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ARTICLE INFO ABSTRACT

Keywords: Laser powder-bed fusion (L-PBF) additive manufacturing is a complex process whereby a laser selectively
Additive manufacturing scans over layers of powder, inducing local melting and consolidation of solid metal. A key bottleneck issue
Modeling which prevents L-PBF from further industrial adoption is the low repeatability of the process across different

Microstructure structure

inty d der batches. T it d add the chall f tability, high-fidelit:
INCONEL 718 printers and powder batches. To explore and address the challenges of process repeatability, high-fidelity

comprehensive physics-based modeling is desirable because it allows fast exploration of the process parameters
space by simulations rather than by trial-and-error experiments. In this work, we present a complete framework
which is capable of modeling defects (porosity) as well as microstructure explicitly in three dimensions and
for multiple layers, effectively demonstrating explicit L-PBF of a digital cube of material at millimeter scale.
The phase field method is coupled to the Lattice Boltzmann method, and the framework is used to model
both the solid/liquid phase transitions as well as grain nucleation and growth. Explicit parallel scheme allows
to run multiple simulations in a reasonable time and explore the role of process parameters on porosity and
microstructure concurrently. After model calibration using experimentally-printed and characterized samples,
the model was deployed across multiple parameter combinations. The predicted porosity and microstructure
agreed well with the experiments. Our framework provides a practical demonstration of digitalization of the
L-PBF process and paves the way for assessing process quality and repeatability by computer modeling and
simulations.

1. Introduction cooling rates, complex fluid dynamics in the melt pool, rapid solidi-
fication and concurrent emergence of residual stresses [2]. Modeling

As global manufacturing adapts to decentralization, digitalization efforts at the scale of the powder have predominantly focused on
emerges as a promising route [1] to address its challenges. For the single-track and melt pool behavior. Khairallah et al. have employed

case of additive manufacturing (AM), digitalization has the poten- a massively parallel Lagrangian-Eulerian framework where ray-tracing
tial to enable manufacturers to develop their raw materials, printing

equipment, and part designs digitally rather than by experimental trial-
and-error. Such paradigm shift has evident advantages in terms of
quality control for decentralized supply chains because it streamlines
process development and removes physical barriers.

Achieving digitalization of the laser powder-bed fusion (L-PBF) AM
process is a very ambitious task. The challenge arises from the cou-
pling between multiple physical processes playing a key role, including
the absorption of laser radiation into the material, large heating and cently showed the digitalization of powder flight due to entrapment

is coupled to fluid dynamics and phase transitions on the fly [3].
Recently, such framework has explicitly resolved the details of keyhole
porosity formation [4], paving the way for digital assessment of defect
formation. Efficient graphical processing unit (GPU) implementation
of such framework was demonstrated by Zakirov et al. [5], whereby
fluid dynamics is solved using the Lattice Boltzmann Method (LBM).
Other notable implementations include that of Yan et al., which re-
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by the strong vapor plume ejected by the melt pool [6]. Ammer et al.
developed a model for the Selective Electron Beam Melting process
(SEBM), which accounts for the specificity of the electron beam ab-
sorption compared to that of laser [7]. Giirtler et al. presented an
implementation based on the Volume of Fluid (VoF) method using the
open-source code OpenFOAM [8]. Use of the finite element framework
together with a level set method to resolve phase domains was recently
applied to compute melt pool sizes for the IN738 alloy, where good
agreement was found with measurements across a wide process win-
dow [9]. With specific focus on the powder sintering and consolidation
process, Wang et al. developed a phase field implementation [10]
which elucidates the process of powder necking.

Modeling of microstructure evolution is of equal importance [11].
Early work by Lu et al. [12] used the phase field method to study mi-
crostructure evolution in two-dimensional cross-sections. Liu et al. [13,
14] recently discussed solidification phenomena focusing on dendrite
growth and grain formation using combined phase-field and Lattice-
Boltzmann methods, also in two-dimensional crosssection. Significant
efforts are ongoing by the “ExaAM” program by Turner et al. [15],
which is demonstrating three-dimensional microstructure evolution for
additive manufacturing components at exa computing scale. As a com-
putational method, Cellular Automata (CA) has emerged as a pow-
erful tool to solve for grain nucleation and growth following the
thermal gradients typical for AM processes, and has been applied
to SEBM [16], Directed Energy Deposition (DED) [17]. For single
tracks, Shi et al. demonstrated the coupling between CA and arbitrary
Lagrangian-Eulerian (ALE) framework and applied it to Ti6Al4V [18],
while extension of the method to multiple scan vectors and layers
was recently demonstrated by Yang et al. where the phase transition
was modeled using the phase field method [19]. Taken together, this
significant body of work illustrates the recent advances in state of
the art modeling and simulations for additive manufacturing while
also highlights the open challenges that still separate us from a full
digitalization of L-PBF AM.

