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Abstract

Laserpowder bed fusion {PBF) additive manufacturing involves complex physics such
as heat transfer and molten metal flow, which have a significant influence on the final build quality.
In this study, transport phenomena based modeling istaggdvide a quantitative understanding
of complex molten pool transientk particular, a thredimensional (3D), transient numerical
model is developed for-PBF additive manufacturing by solving the governing partial differential
equations of mass, m@num and energy conservation. The individual powder particles are
resolved using the volume of fluid method (VOF) method with a fine mesh s&emof(thus at
mesascale). The powdeparticle arrangementncluding particle size distribution and packing
density are taken into account in placement of individual partcdésulated using discrete
element methadMoreover, the model considers Marangoni shear stress, an important driving
force for molten metdlow. The numerical model is useddaantitatively studyhe effect of laser
power, scanning speed, and powsleedistribution on the bead geometry dadnation of balling
defect

Keywords: Particle size distributigradditive manufacturing, voluma fluid, powder bed
fusion

1. Introduction

Laserpowder bed fusion L(-PBF) additive manufacturing involves complex physical
processesuch as beam absoapte heat transfer and molten metal flophase transformation,
and thermal stress and distortion; all these fadtdhsence the final build qualityand properties
[1,2]. Absorbed beam energy thepowder bed melts the particles and causes strong fluid flow in
themoltenpool which is driven by surface tensigradient (or Marangoni shestress)Because
of the highly dynamicfluid flow, theshapeof themoltenpool surface, which is a free surface,
constantlyevolving The above physics is similar to that in laser beam welding. However, the
powder particles in {PBF (as opposed to a solid metal in laser weldingyapdficantcomplexity
to the procesdn particular,the absorptancef laser beantdepends on particlaze distribution
andparticlearrangementor stackup). The weld pool shape as well as tleabtransfer and fluid
flow are alsosignificantly affected bylocal arrangement gfowder particles ithe powder bed
which can vary from location to locati@ueto randomness dhe particles size and distribution.

In other words,the heat dissipatiorcan becomeanisotropi¢ which in turn, can alter local
temperature gradient arfidid flow field.

Give the extremely wide length scabé L-PBF physicshumericalmodels ofL-PBF
processan be approximately divided into two groupse first group deals witbhenomena at



the engineering scale (e.g., mesh sim¢he order of 1 mm)For instancefinite element method
(FEM) based modelsare employed to describéhe evolution of temperature, stress and
displacementields during l-PBF[3,4]. Obviously, given the coarse mesh resolution, melting of
powder particles in individual tracks are not simulated in the FEM based models, although those
models can easily studhe global variation of temperatynesidual stress and distortionthe
entire part The second group comprises masale modelsapable of resolving individual
powderparticles (e.g., mesh sizenthe order of 1 pum)An exampleof such mesacale models is
thetwo dimensioal (2D) heat transfer and fluid flow model basedlattice Boltzmann method
(LBM) developed by Korner et dbr single layef5] and multiple layergl]. The free surface was
tracked using theolume of fluid method (VOF)'he 2D model was used treate grocess map
which showedthat the moltenpool characteristicsvere considerably affected by laser scanning
speed, beam power and powder packiegsity.Three dimensiongl3D) model based ohBM

was developed by Khairallah and Andergéhand by Gurtler et a[.7]. Consideration of particle
size distributiorand stackup varied from model to model from simple mesipe[7] to random
size distribution [5]. It is noted that LBMis a newer methodhan the conventional finite
difference/volume methotb solve the governing transport equatidegen at a mesh (cell) size
of 3um, the LBM iscomputationally demanding, whiclan easilyconsume on the ordef 10,000
CPU hours Moreover, itcan be difficult toconsidersome important temperature dependent
material properties such as surface tension gradient and visebgtycaninfluence heat transfer
and fluid flow behavior.

The present paparses two models in sequence. Thist model is a powder particle
packing model based on discrete element mettideM). It provides the particle staalp
information (e.g., locations and radii of individual particles). Such information is then input into
the second model, which ishégh resolutionbut computationally less demandjrgeat transfer
and fluid flowmodelbased on the finite difference method and VOiiis 3D transient model is
appliedto understandhe correlation of powdepacking characteristicprocess parametend
moltenpool dynamisto theresultant surface quali{g.g.,balling defecj.

