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Abstract: The spreading use otellular structures brings the need to speed up
manufacturing processes without deteriorating mechanical properties. By using Selective
Laser Melting(SLM) to produce cellular structures, the desighas totalfreedom in
defining part geometry and manufiagng is simplified. The paperinvestigatesthe
suitability of Selective Laser Meltinfpr manufactuing steelcellular lattice structures with
characteristic dimensions in the micrometer range. Alternative lattice topologies including
reinforcing bars irthe vertical direction alsere consideredThe selected lattice structure
topology is shown to be superior over other lattice structure designs considered in
literature. Compression testare carried outin orderto evaluatemechanical strength of
lattice strut specimengnadevia SLM. Compressive behavior of samplalsois simulated

by finite element analysiand numerical results are compared with experimental data in
order to assess the constitutive behavior of the lattice structure designs considered in this
study.Experimental data show thatigpossible to buildssamplef relative densityn the

0.2456 0.4367 range Compressive strength charggalmost linearly with respect to
relative density which in turnsdependslinearly on the number of vertical reinforces.
Specific strengthncreass with cell andstrutedge sizeNumerical simulationsonfirm the

plastic nature of the instability phenomena that leads the cellular structures to collapse
under compression loading.
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1. Introduction

Layer manufacturing (LM) technologies produce 3D physical parts directly from CAD solid models.
Since 3D Systems Inc. introduced the first rapid prototyping (RP) system (stereolithography, SL) in
the late 1980s, many layer manufacturing technologies anstesyshavwe beendeveloped. These
technologies initially directed towards the production of prototypésve recently beenused to
fabricate tooling and functional pafts2].

Selective Laser Melting (SLM) is probably the most rapidly growing technique in RP and LM
technologies. This is due in most part to the possibility of creating metal parts with complex shape and
intrinsic engineeredharacteristis. Furthermore, SLM can @iuce parts whose mechanical properties
are comparable with those of componentade withtraditional processedMost SLM literature
focused on the optimization of thtechnologicaprocess to obtain almost full density of parts and good
mechanical prope#s of the bulk materiaksee, for examplg2,3]).

More recently,the use of SLMhas been extended to the fabrication of -ewnsity lattice
structures4i 20]. Reinhartet al.[5] showed that additive layer manufacturigtails manyadvantages
in the production of lightweight components. Thisility derives from the large freedom in terms of
geometry that an beachieved with resped¢b conventional manufacturing processésnsequently,
theefficient utilizationof materialallows good lightweidnt components$o be designed

Smith et al. [6] investigated the quassktatic and blast response of 316L irdizss steel
lattice structures. In particular, thepmparedthe compressiorbehavia of a body-centered cubic
(BCC) structureand a similar structurecludingvertical pillars (BCCZ) built by SLMIt appearghat
adding a vertical strunto the BCC structurgields drastic improvemestn mechanical properties of
the structure.

Shenet al. [7] manufacturedBCC octahedral andBCCZ pillaroctahedral SLMmicro-lattice
structures to besal in the design osandwich strutore materialsTensile tests performed on these
parts showed thahechanicaproperties do not vary significantly over the rangdatiricatedangles
consideredn the study Compression testdoneon blocksshowedthat micrelattice structures can
absorbhigh energydue tothe formation of plastic hinges at the junction points within the structure.

Cellular metal structures (CMS) have become widely diffused in lightweight structure constructions
because fotheir excellent characteristics such as low density, high specific strength against compressi
high bending stiffness, good absorption of enegpod thermal and acoustic properfigs The most
relevant applications of CMS are in the fields of thermotechics,heat exchangers), reconstructive
surgery, chemical industry, automotive constructions and aerospace industry.

The increasing demdnof CMS for engineering applications has led to develop a relevant number
of fabrication processes. From this stand point, cellular materials can be classified in terms of
variability in cell size ie., regular or stochasticYppology of pores(i.e., open or closed), relative
density of structurend cell size. However, manufacturing processes currently available for cellular
materials do not allow part mesostructure, material composition and part macrostructure to be fully
controlled [9].
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Stochasticellular structures such as foams are very suitablegigr particularsurface applications,
acoustic insulationfurthermore, theyan absorb considerable amount of eng¢&fy. Metalic foams
are currently studied with a great deal of interest because of their very low déhs#g. materials can
be produced with either closedr opencell structure. Fairly regular cell arrangements are obtained in
structures including hollow sphesewhich are often called syntactic foams. However, the main
limitation of stochastic cellular structures is the lack or even the total absence of freedom left to the
designer in selecting cell structure topology.