To convincingly reach this goal, an important milestone is the
capability to model melt pool dynamics, porosity, microstructure, and
multiple scan vectors and layers concurrently to reach a domain size
comparable to experiments. Such capability needs to be able to sys-
tematically explore the role of process parameters in determining part
quality as concurrently measured by part density (defects) and mi-
crostructure features (grains size and shape), which is still lacking in
the literature. In this work, we present our coupled three-dimensional
computational framework where we co-evolve the thermal field, solid—
liquid phase transformations, porosity and microstructure at the same
time. Our approach is based on the phase field method and is coupled
to LBM solver to model the melt pool. We implement the model in
parallel message passing interface (MPI) communication and we val-
idate it in terms of predicted porosity and microstructure choosing the
INCONEL 718 super-alloy as material system. Next, we apply the model
to quantitatively explore how microstructure and porosity respond
to process parameters, explicitly in three dimensions. The framework
exposes multiple scan tracks within a layer, and build multiple layers
to ultimately produce a domain of cubic shape at millimeter size. Such
domain is thus a representative volume element (RVE) of the built
component, which further serves as an important component in full
multi-scale simulations of L-PBF.

2. Method
2.1. Phase field model

The phase-field method applied in this work describes the evolution
of the multidimensional order parameter ¢:

R N !
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The components of ¢ account for vacuum, liquid and grains of the
microstructure. The number of allowed grain orientations (grain order
parameters) needs to be large, and is set to 10* in this work. The
presence of the vacuum order parameter allows our model to utilize a
diffuse interface approach, which simplifies integration with the fluid
dynamics solver. ¢ evolves by minimizing the free energy of the system

F= / [Wg + % 3 (Vo) + 1, + f,,] dav. )

The bulk component of the free energy density g is defined following
formulation proposed by Moelans et al. [20-22],

# 7
g=2<7‘3)+32##+i ®
i i<j

The second term in Eq. (2) introduces the interface contribution to the
free energy. The parameters W and K are interface-selective and are
computed following Moelans et al. formulation:

i<j Wi 0767
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where W, = 24 and K, ; = 60;;A. 0;;, and 4 are the interfacial energies
and the interfacial width. The third term in Eq. (2) is introduced to

enforce mass conservation:

2
f,= %c/, [p - <h, + Zhg>] , 6)
4

where the coupling constant C, is an adjustable parameter, p is an
independent order parameter, 4, and h, are the liquid and grains phase
fractions defined within Moelans model:
2

h; = i . @

L&
The final term in Eq. (2) is introduced to drive the solid-liquid phase
transition:

S = ZGihis (8)

where G, is the free energy of a particular phase. A detailed discussion
concerning this term is presented in the next section.
The components of ¢ evolve as non-conserved fields,

09;

0_;=_Fﬂi_u'v¢ig (C)]
while p evolves as a conserved field,

op

N =FpV2ﬂp—u~Vp, 10)
where u;, = ? and u, = ‘;—F. The convection velocity u in the

i p
advection terms in Egs. (9) and (10) is provided by the fluid dynamics
solver discussed in Section 2.5. I, is a material independent parameter,
chosen to ensure mass conservation during simulation. I determines
the rate of solid-liquid transition, similarly to W and K, it is interface
sensitive:

o 2 Didid an
L) 4797

where [, is the ij interface mobility. The evolution equations are
solved using regular grid under periodic boundary conditions in hor-
izontal directions, and zero flux condition in the vertical direction.
Simple explicit finite difference method is used for time propagation.
Grain growth anisotropy is introduced using orientation-dependent

grain/liquid interfacial mobility [23,24]

N 4
Fip = (1-36) [1 3 iia {(n’x)4 +(m) + (n;)“}] : a2)
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where § is an anisotropy parameter, n’ = Rn, where n = V¢ / |V¢g| is
normal direction to the grain/liquid interface, R is the rotation matrix
from global to local frame constructed in the following way:

R =BCD (13)
[ cosa sina 0
D=| —sina cosa O
i 0 0 1
1 0 1

C=| 0 cosp sinp
| 0 —sinf cosp

cosy siny 0

B=| —siny cosy O
0 0 1
where polar angles defining grain orientation are ¢ = 2zx, f =

arccos(2y — 1), y = 2rnz, with x, y, z randomly generated from [0, 1].
2.2. Solid-liquid phase transition

In order to incorporate a driving force for solid-liquid transition,
we rewrite Eq. (9)
o
= =T +u), a4
where y” and u¢ are the melting and diffusive part of the potential,
defined in the following way:

aftr 0hj
m= = G, (T)— 15
W= =Ly as)
ue =y —

where G;(T) are the temperature-dependent Gibbs free energy of
phase j. In the following we assume no driving force for transition at
grain/vacuum, grain/grain and liquid/vacuum interfaces, therefore,

