite Element p pitch between roughness valleys
HCF High Cycle Fatigue R stress ratio
OM OpticalMicroscope Ra profile aithmetical mean deviation
SEM Scanning Electron Microscope Rz maximum height of the profile
SLM Selective Laser Melting Y minimum meltpool radius
@160 Murakami roughneggsarameter r predicted meltpool radius
%EL percent elongation S ultimate strength
AO, Al, A2 set of process parameters S yield strength
A meltpool aspect ratio v} variance of log(N) normal distribution
AX general name oAQ, Al, A2 sets Ca stress amplitude
V] thermal diffusivity Cle experimental fatigue strength
Br SLM build rate Chy predicted atigue strength
b materialmeanstress sensitivity T temperature
Eq energy density T scatter parameter
h hatch distance Tm meltingtemperature
k thermalconductivity To reference temperature
ki stress concentration factor t layer thickness
m SN curve slope UE uniform elongation
I meltpool length V* normalized scan velocity
e laser absorptivity v laser scan velocity

Two sets of productivipriented process parameters were defined on the balsesarfalytical model proposed by Moda,
[11,12] which allows defininga process feasible regidhroughfirst-order correlatioabetweerthe process paramese
and theboundarieslescribing the occurrence of the principal defects characterizing the SLM technology, namely lack of
fusion or meltpool instability13] The proposed senhancd the SLM build rateby 30 to 50%while preserving safety
margin on thdeasible region boundaries

Local defectscaused by the SLM technology are welbkn to bethe governing factors of the material fatigue strength,
namely lack of fusion, pores, and hot tearing cracks caused by the thermally induced residual [difiéd6és
Furthermore, ¥ploiting the potential of th&M means creating compleshaped components that are not subjected to
further machining processes, at least on themating surfaces or on the internal sn# is thus crucial to assess the
fatigue behavior of specimeffisaturing the poor aBuilt surface finish, characterized by irregular profile valleys and
surface defectsThe behavior of materials containing defects has been explained by Murakamhaewedshat the
fatigue limit is the threshold stress for apropagation of the small cracksnanatingrom the initial defects[17i 19].

This approach has been successfully extendiedabdefects introduced by SL15,16,20 23]. Howeverwhen dealing

with surface roughness, the interaction betwgenfile valleys could play a significant roia reducing the stress
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concentration caused by a single vallag.pointed ouby the work ofMurakamij [17,24] the surface roughnesffects
can be analyzedby consideringthe roughness valleyas periodic cracksn terms of thg®d 1 Q2 parameter which
includes the effects of tHeeightand pitchof the roughness valleyld 7].

In the presenivork, the static mechanical properties and & behavior of Inconer18 cylindrical specimengrinted
by employingfour sets of SLM process parameterstandardgsetand three proddivity -oriented oneswvere investigated
in the asbuilt and aged materiabndition andasbuilt surface conditionA FE modelincluding theeffective specimen
profile, wasset upto investigatehe stress concentration effects produced by the surfagalarities The fatigue strength
was finally correlated withthe surface roughneghroughthe approach developed by Murakami, obtainingetective

correlation betweethe fatigue strengthariationand they® 1 cQ2parameter

2. Material and Methods
2.1.SLM process parameters selection

The thermal field produced by the laser bessting on dlat surfacecan be modelelly considering theolution for a
steadystatepoint heat sourcenoving along a straight line with constant velocity on the flat surface of aistinite
solid with congant thermophysical properties t y pi cal | y s al U, §8 &88p dVRha shes framiaverk,
the work ofModa,[11,12], extended the Rosenthal solution to modetmgthermal field produced bthe SLM process
and successfully defined anaterialindependent process feasible region, dependimly on the principal process
parameters characterizing the SLM process (laser power, scan speed, layer thickness, hatch distance, substrate
temperature) and thmaterialthermal propertiedt represents a firstrder approximation, which neglects the effects of
non-constant thermal properties, actual heat distribution, boundary effects, and convective phenomena ioctgring
meltpool region, but provides an analytit@mulation catching thenacroscopieffects of the SLM procesf.3].
Consideringan Eulerian reference frame centered on the point heat soletbetmal fieldcanbe written as

i Y o men L 5 6 d o (1)