2. Numerical modeling approach

2.1. Discreteslementmethodsimulation of powder packing

DEM is awell-establisheshumerical method thas capable osimulatingthe motionof a
large number oindividual particlesncluding contactnteractiors between particl/particles and
particles/wal. In the present study, a powder packing model is developed based on Yade, an open
saurce software package for DENFor brevity, only alient features of th®EM model are
describedelowand the detailareavailable inYade documentatiof8].

The powder particles are simplified @lssticspheres with different radandthe powder
containeris treated as rigid wall€€ach particle has six velocity components: three translational
and three rotational in the x, y and z axis of a Cartemardinate systenT.o efficiently track the
large number of contact interactiomdertz basedsoft-contactformula is usedvhich permitsa
finite overclosurdocally at the contact point between particles. Tioemalcontact force ishen
calculatedusingthe Hertz solution of force versus overclosditee tangential forces are calculated
using the Coulomb friction lawl’hese contact forces are summed together with the gravitational
force to obtain the total forces and moments exerting on a paftieesolution process in DEM
is the following. At each time step, the total forces and moments for individual particles are



calculated based on the procedure above. Next, the velaiieslculatedoy s ol vi ng Ne wt
second lawof motion Finally, theparticle positionsare updatedvith distances traveled (i.e.,
multiplication ofvelocitiesandtime step sizeand the calculation continues to the next time step.

To study the effect of particlsize on the molten pool dynamics, twearticle size
distributiors (PSDs) are considered, as shown in FigBbth PSDshavethe same rangef particle
radii from 10 Om ( mi ni mu(@hand {bpshov@positively $kewaedk i mu m)
PSD (abbreviated aBSDt) wi t h a mean radius of 12PSD e m atl
(abbreviated aBSD)wi t h a me an r, @espeécvalyAoshowd ii Fig (c) ePBD+
contains a higher fraction of small particlé®r example90% of the particles in PSbhave a
radiusless than 14 um, while that fraction is o886 in PSD.

The spherical particlensidered in the present DEM simulatesemade of INCONEL®
Alloy 718 (IN718), a nickel alloy with good higiemperature strength. The key material properties
forDEMincludeYoungo6s mo d u,land &ictien cdeicient Gereeen particles = Ar8.
the DEM simulation, a cloud of particles with thigenPSD is first generated inside a rectangular
box without any overclosure among particles. The particlesfdiedown onto thdloor of the
containing boxby gravityandeventuallysettled downin the DEM, the packed particlesethen
subject to a roller with a clearance of 50 um to create a nominallybthick layer.The positions
(i.e., X, y and z coordinateaid radii of the stabilized partickee then exporteand usedo define
the initial geometry in the subsequent heat transfer and fluid flow rdedetibed in the following
section
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cumulative size frequendpr the two PSDs in (a) and (b).



2.2 Governing equation®r heat transfer and fluid flow

The L-PBF processsimulationis preformedbased omumericalsolution ofmassenergy
and momentum conservation equations, which are givenns. (1) through (3), respectively.

Mass: D 1 (1)
Energy: — ®0 Q- 2 Y 2
Momentum: = ®® - 0 ® W Y "Y . (3)

wherewis molten metal velocityh is enthalpyt is time,} is fluid density,T is temperatureg-is

thermal conductivityP is hydrodynamic pressurejs viscosity, Qis gravitational acceleration in

z direction,b is coefficientof thermal expansigrand Trm is melting temperaturef material.In

Egns. (1) and (3), the fluid is assumed to be incompressible and Newtonian with laminar flow.
The position of molten pool surface is not knowpriori. The VOF method is used to

track the position and shape of the molten pool surface (free surfdtejolves a scalar

transportation equation for tvelume fraction of fluid in a celF) as:

VOF: — 280 T 4)

A cell is void wherF = 0, and completely occupied by the fluid wHer 1. When the
value of F is between 0 and 1, an interface between the fluid and void exists in the cell.

The conversation equations (1) through (4) are discretized and then solved using the
finite differerce methodn Flow-3D, a commercial computational fluid dynam{€&D) code
Details ofthe discretization and solution stepe available in the literatuf®,10].