G, =G,

G =G, (16)
— G =

G, =G, =0

The values of the Gibbs free energy at grains were taken as reference
and set to zero. Formally, the formulation in Eq. (16) introduces a
jump in free energy in the bulk of the vacuum region, without practical
consequence. Including this into Eq. (15) allows to relate Hy and u}'
only to the Gibbs free energy of the liquid phase G,
oh,
Uy =G — 17)
g g
oh, on
u'=G < C o+ —) .
LT\ og T o9

where G, is related to the latent heat of fusion L and the melting
temperature T,

G =-=(T-T,). a9

m

(18)

2.3. Nucleation

Within our phase-field formulation, phase transition between solid
and liquid needs to be initiated by the nucleation. The transition from
solid to liquid phase at T > T,, does not affect the grain structure and
is modeled using simple formulation for nucleation flux j,

Ji(AT) = —j (AT) = [N, (h,hy) + Ny| n(4T), (20)

where j; and j, are the phase fluxes, AT = T —T,,, and #(4T) is a cutoff
function (n(4T) = 0 for T < T,, and #(4T) = AT for T > T,). N, and
N, are small constants (10™* — 1072 in adimensional units) controlling
the strength of the nucleation flux at the solid/vacuum interface and
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bulk. On the other hand, the details of grain nucleation from the liquid
phase at T < T, can affect the final grain micro-structure. Therefore an
approach offering more control is adopted in this work [25,26], with
the nucleation flux defined as

Jo(4T)

—ji(4T)

. AT 2
AT — AT,
M/ exp( -1 <—N> d(4T). @D
274T, Jo 2 AT,
The average under-cooling temperature ATy and its standard deviation

AT, are the input parameters, while j,,. is proportional to density of
nucleation centers.

2.4. Thermal solver

The temperature field is computed solving the standard heat diffu-
sion equation within the region of the RVE occupied by the solid and
liquid phases. Periodic boundary conditions in the lateral directions are
applied. At the bottom boundary of the RVE and at the solid/vacuum
and liquid/vacuum interfaces (which is the top surface of the printed
material), the second derivative of temperature in the vertical direction
is set to zero. The heat equation is
V~KVT+pchT~u+q=pcp£, (22)

ot
where p, k and c, are the material density, heat conductivity and heat
capacity, respectively. The second term describes effects of convective
flow, and ¢ represents the various source terms

q=q‘[+qc+qr+qu+q‘f' (23)

The term ¢, represents the heat source due to the laser beam. In
principle, it is possible to model the laser beam explicitly by ray tracing,
including the reflections and interaction with the material/powder
surface [27,28]. However, in order to lower the computational cost of
the modeling approach, a simplified model is applied in which the heat
source assumes a Gaussian shape [27,29]

oo )l
2R 2R D,V2x 2D}
(24)

where A and P; are the laser absorptivity and power. The parameters
R, and D; are the beam radius and penetration depth. r is the distance
from the center axis of the laser beam and d is the penetration depth
measured from the top surface of the material or melt pool. The factor
(1 - h,) limits the overall absorptivity relative to the content of vacuum
phase fraction (h,). 4, in Eq. (23) represents the convection term used
to model the heat transfer from the RVE to the rest of the part through
the bottom of the RVE and convection due to chamber atmosphere
applied at the interface with vacuum,

G, =-nCy (T = T,)., (25)

where C, is a convection coefficient and 7}, is a temperature of the
material surrounding the RVE. n = |Vh,| is an interface function
allowing to capture the effect of the diffuse interface. ¢, represents
radiation cooling

G, =-nC,o (T*-T}), (26)

where C, is the black-body constant. ¢, captures vaporization cooling,

G, = —nC, ;pL f;:xp<ﬂ <L—l>> 27)
v v W r-v Rg Tu T ’

where p, is the reference pressure, R, is the gas constant, 7, is the

vaporization temperature, L, is the latent heat of vaporization, and C,

is an adjustable constant. The large value of L, may cause fluctuations

of temperature around 7, in order to avoid this, ¢, term is not allowed



R. Laskowski et al.

to decrease temperature below T,. ¢, is contribution from the latent
heat of fusion due to the solid/liquid transformation,

_on

i = L. (28)

ot gl
where h; is liquid phase fraction and L, is the latent heat of fusion.
Similar to vaporization cooling, temperature change due to this term is
not allowed to cross melting temperature, limiting the value of phase
change flux.

2.5. Melt pool dynamics

Melt pool flow solver delivering velocity (u) to advection term in
evolution equations is implemented in the Lattice Boltzmann Method
(LBM) [30] framework. Our implementation follows the formalism
developed for incompressible flow by Guo et al. [31]. The evolution
equation of the distribution function in BGK approximation reads
S a ;q

m +Fa (X,I), (29)

fo(x+egt+1)=f,(x,1)-

where the time step and grid spacing were set to 1. 7 = v/c?At is the
relaxation time, and f¢¢ is the equilibrium distribution function

llz
—(l—wo)—w()z?, a=0
[ = ST (30)
P o, eU (e,-u) w2
W, c§+ - + a +2C§ . a#0

In this work d3q15 (d-stands for dimensionality, g-size of the velocity
set) velocity e, set has been applied

with the weight coefficients

2/9 a=0
w, =13 1/9 a=1,...,6 (32)
172 a=17,..,14.