¢t Q_ cl

whereP is the laser powegthe laser absorptivitfin generadependent on the powdenemical composition angrain
size distributiol, v the scarvelocity, Uandk the thermal diffusivity and conductivity of tiselidified substratex, yand
zthe distance from the point heat souateng thecoordinate axes-ig. 1, andTy, the reference temperature far from the
heat source.If we consider theperimeter of themeling temperature Ty isothermsurfaceas the boundary of the
meltpool,which ismoving along a straight linat the scan laser velocitg prediction of the meltpol geometrycan be
obtained]12], asshown inFig. 1. Themeltpoolradius (), length (), and aspect raticX) can be thugvaluatedas
5 QY Y i
o - oo
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Fig. 1. Crosssectionatthe maximum width (agqnd top view(b) of the meltpool predicted for a single scan line

The minimum meltpool radiugY), necessary to avoid the formation of lack of fusion areas between adjacent scan lines

or layers can be definedn the basis of the hatch distarfband layer thicknes@):

5 (4)
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T

Thefour principal procesgarameters, namely laser powseanvelocity, hatch distancandlayer thicknesscan bethus

condensed i two dimensiohessparametersnamedinormalizedvelocityd (V*) andii n o r m g@dwere(R )d
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Oncethe material thermal propertiegar the solidus temperat29], and the material laser absorptivity for alaser
beam having the same characteristic leragtthe one employedn the SLM maching30,31] are known the model
allowsfor defining an SLM feasibility region namely a set ofombinations oP* andV* thatlead to anominally full -

dense materialThe SLM feasibility region for the Inconel 718 alloy is repentedn Fig. 2 by the greyhatched aredt

is lowerbounded byhelack of fusioncurve, where the predicted radiugs equal tathe minimum valug'y. The cashed
linesin Fig. 2 representmeltpool havingthe sameA;, which is known to bdinked to SLM process instabilt (i.e.,

humping andhot tearing crackg2,32,33] The keyhole region waextrapolated fronfiterature ded.

Two sets of | iterature process par amet er lsaselneaordainiogp nsi de
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the values suggested by Renishaw for the RenAMBRIO# machine (similar, in terms &* andV*, to the parameters
suggested by other mafacturers, i.€/6,34]); a productivityoriented one, adapted frof@ a nd n AGbe d A
Neglecting the fixed dwell time due to the recoater motion, the productivity of thep&iddsan besvaluated in terms
of the nominal melted volume per unittohe, namelythe process build rateBg):

6 000 (7
If we assumeo preserve the vertical resolution of the printing proceamelykeepinga constantayer thicknessthe
gain in productivitycanbe obtained by increasing ttsgan velocity and the hatch distanthe predicted SLM feasible
regionwas thus employed to developa sets of productivitoriented process parametansa meAdo fia A2d thdt
present a higheBr while complying with the lack of fusion and keyhole hadaies as shown inFig. 2. A 20% safety
margin to the occurrence lafck of fusionphenomenaexpressed atd ratio between the predicted meltpool radius and
the'Yvalueg wasimposed TheAl andA2 setsfeaturea higherA, thanthe ses adoptedn the recent literaturgespectively
8 and 10against a standard of As listed inTablel, compaed to thebaselinecase, the process productivity is increased
by 60%, 110%, and 120% for the AO, Al, and A2 sets, respectively.
The adopted process parameters are listddlatel1, along with the correspondirlg andenergy densityEg), which is

defined as
6

[ — 8

O (8)

For the sake of brevity, tHf&\00 ,Alof, A2oslefis arleO nwahreerd & common feature
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Fig. 2. Sdected process parameters within the SLM feasible region for the alloy Incondlitét8ture data frorfil2].