2.3 Computational domain, boundary conditions and materials properties

Thetransiensimulation is performedia3 D comput ati on domain wit|
270 em (wi d&tmh) haas ghdwh $h Fig2. The domaircomprisesa 50-¢ nthick
layer ofpowder particles laying om90-¢ rrthick substrateThe reminder of the domainiistially
filled with void. The powder layer geometry is initialized using the results frompréhéous DEM
simulation. To maximize spatial resolution while reducing the total number of cells, biased
meshing is utilized wheretree sh si ze reduces conimihesubsttate! v fr
toward the substrate/powdkyerinterface. The meshzei s kept conspowdart 3 € n
layer and the void above it. The total number of cells48 million.
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Figure2: Schematic description of computational domain



The primary boundary condition for solving the enecgpservation equation is the heat
input from the scanning laser beam. The absorption of laser energy by the powder particles is
complex. To make the simulation tractable, a prescrisad flux boundary conditiobased on
Gaussian distribution isnposedon thetop surfaceof the powder layefl1]. For the molten metal
fluid flow, thetemperature dependesurface tensioand the resultar¥arangoni shear stssare
important driving force for both the molten metal convection and the evolution of free surface
shape In the present studyhe temperature dependency of surface tensioncluded with an
improved surface tension model available in F@RW/[9].

The temperature dependetitermas-physical propertiesof IN718 including density,
thermal conductivity, specific heat and liquid metal viscosity are plattéey. 3[9]. Additional
thermosphysicalpropertiesand L-PBF processing parameters are summarizdaiole 1[9].

Thermal Conductivity (erg/cm-g-K)

Tablel: Additional thermas-physical propertiesf IN718 andL-PBF processig parameters
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Figure3: Therma-physical properties of IN718otel erg = 10’ joules

Property and Parameters Value [units]
Liquidus 1608.15 [K]
Solidus 1523.15 [K]
Surface Tension 1882 [g/<]
e soe 015K
LaserBeam Spot Size 100[e m
LaserPower 150and200[W]
Scanning Speed 1.1and2.3[m/s]
PowderPackingDensity 38and45 [%]




As described previously, even for the fairly snt@inputational domain shown in Fig.
there are more than 1 million cells in order to acclyatsolve the individual particles. At this
level of resolution,the transient simulation o&bout 608microseconddong L-PBF takes
approximately 40 hourslock time to finish in a moderately powekfworkstation withintel®
Xeor® Processor E533&8nd4 GB RAM. Compared with thousands of CPU hours needed by
LBM, the present model based on finite difference methodvaig, incorporating temperature
dependent surface tension, is more computatiomdiigient Obviously, the current domain is
limited to simulating a single linear track of laser melting. To consider more corfgdex
scanning patterns and multilayers, the present modelnedd to bescaled upby utilizing
distributed memory paralleomputing in the futureNevertheless, the present model allows the
study ofthe correlation of powder packing characteristics, process paranstérapltenpool
dynamicgo theresultant surface qualityas discussed in the following.

3. Result anddiscussion

3.1 Stackup of powder particles with different PSDs

Fig. 4 plots a 3D view of the staakp of powder particles calculated using the DEM model
for those two different PSDs in Fig. 1. The spherical particles are colored babed espective
radii. As shown in Fig. @), the 50um-thick region filled with particles d?SD+ is made up with
two layers of small particles at the majority of locations. This is due to theftaogjenof smaller
particles in PSD+On the other hand, thregion filled with particles oPSD- is mostlymade up
with a single layer of largeparticles as shown in Fig.(#®). The packing density, defined as the
ratio of the occupied volume by the particles to the total volume enclosing all the particlestis ab
38% for both PSDs.
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Figure4: Stackup of sphericaparticles with different particle size distributiocalculated using
DEM: (a) PSD+containng a high fraction ofsmallerparticles and(b) PSD containinglarger
particles The radii are given in mm.