The forcing term F, (x, 1) reads

(e./c)-F/p (33)

T
F =—"
= Tr12%
and accounts for the effect of surface tension (F,), recoil pressure (F,),
Marangoni (F,,) force and gravity (Fg) .
F=F,+F, +Fy +F, (€2)]

In order to integrate the LBM formalism with the phase field model
an auxiliary phase ¢ is introduced

b=h+ Y h (35)
g

where h; and h, are the liquid and grain phase fractions evaluated
using formula in Eq. (7). The surface tension force is expressed in the
potential form [32,33]

Fy=urpu Ve, (36)

where the potential y; 5, is evaluated using the double-well auxiliary
free energy [34,35]

Hipy =48 (6@ —1) (¢ —1/2)] —xV?¢. (37

p = 126/&, and k = 306&/2, where o is surface tension, & is the
interfacial thickness set to £ = 4/2. The different definition of the free
energy model in our LBM implementation and the phase field model
may result in spurious forces at the liquid/vacuum interface. The effect

Additive Manufacturing 60 (2022) 103266

can be reduced enforcing equilibrium y; g, = 0 for interface with zero
curvature, such that the interface profile is controlled by phase-field
solver and curvature by LBM solver. The modified formula for y; gy,
follows

Hrgy =~k [Vio—@m-V)(-V)¢|, (38)

where n = V¢/ |V¢| is the vector normal to the interface. The force
components due to gravity, recoil pressure and Marangoni effect are
defined as follows

F, = —hjgz (39)

F, = p,ex Lofr_1 (40)
r = Dr p Rg TLv T

Fy = Cy [VT —(m-VT)n], (41)

where C,, is the Marangoni constant, p, is the recoil reference pressure,
L, is the vaporization latent heat and 7, is the boiling temperature.

The LBM solver is active within the melt pool domain, determined
by condition

h> L (42)

where L, is the minimal amount of liquid fraction, set to 10~3. Con-
sidering boundary conditions on the vacuum side, the missing com-
ponents of the distribution functions are reconstructed using a simple
anti-bounce-back scheme commonly used to model flow with free
surface [36,37] in the context of the “volume of fluid” method

fo (x—eg.1) = 29 (pg.u) + faf[’ (pg-u) — fz(x.1), (43)

where f, represents the distribution function after the collision step and
before the propagation step. p is the gas density related to chamber
pressure p; = pg/3, which can be an input parameter, and is taken
as pg = 0 in our calculations. On the solid side of the boundary, a
simple bounce-back method [38,39] is used to reconstruct the unknown
distribution function incoming from the solid side of the melt-pool
boundary

fa (X - ea,t) = fafq (x,ux) +f;q (x,us) - fz(x,1). (44)

Alongside the bounce-back scheme, the immersed boundary conditions
are implemented as proposed by Noble and Torczynski [40] and mod-
ified by Strack and Cook [41]. Following this scheme, Eq. (29) is
modified

fa(X+ept+6t) = f 5.0+ (2,0 +F,(x,0))(1-B)+25B, (45)

where the parameter B is a function of the solid phase fraction

(Zon)-
B= , (46)
(l -y e hg> +7
Collision operator 25 defined after Noble and Torczynski,
Q5 = fa= 1+ (uy) = for (47)

Two-relaxation time (TRT) approximation offers improved numer-
ical stability [42-44] comparing to single-relaxation scheme without
losing computational efficiency. TRT approximation propagates the dis-
tribution functions using positive and negative linear combinations of
Eq. (29), leading to separate equations for f; and f with equilibrium
functions f¢* and f24°

fH=(fut+13)/2. o= fu=1z)/2

£ = (f e r2) e g2 = (1= 1) 2 “e
and f is propagated with 7+, f. is propagated with 7~,
t=7r= v/cfAt (49)
™= A/tt A (50)

where A = 1/4.
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Fig. 1. The number of scan lines (gray arrows) crossing the RVE depends on the
relative position of the RVE with respect to the scan path. Three different choices are
represented with squares of different colors.

