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In the current work we employ multi-phase-field simulations to understand the effect of
remelting on microstructure evolution, especially on nucleation of new grains during selective
electron beam melting (SEBM) of Ni-based super alloy. The phase-field model is coupled to
both mass and heat transport phenomena including release of latent heat of solidification. We
run remelting simulations in both as cast and homogenized conditions. Experimental
observations show that remelting triggers the nucleation of new grains at the melt pool border.
The simulation results shed more light on the local conditions at the melt pool border thereby
enhancing our understanding of the mechanisms responsible for the nucleation. The simulation
results are validated with experimental results obtained for the Ni-20.5 mol pct Al model binary

alloy.
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I. INTRODUCTION

IN the era of Industrial Internet of Things (IIoT),
manufacturing has become flexible, efficient and precise.
This has created the need for smart factories with minimal
input and human intervention. In this regard, additive
manufacturing (AM) plays a key role in digitalization of
industries.""*" As per ASTM standard, AM refers to a
class of manufacturing technologies which can be best
described as ‘“‘a process of joining materials to make
objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies™ ."*!
An overview of various AM processes is given in
References 4-7. Due to specific advantages of design
flexibility, rapid prototyping, and ability to produce
complex geometries, AM is attaining tremendous interest
from industry as well as academic research. AM facilitates
manufacturing of critical components in aerospace,
automobile and bio-medical fields with superior mechan-
ical properties and reduced lead times.'"?) Thermal
characteristics of AM process include rapid heating and
cooling resulting in high thermal gradients and cooling
rates. Whereas the chemical characteristics include
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non-equilibrium solidification, suppressed phase trans-
formations and finer microstructures. The review article!™
provides a good overview of various AM technologies
currently being employed for manufacturing of Ni-based
single crystal (SX) superalloys.

Microstructure plays a key role in determining the
mechanical strength of a component. Based on the
manufacturing process, we can expect typical microstruc-
tures such as equiaxed microstructure in sand casting,
columnar microstructure in directional solidification and
single crystal microstructure from Bridgman furnace, etzc.
However, with AM it is possible to tailor the microstruc-
ture as per the requirement by adjusting the process
parameters.’) In the manufacturing of single crystal
superalloys, one of the key requirements is to suppress
the nucleation of stray grains and orient the crystals in one
single direction. However, multi-layer build-up in AM
results in partial remelting of previously built layers which
can act as potential nucleation sites for new grains. Also,
repeated heating and cooling cycles facilitate in situ heat
treatment which results in homogenization of solute
segregation left after the solidification. Currently, multi-
ple nucleation mechanisms are reported during solidifi-
cation under AM conditions. Helmer e al.!'” reported
that in SEBM, nucleation of equiaxed grains can be
suppressed by carefully selecting scan strategies so that a
preferred growth direction is established over many
layers. Liu er al.'Vl reported that in SLM of AlSilOMg
alloy, high thermal gradients at the melt pool border led to
increased nucleation. Different mechanisms have been
proposed in other works.['*4
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Fig. 1—Experimental results obtained from remelting of as-built and homogenized SX base material. (¢) SEM and EBSD images of a single-melt
line (300 W and 0.25 m s™"). (b) Concentration distribution of alloying elements Cr and Ti (Reprinted from Ref. [15], under the terms of the

Creative Commons CC BY license).

Recently, Rausch er al.'"*'*! conducted a more elab-
orate study to understand the effect of remelting on
nucleation mechanism in SEBM of Ni-based SX super
alloys in as-built and homogenized condition. In Ref-
erence 14 they performed remelting of the IN718 SX
material with a wide range of process parameters and
observed that the nucleation of new grains predomi-
nantly occurs at the melt pool border. In their exper-
iments, it is also observed that out of all the new grains,
the grains which are aligned along the thermal gradient
direction survived while others are overgrown by epi-
taxial growth. Based on these observations, they have
proposed that nucleation at the melt pool border is
triggered by the constitutive undercooling which arises
from melting of coarsely segregated interdendritic chan-
nels. However, in their extended study of CMSX-4
material,'®!'”) they performed remelting experiment on
both as-built and homogenized SX sample.!'” Based on
the experimental results shown in Figure 1, it is
observed that under the chosen process conditions
nucleation of stray grains is observed at the melt pool
border in both as-built and homogenized SX samples.
This cannot be explained by their previous ansatz of
constitutional undercooling resulting from remelting of
interdendritic channels. Hence, we believe that in order
to gain deeper understanding of nucleation phenomena,
we need to employ microstructure based numerical
models.