Periodic structures such as honeycombkibice strut structureshavebetter mechanical properties
(energy absorption, strength and stiffness), carry higher loads and can better drive thernthhflows
stochastic cellular structureBor example structural performance of latticrut structues with less
than 5% density wagrovento beup tothree timeshigherthanthat of stochastic foamf22]. Sucha
largeimprovement in strength depends on the fact fibetn structural behavior is driven by cell wall
bending while latticestrutelementsmay besubjectonly to tension or compressian the direction of
the element axisFor this reason, lattice materials received more attention than foams. However,
manufacturing processestill are fairly complicatedhus limiting the applications of theséams in
terms of freeform design arsglection oimaterias.

Lattice strutcore structures, like pyramidal or tetrahedral structures, are usually made of
highly-ductile alloys. A folding process can be utilized to bend elongated hexagonal (tetraktédeal |
stru) or rhomboidal (pyramidal latticetru) shee$ in order to create a single laystrut lattice.
Folding can be realized node row by node row by means of a paired punch and die tool with sheets
folded so to form regular tetrahedrons. Cores m@yonded to facesheets by conventional methods
such as brazing or laser welding.

The continuously growing number of applications of cellular structowebed towards increasing
the speedof manufacturing processeget without sacrificing mechanicgbroperties. Furthermore,
designers should be influenced the least as it is feasible by manufacturing constraints. Selective Lase
Melting, seenas a technological process to produce cellular structhasstheclearadvantage tdet
designes completdy free indefining part geometrghus making it possible to build very complicated
3D parts Furthermore, SLMcan allow the production cycle to be simplifies well as to improve
thermal management of the manufacturing pracess

In spite of the above mentiah@dvantages, technical literature doespresentmany systematic
investigatiors on propertiesof SLM-built lattice structureto assess relative merits of different cell
topologies in terms of relative density, thermal dissipation and mechatrieagth For this reason
thearticle presents @aomprehensivstudy on the performance wiicro-lattice structures fabricated via
SLM using18Ni Marage 300 powdeiThe choice of this material is dictated by its high suitability for
fabrication of injecton molding tools and inserts. In fact, SLM can directly create any kind of cellular
structure inside the part currently manufactured without requiring any additional manufacturing
operation and regardless of the complexity of the part. This ability twineneely useful in the
production of molding tools with complex external design and conformal cooling channels. By
adopting cellular type interiorgt is possible to significantly reduce the production cycles and
contribute to the thermal management & tholding procesf®]. Basic and enhandemicro-structure
topologies are considered. In particulaxperimental tests andinite elementsimulations are
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performed in order teaomparethe compressin behaviorof micro-lattice structuresand micro-lattice
structuregeinforcedby bars

2. Choice andDesignof Lattice Structures

In order to select the best wgitll topology, the most common design concgpitiar texile,
diamond lattice, diamond texile, kagome, pillar octahedral, square collivesg)canpared in terms
of relative density}, area density factob, Von Mises maximum stres$,, developed in the cell
structureand compressiorfailure load R. The relative densijyis defined as the ratio between the
volumeV g actually filled by the cell structur@nd thetotal volume \. enclosed by the cell. That is:

V

r = cell

v 1)
c
The area density factdris defined as the ratio dhe surface & of the cell filled volume to the

cell volume . That is:

b=yt @)
Compact heat exchangefCHE) are characterized by values bofgreater than 0.7 mffmm®. CHE
havesignificantly higher efficiency,smallervolume andowerweightthan traditional heat exchangers.
Faster heat exchange allowed by the much larger surface exposed to .flaidthermore CHE can
efficiently work at higher pressures areen verylow differencein temperature betwedrotand cold
fluids. Conversely, heat exchangdficiency of traditional heat exchangers rapidliiyops downif
temperature differenagoes below & [23,24]

Nonlinear finite element analysimcluding both material and geometric nonlineaitr example,
roughness was included as geometric nonlinearity in the FE model in fashion of surface waviness with
an amplitude corresponding to)Rwas utilized to determine the maximum Von Mises stress
developed in the celind the compression fare loadfor eachcell topology More details on FE
modeling will be given in Section 4.