3. Implementation details, model and material parameters

Material (Nickel superalloy INCONEL 718) and model parameters
are collected in Table 1. The implementation follows the explicit
scheme with time step At = 5 x 10~8 s and uniform grid with spacing
Ax = 5 x 107° m. Initial substrate width is set to 50 grid points
(0.25 mm), vacuum width is set to 50 mesh points, which results in
total RVE height of 100 grid points (0.5 mm). The powder is distributed
using a rain drop algorithm in which the particles are seeded at
random positions and allowed to fall into a local minima on the prior
surface one after another. The technical information of the powder
such as particle size, shape, and composition are available in Q. B.
Nguyen et al. [45]. The particles radii follow a binormal distribution
with peak at 25.5 x 107% m and square root of left and right variances
of 6, =2x107° m and 6z = 10~ m. Eighteen (18) layers of powder
are deposited in order to build a cube, each layer corresponding to
40 x 10° m of material. The height of the RVE is kept constant during
build by removing an equivalent layer thickness from the bottom of the
domain each time a new layer of powder is added to the top surface.
After the simulation is complete, all layers are reassembled for post
processing.

Each layer consists of parallel scan lines, separated by hatch spacing,
such that adjacent lines follow opposite directions. In our simulations,
we assumed that, for each scan vector, the laser travels for a sufficient
time for our RVE to cool down to boundary temperature T,. The
scan lines in each subsequent layer are rotated by 67° relative to the
previous one. Most often hatch spacing is not commensurate with RVE
geometry and the number of scan lines crossing RVE (only those are
included in the calculations) depends on the position of the RVE, this
situation is presented in Fig. 1. Therefore centering of the layer is
randomized in the direction perpendicular to the line direction. This
ensures correct average number of lines crossing the RVE, counting
multiple layers.

The progression of the layer-by-layer simulation is shown in Fig. 2
for the representative case of default process parameters, i.e., laser
power of 285 W, scan speed of 0.96 m/s, and hatch spacing of 0.11 mm,
corresponding to the EOS infill inskin parameters for INCONEL 718.
From the computational domain, rendering was done using The Visu-
alization Toolkit (VTK) with in-house code where the microstructure
was resolved according to grain orientation in a digital EBSD map. As
material is deposited on top of the substrate, within 1 layer thickness
the microstructure undergoes transition from the coarse, equiaxed of
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(d

Fig. 2. Progression of the three-dimensional simulation building a cube of material
by selective laser melting. Snapshots in time report the simulation (a) at the initial
condition; (b) after the completion of the seventh layer; (c) after the completion of the
twelveth layer; and (d) at the completion of the eighteenth layer.

the substrate to a finer, columnar microstructure of the solidified metal.
Such feature confirms the observations of Yang et al. [19].

Numerical implementation used multi-processor architecture
through Message Passing Interface (MPI) and Cartesian communicator.
The calculations were performed on a computational cluster using 8x24
Intel Xeon E5-2690 v3 @ 2.6 GHz processors. The run time to simulate
18 layers depends on the process parameters (hatch spacing and laser
speed), however for the “optimal” scan parameters (see Fig. 2), it is
close to 24 h.

4. Samples manufacturing and testing

Selective Laser Melting (SLM) was used to manufacture cylindrical
samples using an EOS M290 printer (EOS GmbH, Krailling, Germany).
The dimensions of the samples were 40 mm in length and 7 mm in
diameter with extra 0.75-1 mm height as allowance for the subsequent
wire cut process. The role of process parameters was studied by varying
laser power, laser scan speed and hatch spacing across three values
each, with their default (“optimized”) value and +25% of the optimized
value. For each combination of process parameters, two series of sam-
ples were printed, one where the cylinder was oriented along the build
direction, and the other where it was oriented perpendicular to the
build direction, i.e., along the base plate direction. The values of these
parameters are shown in Table 2. Layer thickness was kept at 0.04 mm.
The printing process was performed with bed heating temperature at
80 °C, laser spot size in 100 pm, laser wavelength at 1060 nm-1100 nm.
The direction of laser scan was rotated 67°after each layer with infill
inskin theme followed by contour.

The different values process parameters and sample orientations
resulted in a total of 56 different combinations. Five sample replicas
were fabricated for each parameter combination, resulting in a total of
280 samples. After print, the samples were separated from the build
plate by EDM wire cut. To remove dirt before further characterization,
ultrasonic bath for five minutes and followed by air gun drying was
used.

The relative density for porosity estimation was determined using
Archimedes principle, using an analytical balance (KERN ALJ) together
with a density measuring kit. Two separate measurements were taken
from each of the 5 replicas with a given combination of process
parameters and orientation. Ten measurements were done for each
sample and their mean and standard deviation are plotted in Fig. 5.
The assumptions used in the calculation of relative density were that
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Table 1
Material and model parameters for INCONEL 718.