There exists multiple numerical strategies to under-
stand nucleation and subsequent microstructure evolu-
tion in AM,!'"®?) Among them, the phase-field model is
the most suitable for understanding nucleation,*”!
competitive §rain growth,?"" CET!"3?? and solute seg-
regation.l'**?* Due to the flexibility in selecting
suitable grid resolutions, phase-field model can accu-
rately resolve the solute diffusion during solidification
allowing accurate estimates of solute undercooling
which is suspected to be the main driving force for
nucleation of new grains.

In the current work we employ multi-phase-field
(MPF) model coupled to solute and heat diffusion.
Instead of applying constant cooling rate and thermal
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gradient we impose constant heat extraction rate from
the substrate during solidification. Subsequently, remelt-
ing is simulated by applying constant positive heat flux
at the top surface to mimic the beam melting. As
reported in References 25 and 26, in rapid solidification
interface heating due to release of latent heat plays a key
role in final solidification microstructure and it is only
possible to model this phenomena by coupling heat and
solute diffusion to the phase-field evolution, which is the
main feature of the proposed model. Alternative
approaches for modeling of thermal evolution at
microstructural scale include solving 1-D thermal diffu-
sion,?*?"! the freezing temperature approach with con-
stant cooling rate and imposed thermal gradient,®
obtaining thermal profile of each layer from coupled
macroscopic simulations such as FEM®¥ or CFD.!*”!
Schaar er al®” in their recent publication presented a
similar study for NiAl binary system by imposing
constant cooling rate and thermal gradient while for
remelting, the system temperature is simply set to a
temperature above the liquidus point.

In the current work we limit our study to a Ni-20.5 mol
pct Al binary system. Using the phase-field simulations we
perform initial solidification, followed by remelting in
both as-built and homogenized conditions. Parallelly, we
also prepared a solid substrate of NiAl binary system of
the same composition for experimental study. The details
of the experiment are given in Section II.

II. EXPERIMENTS

A sample of Ni—20.5 mol pct Al was produced by
vacuum arc melting in a Biihler Arc Melter AM/05 and
then machined to a plate of 70 mm x 15 mm x 5 mm
(length x width x height). Further processing took
place in the ATHENE SEBM system, equipped with an
electron gun by pro-beam (AG & Co. KGaA, Gilching,
Germany) with an acceleration voltage of 60 kV.B! To
produce a fine dendritic-cellular microstructure charac-
teristic for alloys fabricated by additive manufacturing,
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Fig. 2—Grain structure of the melt tracks with (¢) 250 W/750 mm s~ ' and (b) 300 W/500 mm s~ '. The Z direction is the reference direction of
the IPF color scale. The melt pool boundaries are delineated by dashed lines (Color figure online).

the surface of the plate was melted with an electron
beam with 500 W beam power and 500 mm s~ ' scan
speed using a snake hatch scan pattern with 200 um
hatch distance. The process chamber was heated to
950 °C to represent the typical processing conditions for
Ni-base superalloys as closely as possible.*?! Afterward,
six single lines were melted using two sets of process
parameters, three lines for each parameter set: 250 W,
750 mm s~ and 300 W, 500 mm s~ '. Ideally, melting
experiments would be done on a single crystal to exclude
any effects of grain boundaries on nucleation and
dendrite formation. By melting several tracks on a
coarse-grained arc-melted sample, the chance of melting
over a grain far larger than the width of the track, which
can act as a single crystal, is high.
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After successful melting and subsequent cooling, the
sample was cut and prepared for SEM and EBSD analysis
by standard metallurgical procedures with a final polish-
ing using colloidal silica suspension. The microstructure
of the melt tracks was analyzed in an FEI Helios
NanoLab 600i FIB. The grain structure and orientations
were characterized by electron back scatter diffraction
(EBSD) using an Oxford Instruments Symmetry S3
EBSD detector. EPMA measurements were performed
using a Jeol JXA 8100 to characterize the elemental
distribution at the melt pool boundaries. Overview
mappings of the melt pools were acquired with a 2.5 um
stepping and mappings of the element distribution at the
melt pool boundary with a stepping of 0.25 um.