Figure 1compares the most commonly used cell topology designs with respect to the four above
mentioned performance indicatogs b, vw@nd R). In order to carry out a realistic comparison, the
cell size (3 mm) and the thickness of single strut edge €At0Owere always the same for all of the
investigated topology concepts. Since struts with square cross section are selected, Sidluiles i
less triangles than in the case of circular cross sections and hence are smaller in size and more easi
manageable in the processing phase.

It can be seen from the table that the maximum stress developed in the cell is rather insensitive tc
cell geometry: in fact, the average value of maximum stress is 1108 MPa (about 90% of the ultimate
strength of the 18 Marage 300 material) with a standard deviation of only 8 MPa, that is less than 0.7%
of average stress.
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The square collinear concept has ltheest relative density overallé., 0.138) and the highest area
density factor (11.165 mifmm®). However, it has very small compressive strength. This suggested
that we shoulahot consider the square collinear concept for structural purposes.

Figure 1. Comparison of performance of the most common cell topologies.
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The best combination of properties is exhibited bypiliar texile conceptwhich is the second best
structurein termsof relative density (0.263s. 0.138) and area density factor (8.335 #mm vs.
11.165 mrymnT) and the best concept in terms of compressive strength (1509 N). The pillar
octahedrakoncept is quite similar to pillar texile in terms of mechanical strength but definitely less
efficient in terms of relative density and heat exchange properties.

The pillar texile latticestructure comprised of four verticstrutcolumns and four couples struts

inclined at+45° with respect to cell axes of symmetmashenceselectedFigure2 shows the unit cell
of the lattice structure chosen in this study.
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Figure 2. Schematic illustration of the pillar texile unit cell and main geometric dimensions.

The volume of the struts contained in the unit cell can be calculated as follows:
V, =(1+4/2)@ @? - (5+2/2) &3 ©)
where L is the length dhe base side of the unit celle(, the cell size) andlis thickness of the single
strutedge. Since the unit cell volun®V, = L*, therelative densitxan becomputed as follows:

V| (1+4/2)A G2 - (5+22) a8
r=<v.- 3 (4)
Ve L

3. SLM Setupand Material
3.1. SLMSetup

Selective Laser Melting (SLM) is a solid freeform fabrication process v@i2garts arebuilt layer
by layer. Each layer of powder molten by a high energy laser beafihe machine used in this
research to perform experimentgs equipped with a nanosecond Nd:YAG laser so(Ruin,
Germany)pumped by laser diodes, and a scanning he#d deflecting mirrors tadirect the laser
beam tevard the scanner head lens. The ftasan operate inboth continuous and pulse madtne
maximum poweils respectivelyl0O0 W and 20W. The continuous modes characterized by a laser
spot di amet e rthedidmeter®lthézasenspairthel pelse modes 7 0  ¢nrihis work
the catinuous mode was usedhe laser beam was directed onto the powder surface by means of
scanning mirrors in order to draw selectively every layer of the powder.

The powder deposition system (s#e schematic shown in Figu® consisted of a powder
platform, a working platform, and a coater, that deposited powder laygrghicknessof 30 pm in
only one direction. The powder chamber was filled with nitrogen to avoid oxidation of the parts and to
reduce the initial oxygen level at 0.8%.
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Figure 3. Schematic of the Selective Laser Melting equipment
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A previous study [25] showed that appropriate scanning patterns can yield an appreciable reduction
in thermal deformations. Therefore, in order to produce parts with low residual stresses, thartesey sc
strategy was optimized by dividing the part area in small square sectors (islands) of 5 mm x5 mm.
Furthermore, a random scanning sequence was chosen to melt each sector.

