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Abstract: An important goal for the additive manufacturing
(AM) community is to predict the material-dependent effec-
tive mechanical properties of a build-up specimen. In this
work three coupled simulations to calculate the mechani-
cal properties of laser-power bed fusion (L-PBF) processed
IN718 are used. These values are compared to experimen-
tal data from literature. In the future, this approach is going
be used for newly designed materials to estimate the ex-
pected mechanical properties and the resulting microstruc-
ture (As an extra step, the thermophysical properties of the
new alloy have to be calculated in advance). The simulation
chain to solve this challenge involves the simulation of the
melt pool behaviour during the L-PBF process to obtain the
solidification conditions. These are required to then calcu-
late the microstructural growth behaviour with the phase-
field method. The resulting microstructure is homogenized
to obtain the final effective mechanical properties of the
L-PBF processed material. The simulation results are com-
pared with according results from experiments at each step
to verify the approach and each simulation result.
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Vom Schmelzbad zur Mikrostruktur zu den mechanischen
Eigenschaften: Ein simulationsbasierter Ansatz

zur Berechnung von LPBF prozessierten Material
Eigenschaften

Zusammenfassung: Ein wichtiges Ziel im Bereich der Addi-
tiven Fertigung (AM) ist die Vorhersage der effektiven me-
chanischen Eigenschaften der gefertigten Bauteile.

In dieser Arbeit wird eine dreigliedrige Simulationskette
vorgestellt. mit deren Hilfe die mechanischen Eigenschaf-
ten von mittles Laser Powder Bed Fusion (LPBF) bearbei-
tetem Inconel718 vorhergesagt und mit Literaturewerten
verglichen werden. Zukiinftig soll der prasentierte Ansatz
dazu dienen neue, bisher noch nicht additiv verarbeitete/
qualifizierte Materialien vorab zu untersuchen und Aussa-
gen Uber die entstehende Mikrostruktur und die zu erwar-
tenden mechanischen Eigenschaften zu treffen. (Fiir unbe-
kannte Materialen mussen die thermophysikalischen Ei-
genschafte vorab noch berechnet werden, z. B. mit Thermo-
Calc).

Die erste Simulation 16st das thermische Problem beim
LPBF, und das Ergebnis sind die ortlich- und zeitlich auf-
gelosten Erstarrungsbedingungen, welche wiederum eine
EingangsgroRRe fiir die zweite Simulation sind. Bei dieser
wird mittels der Phasenfeldmethode die Erstarrungspha-
se aufgelost nachmodelliert, um eine 3D Mikrostruktur zu
erhalten. Im dritten Schritt wird diese homogenisiert, und
aus den Phaseneigeschaften werden die mechanischen Ei-
genschaften des LPBF prozessierten IN718 berechnet. Jeder
Simulationsschritt wird anhand von experimentell gewon-
nenen Daten Uberpriift.
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1. Introduction

Over the course of the last years, Additive Manufacturing
(AM), especially the Laser Powder Bed Fusion process (L-
PBF), has secured its place in the manufacturing industry.
The advantages of AM include fast production-design cy-
cles, rapid prototyping, function integration, and a vast
freedom of design regarding the complexity and finesse
of small features.

Current challenges in the research field of AM are the
qualification of new materials (for example high entropy
alloy development by mixing elemental powders) and AM
specificalloy design. Therapid cooling rate causes changes
in the microstructure, and the layer-wise manufacturing
causes anisotropy in the build direction, thus changing the
mechanical properties of an additively manufactured prod-
uct in comparison to conventional manufacturing. For an
increased material development speed, it would be a large
advantage ifthe properties could be calculated beforehand.

The scientific goal, pursued in this paper, is to calculate
the microstructure and the resulting mechanical properties
starting only with the process parameters (like laser power,
scanning velocity, and more). In the presented approach,
three consecutive simulations are coupled to obtain the fi-
nal mechanical properties. The first is a model of the L-PBF
process that simulates the melt pool behaviour regarding
energy absorption and the solidification process. The out-
puts of this simulation are the solidification conditions of
the process. The second model describes the resulting
microstructure (starting from the solidification conditions)
by solving the interface evolution during the solidification
near the solid-liquid phase front. The phase field model
has proven its efficiency in reproducing the evolution of
the solid liquid interface during solidification conditions in
weakly out-of-equilibrium conditions. In this case, linear
kinetic effects are present at the interface, with fluxes and
driving forces being proportional through the Onsager rela-
tions. Within the sharp-interface approach (transport equa-
tions in the bulk supplemented by boundary conditions at
the interface), this proportionality is defined by the kinetic
coefficients. A formal link between the latter and the pa-
rameters of the phase field model may be found using the
so-called thin-interface limit. In L-PBF the thermal condi-
tions during solidification are in general far from the local
equilibrium ( T/G > ~100mm/s ). For this regime, the re-
duction of the phase field equations to a sharp interface
description is insufficient [10, 11]. In our former work, we
already showed that the strongly-out-of-equilibrium condi-
tions can be described by the model [3]. It was shown that
the microstructure features, such as interdendritic spacing,
compare well to experimental data.