P v h t A Eq Br
w m/s em em - J/mne mmé/s ®
Baseline 280 0.9 90 60 5 57.6 4.9 -
A0 380 1.45 90 60 8 48.5 7.8 +61%
Al 460 1.25 135 60 8 45.4 10.1 +108%
A2 475 2 90 60 10 44.0 10.8 +122%

Tablel. SLM process parameter@ong withthe correspondingeltpool aspect ratifA;) andprocess build ratéBg).
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2.2. Specimen production

A standard Inconel 718 powder, provideyl Heraeus ElectriNite GmbH & Co. KG (Hanau, Germany), featuring a
chemical compositiosompliant withthe ASTM F3055 standatgroduced B Vacuum Inert Gas Atomization (VIGA),
andfeatuing a Particle Size Distribution (PSD) compriseithin the rangdd 3 €58 @100+ D90)was employed.
Specimens were produced use&enishaw RenAM 500E SLM machine, characterized by a maximum laser pbw
500w, installed in the fAMetal Addit i v.dheMsembaaimaodutation i n g o
parameters were set to haveoatinuousvave emission

Cylindrical pecimens were built in a vertical direction, namely wlith longitudinal direction aligned with the direction

of motion of the built plateApart from thebaselinecase, which employs the standard Renishaw contour strategy, the
parameterseported inTable1 wereadoptedor bothhatching and contour regiams stripe scanning strategydalayer
rotation of 67°were employed for the hatching regjamhile astandard contour scanning patas usedor the outer
region All the specimens were printed within a unique batch, wihedeuild plate was heated at 17Qt€ minimize the
residual stressesnd tle processchambermwasfilled with gas argon, reaching an oxygen concentration lower than 7
ppmw, which guarantee® avoidoxidation phenomenaNo distortion was found in the specimens after removal from
the builtplate

Specimens producelly using thebaselineand A2 sets weresubjected tathe aging heat treatmentt was useda
Nabertherm LH/120urnace featuringa protective gas bgxontinuouslyflushed with gas argoto preventoxidation

and a controlled cooling apparatus agreement with the AMS 5663 standard and the literature [8&§athe heat
treatment icomposedf solution treatment (980 °C, 1fbllowed by afurnaceforcedcoolingto 50°Q anda double

aging (720 °C, 8 Hfurnace cooling at 55 °C/h to 620;°€h/aircooling).

2.3. Static mechanical tests

Tensile tests were carried out at room temperature on an MTStsatralic machine having a load capacity of 50 kN,
equipped with an extensometer featuring a gauge length of 10 mm (MTS 28R The tests were donwith
displacement control of 005 mm/s, corresponding ta strain rate oboutlA 1* €. A roundspecimen was employed,

designed ircompliance with the ASTM E&6 standard@ndhaving a gauge diameter ®mm. To investigate the SLM

process repeatability, at le&specimens, printed in various locations on the build plate, were festedchset The

specimens were tested in thetaslt surface conditonT he speci mends di nr@B8&j.ons are r
Vickers hardness measurements were carried gulishedsamples exéictedin thetransverse direction from tiyauge

length of untested specimemsnploying a Mitutoyo AVKC1 hardness testand imposing #ad of 10kg and a loading

time of 10s. Hardness was measured both in the inner and outer regions of the specimen, keeping cf diskease

2.5 and 3 times the indentation diagof@m the specimen contowand adjacent measurements, respectively, in
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agreement with thesO 6507standard.

2.4. Fatigue tests

HCF tests were carried out at room temperature in an axial loading configuna@®UMUL Mikrotron resonant testing

machine, withel oad r ati o ( R) o fbaglin®det, in therabuilt imaterial eosdétionlwdd ratios ef i

0.4 and-1were investigated as wellhe test frequency was monitored to detect the macroscopic crack propagation phase

by exploiting the consequent specimen stiffness redu@ipedémens were tested in tlseirfaceasbuilt condition.

A roundspecimerwas adoptediesigned in complianceith the ASTM E466 standa@hd featuringa uniform diameter

along the gauge lengthig. 3 (b). It allowshavinga wide isestressedegionexposed to the surface amicrostructural

defects and thusmaximizesther effects on the fatigue respon3ée load applied to each specimen was defined based

on the effective gauge dimension. Tineasurement uncertainty wa® 81 mm, which, combined with the load cell

accuracyleadsto a maximum error af% on the applied stress.