EBSD mappings of the grain structure of the single
melted tracks are shown in Figure 2. A significantly
larger number of grains forms at the melt pool interface
in Figure 2(a), though epitaxial solidification prevails
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Fig. 3—The concentration of Al for the as-built sample for the two sets of chosen process parameters. (a, b) present the concentration
distribution in the whole sample including the deeply remelted zone. (¢, d) show concentration distribution at the melt pool border.

for the largest part. Different nucleation behavior is
apparent in the left and right halves of the melt pool.
Only a single parent grain (colored light blue) extends
over the right half of the melt pool interface. This grain
is oriented favorably along the heat flow direction, with
its 100-direction oriented towards the center of the melt
pool. Thereby, epitaxial solidification is facilitated. In
contrast, multiple smaller grains are present in the base
material along the left half of the melt pool. These are
not always oriented along the direction of heat flux. By
nucleation, new grains may form whose 100-direction is
aligned parallel to the heat flow during cooling.

In contrast to Figure 2(a), the melt track in
Figure 2(b) shows nearly perfect epitaxial solidification,
as evidenced by the continuation of grain boundaries
and orientations across the melt pool interface. Only at
the right edge does a single grain nucleate at the melt
pool interface. Some new grains also appear in the
middle of the melt pool.

Concentration map of Al characterized by EPMA
measurements is shown in Figure 3. Figures 3(a) and (b)
show the distribution of Al in the whole sample whereas
the figures 3(c) and (d) highlight composition distribu-
tion at the melt pool boundary for the two sets of
parameters 250 W, 750 mm s7! and 300 W,
500 mm s~ '. Since Al has equilibrium partition coeffi-
cient of less than one (keq <1), it tends to segregate into
the interdendritic liquid. Hence the composition of Al is
high at the interdendritic regions and lower at the core
of dendrites. As seen in Figures 3(a) and (b), the
segregation of Al is much coarser and predominant in
as-built sample compared to the remelted sample.
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III. NUMERICAL METHODS

The microstructure evolution is simulated using the
MPF model proposed by Steinbach er al.**% One of
the biggest advantages of the MPF model is that it
considers contributions of all the driving force mecha-
nisms such as thermodynamic, mechanical, convective
and electromagnetic which are present during the
process. In this work, we restrict our model to free
energy contributions of interface energy and chemical
energy. Thus, the total free energy of the system is given
by

F /Q Fiot +fen ]

where fi,, and f., are the interfacial, and chemical free
energy densities, respectively. The general form of the
interfacial free energy density within the MPF model
reads

dop [ 0
S =3 [—%wmﬁ + m%} S
oFp

and the chemical free energy density has the form

¢ = Z: (¢ac%)] ’ [3]

where g, is the interface energy of the phase (or grain)
pair o and f and 5 is the numerical interface width
chosen for the simulation convenience.

In Eq. [3], f.(cy) is the bulk free energy density of
phase o which is a function of the composition of the
phase « and A is the Lagrange multiplier introduced to
ensure the mass balance.

N
Jan =) ufalcs) + 2
o=1
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Table I. Numerical and Physical Parameters for the Phase-Field Simulations

Data for Ni-20.5 Mol Pct Al

Equilibrium Slope Between Liquid and y
Equilibrium Slope Between y and liquid
Equilibrium Slope Between Liquid and 7’
Equilibrium Slope between ' and liquid
Equilibrium Slope Between y and
Equilibrium Slope Between ' and y
Diffusivity in Liquid
Pre-exponential Coefficient
Diffusion Activation Energy of Liquid
Diffusivity in y and 7’
Pre-exponential Coefficient
Diffusion Activation Energy of solid
Interface Mobility Between Liquid and y
Pre-exponential Coefficient
Activation Energy
Interface Mobility Between Liquid and y*
Pre-exponential Coefficient
Activation Energy
Interface Mobility Between y and y*
Pre-exponential Coefficient
Activation Energy
Isotropic Interface Stiffness
Anisotropy
Latent Heat Liquid to vy
Latent Heat Liquid to y
Thermal Conductivity in Liquid
Thermal Conductivity in y and y’
Heat Capacity of Liquid
Heat Capacity of y and 7'
Heat Extraction Rate
Heat Addition During Remelting
Initial Temperature
Initial Melt Concentration
Grid Spacing
Diffuse Interface Width
Numerical Time Increment
Box Size Z-Direction
Box Size X-Direction
Box Size Y-Direction