SLM process parameters were optimized drder to maximize the relative densit of the
manufactured partsThe scanning speed was set to 180/snamd the laser power to 100 Whis
allowed to obtairarelative density},) of manufactured partsp to 9%, an ultimate tensile strength
(UTS of 1133+ 33 MPa an average surfageughness (B of 15em, and ahardness of 31 HRC
These values are consistent with those fourj@]in

Information on the quality of the actual structofethe built layerscan be gathered frofigure 4
that shows a micrograplof a crosssectioncapturedoy an optical microscopat 100x magnification.

The metalpowder appears to be completely fused and there are molten/resolidified zones apgyoximat
of parabolic shapéBecause of the random scanning strategylaset tracks overlagpng, the resulting
structure is characterized bgry low porosity.

Figure 4. Micrographsof part crosssectional areaecordedat 100< magnification.
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3.2. Materials

In this work,the CL50WC powder(suppliedby Concept Laser GmhHsermany)with the typical
composition of maraging steels, reinforced with cobalt particles, was used. More specifically, the
composition of thepowder is very close to the N8 Marage 300 steel. The powder particles were
spherical wi t h aRigare 5a shews Sdarmieg EteétrondMicroscape images of the
powders. The chemical compositi@tudied bymeans oEnergy Dispersive Xay (EDX) analysisis
reported in Figuréb.

Figure 5. (a) SEM image of theCL50WC powder (1008 magnification);(b) Cheamical
composition othe powder.

Element Average
composition
Weight %
Mo 4.2
Ti 0.88
Fe 65.9
Co 10.2
Ni 18.8
C 0.02
(b)

The 18i Marage 300 steel has excellent mechanical properties, high yield stress and tensile
strength, high toughnesductility and impact strength, high fatigue limit, high compressive strength,
hardness and wear resistance (this property makes it very suitable for tool machining), excellent
characteristics after heat treatment, good machinability, high resistancekqxapagation, easy hot
or cold mading [26,27].

4. MechanicalCharacterization of the Micro -Lattice Structures

4.1. DesigrConcepts

Preliminary experiments were conducted in ordeagsesshe capacity of SLM process to create
lattice structures includingtrut elements as small as possibléne experiments served to find the
minimum dimensions of the lattice structure that allow cell geometry to be realized without defects.
Results showethat the minimum size dftrutedget must be 500 pm for the samples with cell size
L =2 mm, and 700 pn for the samples wlth= 3 mm, respectively.

A more detailed experimental campaigms then carried outin orderto compare two design
conceps. (i) DesignA with cell sizeL = 3 mm and size oftrutedget =7 0 O ; (8) rdesignB with
cell sizeL =2 mm and size o$trutedget =5 0 0 . @varall dnensions(D) for designsA and B,
respectively, g 24x 24 x 15 mn? and 16 x 16 x 16 mnft. Relative densityis 0.2456for design A
while design B has a relative density of 0.3562.

Besides the base designs A and B that reproduce the pillar texile topology, other samples, always
with cell sizes of 2 or 3 mm, were studiethese samples, shown inghkre 6, included vertical
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reinforcements to improve the overall stiffness of the structure. The dimensions of theectaszal

area of vertical struts are equal to those of the cell size. Samples 2 and 5 represent structures reinforce
only at the fourcorners. Samples 3 and 6 represent structures reinforced at the four corners and at the
centers of the diagonals. The values of relative density, cell size and edge size of strut also are
indicated in the figure.

Figure 6. Schematic of optimized and altative cell topologiesincluding vertical
reinforcements.

Design A Design B
Sample 1 W0 Sample 4
L=3mm L=2mm
t=700 pmn t=500 pn
, 4 =0.2456 } =0.3562
' Reinforcements: none sy Pa gt s v Reinforcements: none
D = 24x 24x 15 mn? : Juar D=16x% 16x 16 mnt
Sample2 Sample 5
L=3mm L=2mm
t=700 pn t=500 pn
} =0.2927 } =0.3965
Reinforcements: 4 " o Reinforcements: 4
D = 24x 24x 15 mn? HEAIAD, ] D =16x 16x 16 mn?
Sample 3 Sample 6
L=3mm L=2mm
t=700 pum t=500 pm
} =0.3399 } =0.4367
Reinforcements: 8 ".:_' Reinforcements: 8
D = 24x 24x 15 mn? D=16x 16x 16 mnt

Figure 6 shows that the relative density of samples changes between 0.2456 and 0.4367. As
expected, the introduction of reinforces leads to increase relative density.