The fatigue data obtained were preseime®N diagramsalongwith fitting lines corresponding to a 50% probability of

failure, scatter bands at 97.5 and 2.5 probability of failure with a confidemekof 90%,[36], andconfidence bands

calculated in compliance witihe ASTM E739 and ISO 12107 standarfise scatter index of the-[$ curves, T,s was

defined as
P 3 b N
Y 3'A p P

©)

wherek is the coefficient of th@nesided tolerance limitorresponding t@ 97.5% probability of failure and a 0.9

confidence level{l is thestandard deviation of the logarithmic fatigue lfermally distributedl andm is the inverse

slope of the fitting line. The fatigue strength was defined as the value calculated from tlittir® line at 1 million

cycles to failure, and, unless otherwise specified, it refers to the stress amplitudéyalue
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Fig. 3. Specimen employed in thensile (a) antHCF (b) tests Dimensions in millimeters.

2.5. Microstructural and fractographical analysis

M12x 1

Microstructural investigations were carried out both in longitudinal and transverse directions. Specimenspaezd pr

followingthe ASTME311 st andard and were

etched

wi t h

Kal,[Bll.ngds

Specimen porosity was investigatbéy Optical Microscope (OM}through sections extracted both ihe specimen

longitudinal and transversal directions, nanmedyallel or orthogonal to the building directidrhe material density and
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theporesize and shape distributiovere measuredsing the software Imagd38]. At least20 sectionsextracted from
the gauge length of different specimevereinvestigatecer each process parameters set.

Fradographic investigations were carried out by egemicroscope and Scanning Electron MicrossdSEM), FEI
Quanta 450 FEEGSEM equipped with an EDX spectrometer Bruker QUANTAX XFlash Detector BfjitOsame samples
were successivelgnalyzed troughmetallaraphic inspectionsvith sectiors parallel to he specimers longitudinal(z)
direction to observe therack propagation path and investigatephesence of nepropagating crackwithin its gauge

length.

2.6. Surface roughness measurement amahalysis

The surface roughness was measumnetthe specimed ®ngitudinal directionby extractingthe specimen profile from
metallographicsectionsFig. 4 (a), to doservein detail the surface irregularitiegar the valley apext was considered

the angular position corresponding to the plane containing the fatigue crackSamsples werpreparedsin the case

of themicrostructurabnalysesandexamined byOM with a 10x magnification factor. The images were thus elaborated
using the software Imageds shown irFig. 4 (a) and (b) A Matlab® routine wasdevelgpedto calculate the roughness
valuesaccording to the ISO standard 4287:1988 the length of the sampled profiles was equal taxh8and they
were extracted only from the specimen gauge leitgthn be assumed that the contribution due to longwawpaoents

of the specimen profile is rejectelbout 50sampling lengthper process parametexstwere considered.

To validate this strategyhés ur f ace roughness i n t hewasprlennariymeasu@bylaongi t |
profilometer, Jenoptik Waveline W812Rising a stylus having a tip radius2m. To reject the spurious roughness due
to powder particles partially bonded to the surface, roughness prnofilee measured eightangularpositionsfor each
specimenspacedby 45°. The average value among tsig smoother profilesvas consideredrhe sampling length was
defined according to th&O standard 4281998

The extracted profile was also employtedset upan FE model featuring the actual specirsarface profileUnder the
hypothesis o uniform profile in the specimen hoop directiarZD axisymmetric model waset upimposing a uniform
tensilepressureand on the opposite side a null axiisplacemen at a distance greater than 5 times the specimen diameter
from the investigated regiofjg. 4 (c). High-order2D 6-nodestriangularelementsvere employed in theuter region,

Fig. 5 (d), whose minimum sizbad been defined througlmesh convergence analysifie peak stresgactesa platau
regionfor an éement size 00.002mm, resulting inrabout 2 million DOFgFig. 4 (e). A coarser mestbased omigh-order

2D 8-nodegqquadrilaterablementswas employed for the inner regidfor both regionsa pure displacemefdrmulation

was employedA homogeneous, isotropistressfree andlinear elastic materialvas assumedroungd snoduluswas
obtained fronthe tensile testsf thebaselinecase while a valueof 0.294 was assumed ftire Poisso® gatio [39,40]

Tenprofiles were examineplereach process parametset. The model was solved in Ansys Mechanical®.
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Fig.4. Surface roughness measurement and anal@ecimen profile (a)extracted profile (b), FE model

presentatiorfc), detail of the mesemployedn theouterregion ¢), andmesh convergence analysis (e).