Additive Manufacturing 60 (2022) 103266

Thermal solver

Property Symbol Units Value
Material density [46] P kg/m’ 8220
Specific heat [47] <, J/kgK 440

Heat conductivity [47] K W/mK 60
Cooling factor bottom c, - 1073
Convection heat transfer coefficient C, Wm2K 50
Surface evaporation coefficient C, - 10
Absorptivity A - 0.7

Heat source radius R, m~° 37.5

Heat source penetration depth D, m=° 20

Latent heat vaporization [48] L, J/kg 5.49 x 10°
Latent heat formation [47] L, J/kg 2.819 % 103
Melting temperature [46] T, K 1533.15
Boiling temperature [46] T,, K 3174
Phase solver

Interfacial energy (solid/liquid) [” N/m 0.17
Interfacial width A m™° 10
Interfacial mobility (solid/vacuum) T, m?/sJ 1074
Interfacial mobility (liquid liquid/vacuum) I, m?/s] 1074
Interfacial mobility (liquid liquid/solid) I m? /sJ 1075-1073
Grain anisotropy parameter 8 - 0.2
Strength of phase/density coupling C, - 10
Interfacial mobility (density) T, - 1074
Nucleation undercooling (grain) ATy K 20
Nucleation undercooling standard deviation (grain) AT, K 8
Nucleation flux (liquid, grain bulk) N, 1/Km’s 10%°
Nucleation flux (liquid, grain/vacuum) N, 1/Km’s 10%°

LBM

Viscosity [49] v Pas 7.5- 104
Surface tension [49] c N/m 1.7
Interfacial width A m=° 5
Marangoni force coefficient [49] Cy N/mK —2.8147- 107*
Recoil reference pressure [49] P Pa 5.371- 10*

Table 2
Specification and variations of process parameters.

Process parameters Specification and variations

Laser power Optimized value and +25% of the optimized value
(285 W, 356.25 W, 213.75 W)

Optimized value and +25% of the optimized value
(960 mm/s, 1200 mm/s, 720 mm/s)

Optimized value and +25% of the optimized value
(0.11 mm, 0.14 mm, 0.08 mm)

x/y and z direction

Stripe strategy

Laser scan speed
Hatch spacing

Build orientation
Scan strategy

the density of water is 1.000 g/cm’ and that the density of fully-dense
INCONEL 718 is 8.22 g/cm’.

EBSD analysis was performed by setting the threshold for grain
identification to 10 pixels per grain, which corresponded to a minimum
grain diameter of 8.92 pm, using a step size of 2.5 um. The typical
number of grains in each EBSD map was 2000. Maps were colored such
that the build direction was the (001) direction (“IPF-z” convention).
EBSD maps along the horizontal direction (later referred to “XY”) were
extracted from the samples printed in the horizontal direction, while
EBSD maps along the vertical direction (“XZ”) were extracted from the
vertical samples.

5. Model calibration

Most of the parameters listed in Table 1 are known material con-
stants for INCONEL 718. However, few of them are adjustable model
parameters. In our experience, one of the key parameters is the evap-
oration coefficient C, which controls the efficiency of evaporation
cooling, and greatly affects the recoil pressure and the shape of the melt
pool. The effect of this parameter is presented in Fig. 3. As expected,

smaller values of C, result in higher maximum temperature of the
melt pool (well above the vaporization temperature 7,) and results in
violent recoil effect. For instance, using C, = 2, we observed the melt
pool splashing material over the neighboring powder particles, while
the value of C, = 10 leads to a more regular shape of the melt pool
(Fig. 3a). This effect translates to the surface roughness of the solidified
layer, such that trails of the scan track are clearly visible for low C,,
while the surface roughness is lower for larger C,. The strength of
the recoil pressure depends directly on the laser power, comparison
between 200 W and 300 W is shown in Fig. 3b. The value of C, can
be adjusted according to the expected shape of the solidified layer and
melt pool shape. Further results are produced with value of C, = 10.

A key parameter that affects the grain structure is the interfacial
mobility at liquid/grain interface (I,). The value of I, directly con-
trols the rate of solid-liquid transition, and through that affinity to
liquid undercooling or solid overheating. The extent of melt pool under-
cooling determines the rate of grain nucleation, directly affecting the
resulting grain structure. The effect is summarized in Fig. 4a. Clearly,
smaller values of I, = 1073 result in much finer and equiaxed grains
compared to the result derived from a larger mobility of I}, = 1073,
Smaller mobility allows for larger undercooling creating conditions for
nucleation in front of the interface. To simplify the presentation, the
parametrization of the nucleation model was kept fixed at the values
listed in Table 1 and setting T, to 600 K, and process parameters to
their “optimal” values.

It seems possible, that the value of I',, can by calibrated by com-
paring the simulated grain structure (for instance, size and aspect ratio
distributions) with their experimental counterparts. The comparison
between computed and measured properties of cross-sections in the
“XZ” plane are presented in Fig. 4b. The corresponding EBSD map for
experimentally printed sample is shown in Fig. 4c. In order to compute
the distributions, the computational domain is analyzed in slice by slice
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Fig. 3. (a) Melt-pool shape computed at laser power 250 W and laser speed 1 m/s, for vaporization cooling factor C, equal 2 and 10. (b) shape of the solidified layer after laser
scan completion for laser power 200 W and 300 W and two values of surface evaporation coefficient C,.

manner and average over whole RVE. The distributions peak at low
values of grain size or aspect ratio, and then decrease exponentially for
large values. Despite clearly different grain structures, the distributions
seem not to depend strongly on the values of Iy, and at the same
time they quite well agree with the experimentally observed ones.
Comparing EBSD maps from Fig. 4a and c it seems reasonable take the
value of I'y; = 5x 107 for the remaining part of this paper.