4.2. Compressiorests

Figure7ai c shows design Atypesamples 1, 2 and 3 manufactured by SIEure7di f shows the
correspondingdeformedspecimens Similar images were obtained for design B type samples and
hence are omitted for the sake of brevitypical collapsenodes of struts are shown, for example, in
Figure Q: in particular, this detailed view shows elements located near reinforcement columns.

The six cell variants considered in this study were all tested under uniaxial compression.
Mechanical tests were perimed under displacement control with a Instron 4467 machine equipped
with a 250 kN load cell; enrdhortening was supplied to the specimen by setting compression speed to
0.5 mm/min.Five specimens were built and tested for each design variant to olaasticstly
significant results. The test protocol was selected according to the collapse mode most likely to occur
for the present structures that somehow resemble-agefoams. Following the theory reported in the
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classical textbook by Gere and Timesko [28], if the lattice structure is made of a material with
positive strain hardening rate, it starts to plastically deform and keeps to withstand increasing levels of
stress due to the hardening of the struts that eventually collapse by plasticduokiiiew of this, in

the present study, samples were loaded up to the limit of inelastic buckling and compression tests were
terminated at 2.5 mm efghorteningStrut collapse modes observed experimentally (see, for example,
the detailed view ifrigure7g) are consistent with the theoretical collapse behavior described above.

Figure 7. Samples 1, 2 and 3 built by SLND¢signA specimenk (a) Base structure;
(b) Structure with 4 reinforcement columr(s) Structue with 8 reinforcement columns;
(d) Deformed base structuré) Deformed 4column reinforced structurgf) Deformed
8-column reinforced structure(g) Typical collapse mode of struts observed in the
experiments

Figure8a,b shows the load-displacemeristressstraincurves respectivelyfor design A and Bype
samples Following literature, the stress was determined as the ratio between the applied load
measured by the load calhd thenominalcrosssection of the specimen; strain was determined as the
ratio between the easured shortening ambminal height of the specimehe inelastic buckling
limit load corresponsito the peak force recorded in the ledidplacement curvesée kgure 8). Values
of stress and straiderived fromthe load-displacementcurves recorded experimentally also are
reported in the figureSince he statistical dispersion @&xperimental data gathered for each design
variantwas within£5%, the relative behavior of different samples be reliably assessdtbm the
curves shown in gure8.

Figure 8 demonstrateghat by introducing the vertical reinforcemerit®., for design A type
specimens, going from Sample 1 to Sample 3, and from Sample 4 to Sample 6 for design B type
specimensit is possible to increase the load carrying capability of the rléttice trussstructure by a
factoralmost equal t@. Remarkably, th sameaesultwasachieved independently of cell dimensions.
Although the higher load carrying capabilgptailedheavier cell structurest should be noted thaty
adding reinforcement strutato the cell structurehe specific strength of the structuranincrease
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moresignificantly. In fact,while relative densitypecameonly 38.3% or 22.6%igherthan forthe kase
(i.e., unreinforced) structureespectively, for design A and ®mplesthe load carrying capabilitgf
the cell structurevenincreased by %o 80% (seeFigure8 andpeak strength valudisted in Tablel).

Figure 8. Loaddisplacement curves for design A type sampbsafpd design B type
samplesh).
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Table 1. Comparison oftrength peaks measured experimentally and computed by FE analysis.