mo) — 3.42 K mol pet~!
mig —3.76 K mol pct™!
mp 2.87 K mol pet!
myg 6.69 K mol pct™!
miy 77.70 K mol pet™!
my 188.58 K mol pct~!
(Do)ig 1.5e—7 m? s~!
(EA)iq 3.7¢7 J mol~!
(Do)so1 2.5¢e—4 m? s!
(EA)sor 2.5¢+5J mol™!
(M), 7.5e—7 m* J-! s7!
(Ed)o 3.7¢7 J mol™!
(My),, 7.5e—7 m* J 57!
(Ea)on 3.7¢7 J mol™!
(Mo) 5 1.0e—11 m* J s~!
(Ea)p 2.85¢4 Jmol ™!

o 024 Jm?2

€ 0.35

Lo 13925271 Jkg ™!
Loy 98396.52 J kg
Alig 50.0 WmK™!

Zsol 75.0 WmK™!
(Coiig 810.0 JK!
(Cp)sol 697.21 JK™!

Gext — 1500 Wcm™2
Gbeam 30000 W cm 2

Ty 1656 K

Cy 20.5 mol pct Al
Ax 0.1 um

n 0.45 um

At 0.1 us

L. 100 um

L, 50 um

L.‘, 0 um

The evolution of phase-field is obtained by the
minimization of total free energy:

N 2
; TCMa/;
=2 TGN

oF _oF

54{)&_% ’ [4]

where M, is the interface mobility, F is the total free
energy density and N is the number of phase-fields
which are present locally. Further, Interface mobility is
calculated as a function of temperature in Arrhenius
formulation. The activation energies and exponential
coefficients for individual phases are given in Table I.

To model the evolution of dendrite microstructure,
the phase-field evolution has to be coupled to macro-
scopic transport phenomena such as thermo-solutal
interaction. In the framework of MPF model, the
evolution of the total solute composition is modeled
by diffusion equation of the form

METALLURGICAL AND MATERIALS TRANSACTIONS A

c=V

> (@Davca +) J#;)] : 5]
B

o

where, D* is the diffusion coefficient in phase o« and J, is
the anti-trapping current which minimizes the systemic
deviation caused by the diffuse interface and variations
in solute diffusivity in solid and liquid phases.?¢ %

As mentioned earlier, heat transfer plays a crucial role
in the microstructure development in AM. Most of the
existing numerical models which deal with the
microstructure evolution in AM still follow constant
cooling rate and thermal gradient approximation which
is commonly used in directional solidification. However,
as explained in Section I, solidification under AM
conditions is characterized by strongly varying temper-
atures and strong fluid flow resulting in rapid solidifi-
cation. Hence, to accurately model thermal distribution
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we couple the phase-field evolution with the heat
diffusion equation. The heat diffusion equation is solved
implicitly within the time integration loop. This way the
temperature at every grid point is calculated based on
the local environment and solidification stage. Constant
cooling rate is replaced with constant heat extraction
rate from the bottom surface and the thermal gradient is
established automatically due to strong heat flux from
bottom surface. Also, direct coupling between the
phase-field and the temperature evolution allows to
account for the release of latent heat during
solidification.

One more characteristic feature of solidification under
AM conditions is the remelting of previously built layers
in subsequent layer build-up. To include all possible
heat sources, e.g. release of latent heat, beam melting
and heat extraction from the substrate, we added to the

heat diffusion equation the heat source term, Qjocal,
which simultaneously handles all the heat sources based
on the local environment

pCpTZ V(}VT) + Qloca17 [6]

Qlocal = Lfs + qubstrate + Qbeam» [7]

where p is the mass density, Cp, is the local heat capacity,
A=, ¢, is the effective thermal conductivity, L is
the solidification latent heat, f; is the local solidification
rate, qubstme is volumetric heat extraction rate through
the substrate and Qbeam 1s volumetric heat addition due
to beam melting. ) )

The volumetric heat sources Qpeam and Qgupstrate are
assumed to be constant throughout the solidification.
They are obtained by dividing the respective heat
addition and extraction rates ¢peam and gexy With the
numerical grid size. Further, to match the thermal
boundary conditions with experiments conducted in
this work (P =300 W, v =500 mm s '), the heat
addition rate is calculated from 2D Gaussian heat
source model.”*” Due to the complexities involved with
directly measuring the effective cooling rate during AM
process, we have adjusted the heat extraction rate to
match the cooling rates obtained from macroscopic
single line simulations as given in Figure 10 of
Reference 14.