6. Results and discussion

The framework presented in the previous section was used to sys-
tematically build digital cubes at different process parameters. Each
cube was then post-processed to extract porosity and characterize
microstructure. Porosity was computed as the fraction of empty volume
(vacuum phase fraction is s, > 0.5) relative to the portion of RVE ex-
cluding the top surface as well as the substrate to ensure the calculation
is representative only of the actual material built. Because the heat
source enters and leaves the RVE at its lateral sides, the sides of the
cube are not considered representative and they are also excluded from

the porosity calculation. Computed values for different combinations
of process parameters are compiled in Fig. 5. The process parameters
are encoded as a sequence of three symbols “ LS H” representing laser
power, scan speed and hatch spacing, where “0” stands for the optimal
values, while “+ ” and “-” indicate increase and decrease by 25%
relative to the optimal value. The optimal values are 285 W for laser
power, 960 mm/s for laser speed and 0.11 mm for hatch spacing.
Inspection of Fig. 5 reveals a number of interesting features of the
L-BPF process. First, we note that porosity remains relatively stable,
with deviations from full density never larger than 2.2%. To put this
result in perspective, we recall that the line energy density, defined by
d = % where £ is the layer thickness (40 pm in our modeling and
experiments), is generally a useful proxy to part quality. Calculation
of d gives d = 67.4 J/mm® for print “000”, while d = 31.8 J/mm?
for “-++” with a maximum of d = 154.6 J/mm?> for “+—“”, showing
a range as large as 170% of the “O00” value. At the same time, the
combination “-++” shows statistically significant increase in porosity.
Here, a reduction in laser power coupled to an increase in scan speed
reduces the melt pool cross-section area, thus limiting the ability of
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Fig. 4. (a) RVE cross-section after completing full cube deposition (18 layers) using different values of grain-liquid mobility I, and optimal process parameters. Z is the build
direction. (b) grain cross-section area and aspect ratio distribution, for experiment (blue) and calculation (orange). The calculations have been performed setting T, to 600 K. (c)
experimental EBSD map. The size of the cross-section in (a) and (c) is the same and equal to 0.75 mm. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

the liquid to reach existing solid. Such detrimental effect is further
enhanced by the increased hatch spacing, which separates scan tracks
away from each other and further limits metallurgical bonding. In this
regard, our simulations suggest a distinction between the role of laser
power and scan speed on one side, and of hatch spacing on the other

side. In fact, while the three terms play the same role in the scalar
energy density, comparison of combinations “-++” and “-+-” show a
strong variation in porosity when hatch spacing is varied at constant
laser power and scan speed. Such effect is larger than, for instance,
changing laser power at constant scan speed and hatch spacing, as seen
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Fig. 6. RVE cross-section after completing full cube deposition (18 layers) for different values of boundary temperature 7,. Z is the build direction.

by comparing “O+-" and “++-" in Fig. 5. Laser power and scan speed
seem to affect the size of the melt pool, whereas hatch spacing does not.
However it strongly influences the overlap of scan tracks and therefore
the ability of the melt pool to reduce porosity by remelting. Therefore,
our results highlight remelting as a key factor in controlling porosity.

Next, we explore the effect of the boundary temperature 7, appear-
ing in the heat transfer equation Eq. (25). Such temperature represents
the thermal field due to the material surrounding our RVE. The value of
T, is an indication of overall processing temperature during the build.
Digital cubes were printed at T}, equal to 300 K, 600 K, 900 K and are
presented in Fig. 6. Simulations were run at default process parameters
(“O00”). It is evident that a higher T, leads to larger and more
columnar grains, which can be rationalized considering its influence
on the solidification process. In fact, a higher value of T, reduces liquid
undercooling and therefore inhibits nucleation of grains ahead of the
solidification front. As a result, epitaxial growth is promoted, resulting
in large grains with columnar shape. A similar equiaxed-columnar
transition can be triggered by modification of solid-liquid interface
mobility, as shown in Fig. 4. Such transition is usually understood

in terms of temperature gradient and solid-liquid interface velocity
rate [50,51].

Concurrently, larger values of T, lead to larger melt-pool sizes,
which decrease the overall porosity, and conversely a lower value of
T, increases the overall porosity. A good agreement with measured
values is seen using T, equal to 600 K, as shown in Fig. 5. Since the
actual value of T, may depend on the shape and state of the build, our
simulations suggest that porosity and grain size and shape may also
vary across the build, for complex part geometries.