3. Results and Discussion
3.1. Porosity and microstructural analysis

The baselineset resulted to produce an almost-fiding material, having a density of 99%, examinedboth from
sections extracted itne longitudinalandtransvesge direction, due to the presence of some sporadic posggnificant
increase in the dimension and frequency of the pgassobserved for thiex process parameterss shown in the sections
reported inFig. 5, leadingto a densty of 99.7% in the worst casdn Table2, the resulting material density is reported
along withthe observed pore area and there aspect to, defined aghe ratio of the major and minor axes of the
parti cl e 0 sThefreportedepdrarea bridsppcsrati@rethe average valsealculatecamongthe first 5 largest
pores of each set.

Some sporadic pores were pres@rthebaselinecasebut they arsmall diametet ess t han 50 em) and 1
that they arise from entrapped gas bubbles. On the other side, the pores preseékl anth®? cases arsignificantly
largerandmore elongatedAs the pores argparseand rarethe material densitig not significantly affectedut theycan
cause a significant stress concentratichese larger porearecausedy local instabilities of the meltpool, which create
locallack of fusionareasor cavities Due to meltpool perturbation arising from thigh velocity and aspect ratispme
portion of the meltpool region can solidify withdaging open to the molten material pd@hallerpores are frequent in
proximity to the specimen surfade, particular inthe A2 case,suggesting thaa key rolewas played by the process

parameters adopted for the specimen contdines adoption of specificontourparametersould minimize this problem
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Baseline AO Al A2
Section plane L T L T L T L T

Density, % 99.97+0.02 99.95+ 0.8 99.90+ 0.04 9989+ 0.03 99.84+0.1 99.79+0.06 99.71+0.1 99.88+ 0.07
Pore afe 80+200 1450+500 1500+600 1450+500 3700+800 2200+700 3400+800 1800+ 700
Pore aspect ratic 1.3+ 0.3 1.2+£0.2 18+06 16+0.5 20+06 2.1+ 04 23+08 2.0x07

Table2. Results of the prosity analysion longitudinal(L) and transversd[T) sections reported asneanvalue +

standard deviation.

1 mm

Fig. 5. Metallographic examinations in longitudinal direction:lfa¥eling (b) A0, (c) Al, (d) A2 process parameters set.

The microstructural analysshowed that the four sets pfocessparametersre pretty similar in terms of meltpool
geometriesand grainshapesFig. 6 (ab). As typical for a material produced b$LM, [41], segregation of micko
precipitatescan be observedear themeltpooledgesfevealing that, as predicted by the analytical model, the meltpool
dimension of thebaselineand Ax are similar. Columnar structuresriented along the build directignparallel to the
solidification thermal gradientand extending for several layezan be observeth both caseswithin the columnar
structuresregions characterized by small cuboidal particlesé®isNb), in solid solutionin the 9 matrix, andfine
columnar dendritestypical offast cooling rate$41], can be observed as wellhe principal difference between the
baselineand theAx cases was found to be the presesfcarger gasentrapped pores arack of fusionregionsdue to

local meltpool instabilitiesig. 6 (c), which nonethelessloes not affect the material featureshie surrounding region.