In Eq. [6], Qiocar 1s handled as follows. The
evolution of the phase-field parameter ¢ determines
the state of solidification and hence the amount of
latent heat released. qubstrate is applied on the bottom
surface to mimic heat extraction through the sub-
strate. This heat source is kept active during the whole
simulation. Similarly, Qbeam is applied on the top
surface to mimic the heat absorption due to beam
melting. However, this heat source is only activated
for a short period of time based on the simulation
requirements. There are multiple criteria to activate
and deactivate the heat sources. These include system
temperature, i.e. minimum and maximum temperature,
volume fraction of a given phase, number of time
steps or absolute time, efc.
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Evolution of phase-field along with the solute and
heat transport equations are implemented in the open

source software package “OpenPhase” #0-4!]

A. Material Input Data

In the current work, numerical simulations are
performed for a binary alloy system Ni-20.5 mol pct
Al. Phase equilibrium data and corresponding thermo-
dynamic %uantities are obtained from Thermo-Calc
software.*  To facilitate proper thermodynamic
description, the binary phase diagram is linearized in
the area of interest. Nucleation and growth of liquid
phase, primary solid y phase and eutectic y phase are
included in the phase-field simulations. Nucleation of
both the solid phases is modeled based on the free
growth nucleation model proposed by Greer er al*?!
with the following conditions. To mimic the epitaxial
growth from the solid substrate, nucleation of primary
solid y phase is allowed only at the bottom surface where
the heat extraction is applied. As we are not attempting
to nucleate stray grains which nucleate with random
orientation, but follow the primary epitaxial grains, the
orientation of the primary solid y phase is fixed and set
to grow along Z-axis. However, by studying the local
solidification conditions during remelting, we can pre-
dict the possibility for nucleation of stray grains. The
secondary solid 7' phase is treated as a stoichiometric
phase with a fixed composition of 24.0 mol pct Al It is
allowed to nucleate as an eutectic phase towards the end
of solidification. The size distribution of the seed
particles is defined by a normal distribution function

(d - a)

o 8]

1
N(d) =K Wir exp
where K is the user specified nucleation density, d is the
diameter of the seed particles, a is the mean seed
particles diameter, b is the standard deviation of the
normal distribution function. Further details about the
nucleation model can be found in References 30 and 44.
Since the temperature window during AM process
changes from boiling point of the material to room
temperature, to accurately account for the diffusion
mechanism, the diffusion coefficients are calculated
using the Arrhenius equation. The accuracy of diffusion
coefficients is validated against the Thermo-Calc mobil-
ity de[lgt%base in the previous study conducted by Schaar
et al.”
Process parameters and numerical parameters used in
the phase-field simulations are given in Table I.

IV. SIMULATION RESULTS AND DISCUSSIONS

A. As-Built Solidification Microstructure

Figure 4 shows the evolution of microstructure and
composition distribution of Al at different time steps
during the solidification. As discussed in Section IIT-A,
in order to investigate the nucleation phenomena during
remelting of the as-built SX sample, we imposed an
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Time: 1 ms Time: 5 ms

Al Concentration at.-%

Fig. 4—Evolution of microstructure and corresponding Al composition during initial solidification under AM process conditions at (a) 0.001 s,
(b) 0.005s and (¢) 0.012's of simulated time; (d) is a magnification of the primary y’-particles and (e) is the experimentally observed

microstructure highlighting 7’ in interdendritic channels.

epitaxial nucleation condition with orientation of new
grains set to follow the preferred crystallographic
orientation. As the result, the obtained microstructure
is not a fully SX microstructure due to the nucleation of
multiple dendrites but it allows us to mimic the SX
microstructure because all dendrites are oriented in the
same preferred direction. This also enables us to study
the strong segregation in interdendritic channels at the
expense of added grain boundaries. As shown in
Figure 4(a), y phase starts to grow from the bottom
wall with grains oriented along the primary growth axis.
However, as can be seen in Figure 4(b), due to the
established thermal gradient along Z-axis, the dendrite
spacing is naturally adjusted according to the imposed
heat extraction rate.