In order to determine relation between process parameters and mi-
crostructure, EBSD characterization was carried out for samples where
one parameter was varied while the other two were kept constant.
Explicitly, laser power was 213 W and 356 W; scan speed was 1.2 m/s
and 0.72 m/s; hatch spacing was 0.14 mm and 0.08 mm at otherwise
optimal parameters, resulting in 12 EBSD maps in total. Experiments
are compiled in Fig. 7(a—c). In panel (a) of this figure, a low laser
power shows smaller grains, with a slightly more equiaxed shape, as
compared to the case of high laser power, which presents larger grains
with columnar features. Concurrently, porosity is also visible (black
spots), confirming lack of fusion porosity at low power and its absence
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Fig. 7. (a - ¢) Microstructure characterization of experimental sample built at (a) laser power (LP) 213 W (left) and 356 W (right), (b) laser speed (LS) of 1.2 m/s (left) and
0.72 m/s (right); (c) hatch spacing (HS) of 0.08 mm and 0.14 mm, at otherwise default process parameters; Top: vertical cross-section; Bottom: horizontal cross-section. (d-f) RVE
cross-section after completing full cube deposition (18 layers) for (d) laser power of 213 W (left), 356 W (right), (e) scan speed of 1.2 m/s (left) and 0.72 m/s (right), (f) hatch
spacing of 0.08 mm and 0.14 mm, at otherwise default process parameters and T, equal to 600 K.

at high power. In terms of scan speed (Fig. 7(b)), a similar trend is
observed whereby high scan speed (low energy density) corresponds to
smaller grains with equiaxed microstructure, as compared to the case
of low scan speed. Interestingly, variation of hatch spacing does not
produce significantly different microstructure (Fig. 7(c)). The experi-
mental maps were assessed by printing digital cubes with the same
process parameter combinations, the boundary temperature 7, was
set to 600 K. Results are compiled in Fig. 7(d-f) (for a comparison,
the microstructure obtained at “optimal” parameters is included in
Fig. 6). The digital EBSDs capture the effect of process parameters
on microstructure, reproducing trends seen in the experimental EBSD
maps. Namely, a variation in laser power and scan speed affects grain
size and shape while a variation in hatch spacing has a minor influence
on microstructure. However, by directly comparing experimental and
computed EBSDs, we see that the latter seems to be more columnar.

The observed enhancement of the columnar features of the grain
microstructure with increased absorbed energy density (higher power,
lower scan speed) clearly relates to the similar observation discussed
in Fig. 6 with respect to the value of boundary temperature 7,. The
columnarity of the microstructure is related to the effective temperature
around the meltpool, which in fact controls the solidification rate. This
temperature affects also the size of the meltpool and its evolution
as presented in Fig. 8. Higher power or lower scan speed results in
higher average temperature around the melt pool, which is manifested
by an increased size and slower decay (after the laser leaves the
RVE, “laser OFF” state in Fig. 8), thus promoting epitaxial growth.
In other words, our simulations show that, in terms of microstructure
control, increasing power input is equivalent to increasing boundary
temperature 7).

7. Conclusions

In conclusion, a computational framework was developed by cou-
pling the phase field method with Lattice Boltzmann fluid dynamics
solver to model the selective laser melting additive manufacturing
process at the scale of the powder in three dimensions, across mul-
tiple layers, with the ability to study porosity and microstructure
concurrently. The parallel implementation was computationally effi-
cient, requiring moderate computational resources while allowing a
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Fig. 8. Melt pool volume evolution for (top) 7, at 300 K and 900 K, and laser power
of 286 W; (bottom) laser power of 213 W and 356 W and 7, equal to 600 K. Scan
speed was kept at 0.96 m/s. The dashed line separates periods with active and inactive
laser heat source.

cubic computational domain of 0.75 mm? to run in about 24 h on
8 X 24 processors. Model parameters were calibrated at default machine
settings, and then the model was used to study the role of process
parameters (laser power, scan speed, hatch spacing) on porosity and
microstructure across the process window of INCONEL 718. Porosity
showed substantial stability across the process window, while the
model was able to show good predictions across a wide range of process
parameters. At the same time, in terms of microstructure (grain size
and shape), the model captured the trend of grain features, including
an increase in grain size and aspect ratio with increasing laser power
and decreasing scan speed. Interestingly, hatch spacing was found to
have a large impact on porosity but a small impact on microstructure,
while post processing of the simulation results confirmed this finding.
Finally, we would like to point out that concurrent modeling of porosity
and microstructure opens interesting avenues to study the influence of
process parameters on mechanical properties. In fact, smaller, equiaxed
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grains are attractive because of their increased strength (due to Hall-
Petch effect) and isotropic properties. However, our result illustrate the
inherent coupling between microstructure and porosity, and illustrate
that porosity inevitably increases for those desirable microstructures,
with an opposite effect on mechanical properties. Such type of inves-
tigations strengthen the case for digital modeling as a viable route for
digital process assessment and quality control.
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