200 um

Fig. 6. Longitudinal sections observed by Q®lealing the raterialmicrostructureasbuilt condition baseline(a) and
A2(bandcketsKkal I i ngés |1 etchant
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3.2. Surface roughness

For all thetestedsets, lhe surface roughnesslues obtained by thextraction of the specimen profieerefound tobe
aligned with theprofilometer measurementswith the formerbeing constantlygreater The relative differencés
proportionalto the roughnesseight confirming the effectivity of the method the presence of steep and irregular
valleys Table3 reports thevalues of tharithmetical meanealiation of the assessed profilea], the maximum height
of the profilewithin a sampling lengtfRz), thelargest profile valley depthR{), and theroot mean squarealue of the
ordinate slopesRgm) measured by the profile investigatidrhe Ax ses markedly increase the surface roughnbssh

in terms of average and total height of the roughness pnofiieh aremore than doubled compared to baselinecase.
The measured values are in line viltle values reported theliterature for asbuilt surfaces[42].

In Fig. 7, the most irregular profile observed in theeselinecase is compared tgpical profiles observed in thx cases.
TheAxsetscause a strong irregularity of thmughness profilevhichbemmes markedlyjagged featuing deepand steep
valleys The preseted sections were etchéalreveal the meltpool boundaries and the traces of the SLM prércéiss.
case ofthe AO set,the surface undulatioarisesfrom irregulaities inthe meltpool dimensionsvhile in the A1 andA2
setsit appears thahemeltpool itself is less regular due to the increaseteading tosteeper valleys.

The pitch among two consecutive roughness valleysasured fronthe etracted profile,was foundto be strongly
affected by theSLM process parameters sdigy. 8. For the baseline conditioraluescomprised between 180m a n d
780¢ mnamely 3 to 13imes the layer thicknesareevenlydistributed, with a maximum frequenogar480 ¢ mas
shown inFig. 8 (). In the Ax cases, the specimen proffEaturesa superposition of two pattesnone featuringleeper
valleys at a longer pitch and owith manyshallow and less steep valleys at a finer pitdhichcharacterizes the jagged
surface profileFig. 8 (b-d). The more frequent valugoverned by the shallow irregularitieés comprised in the range

between18@ m andm36fBamely 3 to 6 times the adopted | ayer

Baseline A0 Al A2
Ra em 72 1313 17 £4 19+3
Rz em 42+9 73 +20 91 +26 95 +20
Rv,em 19+5 38+ 11 49+ 19 47+13
Rogg 032+003 042+004 041+0.04 0.48+0.06

Table3. Surface roughnegsmrametergeported in terms of meamluex standard deviation.
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Fig. 7. Surface roughness profildsaseline(a), A0 (b), Al (c), andA2 (d) process parameters set. Forlihselinecase
it was reported the worst case among the observed profitdle typicalpatterns are reported féix cases.

Fig. 8. Histogram of pitctbetween consecutive valleys of the roughness prdéi)daseline (b) A0, (c) Al, (d) A2 cases.

3.3. Static tests

The investigated setgere found to affect theensile behaviomainly in terms of elongation at fractu(®EL), which is
markedlylower for theAx sets while theyield and ultimate strengtivere foundto beslightly increasedas shown in
Fig. 9 (a) andTable4. Theprocesparametergnpacttheneckingand postneckingphass. While theuniform elongation
(UE), namely theengineeringstrain incorrespondenc®® the ultimate strength, is similar among baseling AOandAl
casesthe difference ariseBom the abruptfracture propagatiopresent in thédx casesIn the A2 case, the fracture
occurred befor¢ghe neckingresultingin lower ductility and ultimate strength.

The aging treatmeisignificantlyenhanced thstrength oboth thebaselineandA2 caseswith an increase of about 100%
and 50% for the yield andiltimate strengthagainsta marked ductility reductiorompared to the asuilt material
Fig. 9 (b). The aging treatmentlid not alterthe differences observed bewvethebaselineand A2 set while the yield
strengthof the A2 caseis slightly greater than thbaselineone, the elongation at fracturel@aver by about 50%as
reported inTable4. Due to the absence of necking, the ultimate strength resulted to be affedteatility reduction.

As shown in Fig. 10, the fracture surface is characterizedalmentral region almost orthogonal to the specimen loading
direction while the outer ring presents surfaces angled at about®t cupcone shape is more evident in teebuilt
specimensas typical for specimens with elevated ductiliyhile aged specimens showed a wider flat central reglos.

principal difference between thmselineand theAx specimens arises from the presence of pores and lack of fusion
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