The third model determines the effective material prop-
erties from the heterogeneous phases of the calculated mi-
crostructure. The asymptotic homogenization method [4]

is adopted here to predict the effective elastic properties of
the superalloy IN718, produced by L-PBFE

2. Melt Pool Model

For the calculation of the solidification conditions, the heat
Eq. 1 and the energy input by the laser radiation (2) have to
be taken into account.
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Where p,cp, A are the temperature dependent material
properties: density, heat capacity. and heat conductivity.

The measured beam profile of the EOSM 290 is fitted to
a super Gaussian distribution to obtain the laser radiation
intensity distribution in the working plane (x,y) .

I(x,y ->r)=1- (exp(—f(n) . (r—’;)n)
el (52))

Where Iy, f (n), r.imit and rp are the fitting parameters to
describe the laser irradiation. In this work the parameters
fitted are: n = 2,rp = 42um, rijmit = 100pm ( lp, f(n) are
normalization factors calculated in a way to ensure 1TW
of laser beam power). The base absorption for the IN718
value is taken from literature ( ap = 35% ). The increased
absorption with anincreased meltpool depth ( dmp ) keyhole
formation is taken into account. With an increasing melt
depth, the effective absorption is increased up to a factor
( ayey ) Of ~2 caused by multiple reflections in the keyhole
[1].

The energy absorption model coupled to the simulation
as a Dirichlet boundary condition on the materials surface
(3):

(2)

.
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To model the keyhole behaviour, the material that
reaches evaporation temperature (Teva = 3200°C) is
assumed to be transparent for the laser radiation. This
leads to the formation of the keyhole in the simulations.
A similar model was proposed by Philo [2].

The model has been verified for single track experiments
with IN718 for different parameter settings of P, and vg
and powder layer heights h; (for h; = 0um see Fig. 1).

For the microstructure calculation, only the EOS IN718
default parameter is used ( P, = 285 W, vg = 960’”—5’” ). The
solidification conditions are extracted in the lower third of
the melt pool (see Fig. 2).

The solidification conditions extracted for the EOS de-
fault parameter are AT ~ 46000-X T ~ 105K/s . Those
values vary strongly along the solidification front, espe-
cially with the depth at which they are taken (measure point
see Fig. 2).
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Fig. 1: aDifferentcombinationsof P, and vsinvestigated and their respective line energy; b Comparison of calculated melt pool depth with melt pool

depth from experiments

3. Microstructure Simulation

In [3], we have presented phase field simulations of IN718
directional solidification under LPBF conditions. During
our investigations, we varied the solidification speed over
a wide range, i.e. from Vg = 10077 to Vg = 120077 .
The latter value is still about V4 of the solidification speed
that may be extracted from the finite-element calculations
where, as seen in Fig. 2, the slope of the isotherms dz/dx
is approximately uniform in the orange encircled area. Our
phase field simulations are, however, useful to apprehend
the type of solidification microstructure corresponding to
such conditions, and especially to such large solidification
speeds. We recall that solidification experiments that are
explained using commonly accepted solidification theories
are performed at sub- 2 solidification speeds.

Fig. 2: Calculated temperature distribution for the quasi-stationary
L-PBF process with the EOS default parameters for the material IN718,
the solidification conditions are extracted from the orange encircled area

The phase field simulations are performed using the
MICRESS software, based on a multi-component phase
field model [13] that is coupled to the TCNI8 ThermoCalc
database. The composition of the alloy was chosen as fol-
lows, in wt%: 17.64 Fe, 19.00 Cr, 5.13 Nb, 3.05 Mo with Ni as
balance. We simulate only the primary solidification, with-
out precipitation of additional solid phases from the pri-
mary y phase at a low temperature. The discretization grid
spacing is 20nm. The thermal gradient G is considered ho-
mogeneous in space and constant in time (so-called frozen
temperature approximation), and diffusion is neglected in
the solid phase. Fig. 3 shows a top view (thermal gradient
pointing towards the reader) of athree-dimensional simula-
tion where the growth velocity is V; =40mm/s and G= 10*
K/mm. Here, the crystalline axis of the superalloy form Eu-
ler angles ($=5° 6=5° y=5°) with respect to the thermal
gradient.