3.2.Fluid flow and molten pool shape

Fig. 5 plots the longitudinal section view (i.e., a section parallel to the laser travel direction)
of temperature and velocity fields in the molten pailime®5 5 £The temperatures are plotted
as color contours and the velocities as arrows. The magnitude of the velocity is represented by the
length of an arrowThe molten pool boundary is represented by the isothet®0&t 15K, which



is theliquidus temperature dN718. As shown to the right side of Fig. 5, a particle is partially
melted into the molten podNear the molten pool surface, the molten metal is pulled from the
center location directly underneath the laser beam to the rear end of the pool. Sucittéonip
driven by thetemperaturalependent surface tensioin other words, the center directly
underneath the laser is heated to a higher temperature than the rear end. As a result, the surface
tension is lower in the center than the rear end, wihisles the molten metaflowing backward
near the surfac&uch backward flow is strong, resulting in an anticlockwise pattern as the molten
metal returns from the rear end to the center inside the pool. Moreover, some of the molten metal
pushed to the badlows radially andreturnsback to the front

The backward flow of molten metal near the pool surface produces a surface profile that is
depressed underneath the laser beam while it forms a hump toward the rear end of the pool. As
discussed in thiollowing section, the humped shape can lead to the formation of balling.

Temp.(K)
736 954 1172 1390 1608

Beam Travel
Direction

-
N

—
2.0mls

Figure 5: Longitudinal section view of heat transfer and fluid flanvthe molten pool. The
parameters argcanningspeed= 1.1m/slaserpower= 150W, packing density 45% andPSDt.

3.3. Formation of balling defect

Balling is a defect that can occur when the molten pool becomes discontinuous and breaks
into separated islanddsing the heat transfer and fluid flow model, it is quantitatively stuithed
effect ofvarious parameters, which incluB&D, scanning speed, laser beam power and powder
packingdensity on theformation of balling defect in{PBF. The resultare describedsfollows.

3.3.1. Effect of particle sizelistribution

A 3D view ofthe molten pool temperature field for the two different PSDs is shotigin
6. For clarify, the fluid velocities are not plotted. For either PSD, the molten pool is continuous
and the balling defect does ratcur. On the other hanthe molterpool shag appears smoother
for the case witlPSDt in Fig. 6(a)than that with PSBin Fig. 6(b).As discussed previously,
PSD+ contains &rgefraction of smalkr particles.For the same laser energy, smaller particles
are mordikely to bemelted completely dui® their smaller volume/mass, whereas lapggeticles
are more likelyto bepartially melted.As a resultthe molten pool formed by partially melted,
large particles creates a more corrugagdde.This observeceffect of PSDfrom the simulation
resultsis consistent with the literature data that smaller particles can help reduce the surface
roughnes$12,13]
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Figure6: Calculated temperature fields showing the molten pool profile for (a) PSD+ and (b) PSD
The parameters aseanningspeed =1.1 m/s laser power 200W, andpowder packing density =
38%

3.3.2. Effect of scanning speed

A faster scaming speed without defects is alwagesirablefor higher productivity.
Howeverif the scanningspeed is too high, the molten pool may become so elongated that it can
break into separate islands. Such formation of batlefgctis illustrated in Fig. 7, for which the
processing conditions are the same as those for Fig. 6(a) except Huarthimgpeed is increased
to 2.3 m/s from 1.1 m/s. As shown in this figure, there is a very shallow melting of the substrate
due to théhigh scanning speexhdtheresultant low heat input per unit lengtim&l disconnected
islands (oballs) are formedn thetrailing end of the molten podbuch separate islands at the fast
scaming speed are in contrast to the continuous, smooth molten pool at the slmingspeed
shown in Fig. 6(a)
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Figure7: (a) 3D view and (b) 2Dongitudinal section vievaf moltenpool for the fast scamng
speed at 2.3 m/s. All other conditions, i.e., laser pow2dGW, powdepackingdensity= 38%,
andPSD+, are the same as those in Fig. 6(a).

A mechanism for forminghe disconnected balis high speedaser melting is attributed
to theRayleigh instabilityf14]. In particular, it states thaté instability is initiated when the length
to width ratio othemolterp o ol i s g r e aldser scanindgisperdncreased thmotteh e
pool length increaseshile the pool width would decrease slightly. Henttee length to width
ratio increasesvith fasterscanningspeed, which leads to a larger instabil®ther factors for
formation of balling defect irL.-PBF include thelocal powderparticle arrangement, wetting,
Marangoni flow and gravit}s].