Peak strength [MPa]

Sample Experiments FET MELAS FEi MISO
1 206.0 195.7 2111
2 285.6 266.7 280.3
3 351.8 327.3 341.4
4 97.0 104.4 117.4
5 130.6 136.0 147.4
6 175.4 163.7 174.4

Stress peak values change almost linearly with relative dettstgorrelation coefficient computed
for the linear fitting is 0.9964 an@.9917, respectively, for designs A and B specim&wh a
behavior was seen for all design variants. Maximum stress values recorded for desige A
specimens are just 10% different fraimeir counterpart fordesign B. Therefore,design Atype
specimenaindergo the same level of stressdesign Bype specimens but therelative densitys on
average 30% lower than for design B

In summary,designA allows the specific strengthof the microcell structureto be significantly
increasedvith respect talesign B This can be explained by considering that cell failure is driven by
buckling. This phenomenon depends on the thickness and lengthstrfutedemens of which the cell
structure is comprisedtrutsincluded indesignA type samples are 1.dmes thicker thamn the case
of thesampledalling in thedesignB class(i.e., 700em vs.500em) but also 1.5 times longer théor
designB type specimengi.e, 3 mmvs.2 mm). The increasing buckling strength with thickness
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(strengthchangesapproximatelyas the fourth powelrof thickness[29]) is more significant than the
reduction of buckling strength introduced by theesence ofonger strut elemens (buckling load
changes quadratically with length).

The plastic nature of the failumeechanisms observed in the experimental isstenfirmed bythe
fact that the plastic plategquresent in the loadisplacement curvess less pronounced for design A
type specimensFurthermorefor a given specimen typéhe platealbecomes less sigmtant as the
number of reinforcement columns included in the cellular structure increlaaiste begins to
develop locally in correspondence of the vertical beams that mostly carry the compressive load. As the
peak load is reached, diffuse plasticizatodrthe material occurs and finally structure crushes down.

4.3. Finite Element Analysis

Compression testcarried out forthe six cell variantswere simulated by means of the general
purpose finite element code ANSYSFE analysis was basically aimed at assessing the overall
constitutive behavior of the miciell structures considered in this study. For that purpthse,
Multilinear Elastic (MELAS) and Multilinear Isotropic Hardening (MIS@)odels available in
ANSYS were comparedFigure 9 shows the stresstrain data given in input to the finite element
model. These data were obtained from experimertaipressiortests independently carried out on
18Ni Marage 300specimendollowing the ASTM standard EO9 [30] The MISO curve envelopes
the ascending branch of the MELAS curve.

Figure 9. Stressstrain curves corresponding to MELAS and MI8@tions utilized inthe
finite elemensimulations to modehe nonlirear constitutive behavior of l8Marage 300

1600 —
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The MELAS modelis path independerds it assumge unloading to occur along the same path as
loading. Constitutive behavior is described by a pieagise linear stresstrain curve with no
hysteresisThe MISO model uses the vitises yield criteron coupled with isropic work hardening
Constitutivebehavia is described by a multilinear stressain curvewhoseinitial slopecorresponds
to theY o u nmodlidus of the material. This modsbrks wellfor large strain cyclingThe MELAS
modelis in generalmuch more accurate than the Hookean model but male$® accurate thathme
MISO modelas the latter accounts for plastic deformatiandconsides the hardenig causedy the
deformation fiéd imposed to the structure
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FE element modsl developedfor each of the six design varianigere meshedvith 12-node
pyramidalsolid elementsThe proper element size wsslectecn the basis o& convergence analysis
carried out in ordeto obtain mesh independent solutioRE models includedn average 19@00
elements and 40800 nodes. For exampld&igure 10 shows the3D model of the structure geometry
defined in ANSYSand thecorrespondindinite elemenimesh.

Figure 10. (a) 3D modelof the pillar texilemicro-cellular structure defined in ANSY;S
(b) Finite element rashof the 3D model.
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The following kinematicboundary conditionsvere considere@see Figurel0): the bottom surface
of the model cannot displace whileetop surfacecan only move along theerticaldirection.

It should be noted that FE analyses were carried out on 3D CAD ntioaletproduedthe theoretical
cell structure. Geometric errorsnade in the SLM processith respect to 3D CAD models weabwvays
smallerthan6%. It was assumed that distortions/errors on cell geometry contribute by the same extent to
the global error measured on the external surface of the built sampeder to assess the effecttioése
geometric errordn the stress/strain distrilorts predicted by FE analysis a fAdi st ort edo
model including geometric errors was developed. Remarkably, differences in structural response with
respect td-E modes reproducingheoreticaktructures werealwaysfound to be less than 2%.