6m

Fig. 3: Topview (thermal gradient pointing towards the reader) of the
three-dimensional simulation of IN718 solidification under LPBF condi-
tions
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Fig. 4: atwo-dimensional cut perpendicularto the thermal gradient of the Nb concentration field; b binarized image with a4 wt% Nb threshold

We identify fingers with their tip in red colour. The mor-
phology of the growing phase has been investigated in [3],
and corresponds to a hybrid structure resulting from a so-
lidification regime denoted as Strongly Out-of-Equilibrium
(SOE). The fingers are unbranched dendrites, to which it
is tempting to associate a cellular nature. Yet, they grow
along a cubic direction of the crystal, in virtue of a selected
growth direction determined by the anisotropy of solid-lig-
uid interface energy, which is then contradictory with the
cellular nature (let us note that here in Fig. 3 the dendrites
therefore grow with a slight misorientation with respect
to the thermal gradient). This hybrid feature, i.e. dendritic/
cellular, of the microstructure pertains to the particular rela-
tions in the SOE regime between the different length scales,
i.e. the dendrite tip radius, the diffusion length, and the dis-
tance between tips (tips spacing). On the theoretical level,
these three length scales are of the same order. The main
characteristics of the growth morphology may then be un-
derstood as follows: since the tip radius is not much smaller
than the tips spacing, no side arms develop, and since the
diffusion length is not much larger than the tips spacing,
the interaction between tips is strongly reduced, yielding
a poor organization of the finger array and a growth di-
rection prescribed by the crystallography and not by the
thermal gradient direction.

The three-dimensional calculation presented in Fig. 3 is
performed until completion of the solidification. The final
microstructure with fingers and interstice regions present,
within the y phase, strong micro-segregations of chemi-
cal elements like Nb, as shown in Fig. 4a. Eventually, the
predicted solidified microstructure is transferred to the ho-
mogenization tool HOMAT [4, 5] via the standardized VTK
exchange format.

4. Homogenization of the Solidified
Microstructure

4.1 Definition of the Homogenization Model

In order to derive effective elastic properties of the solidi-
fied microstructure, presenting strong micro-segregation

of chemical elements, we have developed the homoge-
nization scheme presented in this chapter. As Nobium
(Nb) is the chemical element which partitions mostly at
the solid-liquid interface, we select this element and per-
form a concentration threshold for it in order to binarize
the microstructure and to produce a pseudo two-phase
microstructure for the homogenization runs. Then, for
each of these two phases, the specific elastic properties are
assigned and the effective properties are calculated of the
binarized microstructure using HOMAT. Fig. 4a illustrates
a two-dimensional cut perpendicular to the thermal gradi-
ent of the Nb concentration. In Fig. 4b, the corresponding
binarized microstructure, with a Nb threshold of a 4wt%,
is shown. The dendrites appear in white, while the inter-
dendritic region appears in blue.

To assign specific elastic properties for each pseudo-
phase, it is essential to determine at first the average con-
centration of Nb in each of these phases. An average of
2.75 wt% within the dendrites and 7.8 wt% in the inter-
dendritic region was found. These values correspond to
a dendritic fraction of 53% and to an inter-dendritic region
fraction of 47%, yielding the nominal Nb concentration in
IN718, i.e. 5.13 wt%.

Single crystal elastic constants of the y phase of nominal
IN718 at room temperature are taken from the literature [6,
7]: C11=245.4GPa; C12=162.05GPa; Cssa=113.4GPa. They
present a pronounced Zener anisotropy: A? = % =
2.72 . The specification of the Nb concentration depen-
dence of these SX crystal elastic properties is delicate. In
the literature, only the first principles simulations of differ-
ent Nb doped Ni systems have been performed recently in
order to determine the effect of the Nb concentration on the
elastic properties of these systems [7]. But, forindustrial su-
peralloys like IN718, no study has been found. Song et al.
[8] show that the shear modulus Cas decreases quasi lin-
early with the Nb content with a slope of —6.08 GPa per wt%
Nb. Adopting this slope the following values are obtained:
Ca4=127.08 GPa for the finger phase and C44=96.32 GPa for
the interstice. Assuming the same stiffness ratio C12/Caa
and Zener anisotropy for the nominal IN718 single crystal,
both variants produce the elastic constants at RT outlined
in Table 1.
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TABLE 1
Elastic constants of the pseudo-phases with 2.75 wt% and 7.81 wt% Nb content respectively at RT and 700°C
Phase T [°C] Nb [wt%] C11 [GPal C12 [GPa] Ca4 [GPa]
Finger 20° 2.75 275.041 181.598 127.081