To further understand the formation of balling defect4iRRF,the transient evolution of
moltenpool profile is illustratedin Fig. 8.As shown in this series of images, the primary molten



pool directly underneath the laser beam is not stable and the rear end quickly breaks apart from
the front to form a separate islartdis interestingto observehat theseparation initiategom a

void in the middle of the molten pool, as shown in E(E). This void expands as the laser
continues to travel forward, eventually breaking the molten pool into two parts, as shown in Fig.
8(e) and 8(f).The formation of void and its expansion are likely caused by the strong backward
flow driven by the surfaetension described previouslhe length to width ratidor the molten

pool shown in Fig. 8 approximately 2.3which is lower than the threshold ratio fayleigh
instability. This indicates that the relatively low packing density (when comparesiaicda could
increase the likeliness of forming the balling defect.
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Figure8: Evolution ofmolten pool profile illustrating the formation of balling defect
3.3.3. Effect of laser power

From the perspective of heat input peit length, a faster travel speed is equivalent to a
lower laser powerTo examine the effect of lowering the laser power on the formation of balling
defect,alaser poweof 150Wis consideredvhile all other conditions are kefite same as those
in Fig. 6(a).As shown inFig. 9, a reduction in the laser power indeed results discontinuous
molten pool andhe formation of balling defecDn the contrarya higher laser power is desirable
to minimize the balling defect when faster travel speedésluHowever, the literature data has
shown an overlhighlaserpowercan worsen theurfacdinish [13]. The effect of high laser power
on surface roughness will be the subject of a future study.
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Figure9: (a) 3D view and (b) 2D longitudinal section vieivmoltenpool for the low lasepower
of 150 W. All other conditions, i.e., scanning speddtm/s powdermackingdensity= 38%,and
PSD+, are the same as those in Fig. 6(a).

3.3.4. Effect ofpackingdensity

The last factor to be examined is the powder packing density. Liteddtaiehas shown
that a igher powdepackingdensity is desirable to produce dense parts with better surface finish
[1,15]. Figure 10 shows the molten pool profile for a packing density of 45%. All other parameters
are the same as those in Fig. 9. As showiign 10 an increase in packing density from 38% to
45% eliminatesthe discontinuousmolten pool and produces smootler surface contourAs
discussed previously, the balling defect initiates from a void at the center of the molten pool (see
Fig. 8).Higher packing densitis expected toeduce thdormation of suchvoid due to a larger
mass tdill anynewvoid. In addition it is reported tharelatively lower packing density enhances
fluid convection especially in the downward directidiiven bygravity due to higher porosity
[16]. Such stronglownward fluid convectionan further increase thestability of themoltenpool,
resulting in formation oballing defect
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Figure10: (a) 3D view and (b) 2D longitudinal section vieivmoltenpool for the high powder
packing density of 45%. All other conditions, i.e., laser power = 150 W, scanning spdeoh/s
and PSD, are the same as those in Fig. 9.



4. Summary and conclusion

In summary, the 3D transiesimulation of heat transfer and fluid flow in-PBF is
conducted to provide a quantitative understanding of the effect of key processing parameters on
bead geometry arfdrmation of balling defecfThe 3D model solves the continuum conservation
eqguations at the meswale level with a mesh size of 3 unatcurately resolve individual powder
particles. The initial powder staalp is calculated using a DEM based model and inputted into the
3D model. Through the numeridalestigationof a variety of processing variables, the following
conclusions can be dxa:

1 A positively skewed particle size distribution containing a high fraction of smaller particles
results in amoothercontourof the melt poothan the negatively skewed one containing a
high fraction of larger particles

1 The formation of balling defédnitiates from a void at the center of the molten pool. As
the void expands, the molten pool breaks apart into separate islands.

1 A faster travel speedndlower laser power can increase the likeliness of forming the
balling defect.

1 In addition toRayleigh instabilitydesignatedy the length to width ratio of the molten
pool, thepowder particle arrangemefite., the powder packing densityas asignificant
effect on the formation of balling defect. A higher packing density is found to reduce the
likeliness of forming such defect.

Althoughonly a simple linear track is simulatgtie present model shows the importance of
powder level simulationn studyng the mesescale phenomena includimgolten poolsurface
profile and formation obalingdefect which are important attributes thfe final build quality
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