Porosities and surface roughnedsomay affect the mechanical responsedhaf cellular structure.
However, sincen the present casgmost full density parts weraanufactured via SLMherewas no
need to include porosity effects in the numerical amalyss far as it concerns surface roughness, the
average ratio of roughnesg ® cell size was about 0.0Zbe., 15 em with respect to 500 or 7G0n
cell sizg. Roughness was included ageometric nonlinearity in the FE model in fashion of surface
waviness with an amplitude corresponding to Rfferences in structural response with respect to the
theoretical CAD model wergtill smaller than 5%.

Since the mechanical response evaluated by ANSYS was always insensitive to geometric errors anc
roughness, having used theoretical 3D CAD models in FE computasiondeed reasonable. For
example Figure 11 shows the deformed shapes computed by ANSY8deign A type specimens. In
particular, the maps of displacement along the loading directien garallel to the height of
specimens) are presented. There is a very good agreement between numerical results and the deform
shapes obseed experimentayl (see Figure7dig). Similar results obtained for design B type
specimens will be omitted for the sake of brevity.
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Figure 11. Deformed shapes computed by ANSY@&) Specimen 1y(b) Specimen 2;

(c) Specimen 3.
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Table 1 comparé the values ofpeak strength determined from experiments and numerical
simulations as the ratio between the peak load and the-sgosenal areaf the specimenData
reported in the table confirm the good agreement between experiments and FE analysis.

Figure 12 compares the loadisplacement and strestain curves recorded experimentally with
those simulated by ANSY.SThe MISO model reproduces more accurately the experimentally
observed behavior of the design variants. In the lipealastic range, both models achieve perfect
correspondence with experimental results. The differdreteveenthe two modelsbecomes less
significantas the number ofeinforcementcolumns increasefsee also theorrespondingsalues of
peak strength repagtl in Tablel). Thisis becaus¢he presence of columns reducesribk of plastic
buckling Thereforenumericalresults ardully consistent with the experimental evidence of stradtur
failure driven by inelastic buckling phenomena.

Figure 12. Comparison of the loadisplacement and stresfain curves recorded

experimentally and simulated numericallig) Sample 1;(b) Sample 4; (c) Sample 2;
(d) Sample5; (e) Sample3; (f) Sample 6

Strain [mm/mm]

Strain [mm/mm]

0 0.04 0.08 0.12 0.16 0 0.04 0.08 0.12 0.16
| L 1 | | 1 | 1 | L 300
120 - 200 160
— 150 ‘'@ 120 —200 &
o a
£ 80 = = =
© w0 =] w0
g 10§ 8 80 g
- 5 - | 1005
40 — Sample 1 Sample 2
Experimental | 50 40— Experimental
----- MELAS Model || ----- MELAS Model | |
— — MISO Model — — MISO Model
0 —r—1 71—+ 110 0 —— 71— 71 10
0 0.5 1 1.5 2 2.5 0 1 1.5 2 2.5

Displacement [mm]

(b)

Displacement [mm]



Materials2013 6 3465

Figure 12. Cont.

However, the finite element models developed in this study mighiheo¢ssarilycapture the
unstable behavior caused syrface asperities sharpee( higher values of surface roughnetgn in
the present casés the compression load increassagrface asperities can locally collapse and the
loading cell can record lower load valueg ( the steps that are typically observed in the plastic piatea

5. Conclusions

This paper presentedcamprehensivstudy onfabricationand mechanical testingf 18Ni Marage
300 micro-lattice and reinforcednicro-lattice componentduilt by means ofSelective Laser Melting.
The pillar texile micro-lattice structurecomprised of four verticadtrut columns and four couples of
strutsinclined at+45° with respect taell axes of symmetrywasselected for being further developed
in the second phase of the study aedlizes the best copromise in term®f relative density, area
density, and mechanical strengtinongst the most commonly used mitatiice structures described
in literature.

SLM was found suitable for manufacturing lattice structures with characteristic dimensions in the
micrometer rangdthe minimum thickness ddtrut elements that form the delar structure can be