700° 227973 155.929 103.635
Interstice 20° 7.81 231.076 137.634 96.315

700° 191.5632 118.179 78.545
TABLE 2
Effective Young modules, shear modules (in [GPa]) and Poisson coefficients at 20 and 700°C
T Ex Ey Ez Gxy Gxz Gyz VXY VXZ Yz
20°C 134.69 137.15 130.69 96.83 112.48 107.80 0.3564 0.4066 0.3967
700°C 105.56 107.58 102.27 78.08 91.74 87.67 0.3639 0.4164 0.4061

Moreover, the effective elastic properties of the solid-
ified microstructure are predicted not only at room tem-
perature but also at a service temperature, namely 700°C.
Taking the same stiffness reduction factors (sT_Cq=0.829;
sT_C12=0.859; sT_C44=0.816) as Hermann et al. [9] have
measured experimentally for SX IN738LC, the elastic con-
stants at 700°C for both pseudo-phases (see Table 1) are
obtained.

4.2 Homogenization Results

The predicted effective Hooke matrices of the IN718 mi-
crostructure at 700°C (see expression (4)) is full anisotropic
with noticeable extension-shear coupling terms (Hjj with
i=1,2,3 and j=4, 5, 6). These extension-shear couplings
are induced by the small Euler angles between tempera-
ture gradient and crystal orientation of the finger network.
It should be noted that, at room temperature, a similar
full anisotropic equivalent behaviour is predicted, with, of
course, higher stiffness terms.

Hzo0°c
2142 1307 1373 -154 -11 08
217.0 1353 182 16 -64
~ S 2108 -1.0 -11 86 (4)
- 4 848 -0.02 16
m 9.8 -2.0
89.2

The elastic engineering constants are determined by
inverting the Hooke matrices at both temperatures (out-
lined in Table 2). The effective Young modules are rather
isotropic: only a maximum deviation of -2.73% from the
mean value 105.14 GPais noted for Young modulusin finger
direction Z at 700°C. The effective shear modules present
amore pronounced orthotropy with Gxy < Gyz< Gxz. Mainly
the shear modulus in the plane perpendicular to the fin-
ger structure is reduced: AGxym=-9.%. As expected, this
tendency is the same at RT: AGxym=-8.4%. Eventually, the
effective Poisson coefficients present the same orthotropy
tendency as the shear modulus: vxy<vyz<vxz, and we
observe a reduction of vxy by nearly Avxym=-8.% at both
temperatures. Yet, the values are slightly larger at 700°C

than at 20°C. Moreover, the Zener anisotropy coefficient of
the homogenized microstructure, expressed by the mean
value of the elastic constants, reduces compared to SX
value 2.72: A’=2.14at RT and A?=2.22at 700°C.

It should be noted that, in the present homogenization
runs, the generated implicit forces, induced by the jump
of the Hooke matrix at the finger-interstice interfaces, are
rather small. Therefore, HOMAT applies only small correc-
tions to the volume averaging expressions, which are accu-
rate enough for this case. This behaviour differs strongly
from the homogenization of partially solidified microstruc-
tures, where huge jumps exist at the finger/melt interfaces,
leading to large corrections of the volume averaged Hooke
matrix.

5. Conclusions and Outlook

Inthis paperthree coupled simulations are used to calculate
the mechanical properties of L-PBF processed IN718.

The melt pool shape, the resulting microstructure, and
the mechanical properties have been calculated (the latter
at room temperature and at an estimated operating tem-
perature (700°C)).

The melt pool shape is within the reasonable range of
the experimental values (less than 10% deviation). The
microstructure, with the solidification conditions from the
meltpool simulation as an input, reproduces the patterns
observed in experiments (readers interested in additional
details may be referred to [3]).

Then the resulting microstructure is reduced to two
single crystalline phases, and for the homogenized mi-
crostructure, the mechanical properties are calculated. The
Young’s Modulus for L-PBF manufactured IN718 samples is
around 200 GPa (varying in a small margin in dependence
of the build direction) [12]. Our calculated Young’s Modulus
is roughly 105GPa. The wide gap between these results
originates in our single crystalline approach to calculate
the properties. L-PBF samples normally are polycrystalline.
This significant difference dictates the next step: extend
the model to handle polycrystalline phases.
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