As observed in experiments (refer to Figure 3), due to
diffusion, Al is segregating into the interdendritic
regions. Also, due to the strong thermal gradient, the
dendritic spacing is very low compared to that of
directional solidification, resulting in the absence of
secondary dendrite arms.***? Thermodynamic calcula-
tions conducted using the CALPHAD method show
that towards the end of solidification, the secondary
phase starts to nucleate at the interdendritic regions, as
can be seen at the bottom in Figure 4(b). Figure 4(c)
shows the end of solidification, where the liquid phase
has been completely transformed into y and y’ phases.
The composition distribution shows that the concentra-
tion of Al is highest in the 7" phase and lowest in the
trunk regions, where the y phase is present. The levels of
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Al segregation are also in agreement with experimental
observations shown in Figures 3(c) and (d).

Magnification of the simulated microstructure (refer
to Figure 4(d)) reveals both the morphology and length
scale of the microstructure. Owing to the rapid solidi-
fication conditions, the primary y phase grows with
cellular morphology with no side arms, and the sec-
ondary 7' phase occupies the interdendritic region. The
evaluation of the microstructure obtained from the
experiments conducted in this work confirms these
observations (see Figure 4(e)). Furthermore, the calcu-
lated dendrite arm spacing for the imposed thermal
boundary conditions is about 5 um, which is in good
agreement with the experimental observations made for
the CMSX-4 alloy wunder similar processing
conditions. 346

The temperature distribution and the corresponding
solidification microstructure are shown in Figure 5.
Through the coupled phase-field evolution and heat
diffusion, we are able to accurately resolve thermal
evolution during solidification. In Figure 5(b), it can be
seen that when there is no beam melting, the solid has a
strong thermal gradient, while the liquid has a relatively
low thermal gradient. The magnified view of solidifica-
tion front in Figure 5(c) shows that the dendrite tips are
the local hot spots due to release of latent heat. The line
plots in Figures 5(d) and (e) show the distribution of
temperature along Z- and X-axis, respectively.
Figure 5(d) illustrates the thermal gradient along the
primary growth axis, while Figure 5(¢) presents the
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Fig. 5—Evolution of («¢) microstructure and (b) temperature during solidification; (c) is the enlarged view of dendrite tips highlighting them as
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Fig. 6—Evolution of temperature, cooling rate and volume fraction of solid during initial solidification.

non-uniform temperature distribution at the dendrite
growth front along X-axis, i.e. perpendicular to the
primary growth axis. The local variations in the
temperature seen in Figure 5(¢) are due to the release
of latent heat at the dendrite tips. Such hot spots can
be resolved only by solving the heat diffusion equation,
which treats the release of latent heat as local heat
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source. Although solving heat diffusion equation at
microstructural length scale involves additional com-
putational effort, it is essential for this study as the
main goal is to estimate the constitutional undercool-
ing ahead of the dendrite growth front, which is
believed to be responsible for the nucleation of new
grains.
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Fig. 7—Evolution of temperature and volume fraction of solid during initial solidification, partial remelting and subsequent solidification.

In Figure 6, the cooling rate, the system average
temperature, and the volume fraction of solid are
plotted against solidification time. The figure clearly
shows that the cooling rate decreases by a factor of more
than 10 during solidification due to the release of latent
heat. Once the volume fraction of solid reaches 100 pct,
the temperature starts to drop with constant cooling
rate. From Figure 6 it follows that the end of solidifi-
cation is reached at around 8 ms. Considering the total
height of the system of 100 um, the solidification
velocity can be calculated. In our simulations it is
12.5mm s~'. The calculated solidification velocity is
lower than the experimentally observed solidification
velocity of 20mm s~ % obtained for CMSX-4 under
similar processing conditions. There are many sources
for this discrepancy. First, it is the complexity involved
in matching the thermal boundary conditions in simu-
lation to the experimental conditions. Second, the
measured velocity in PF simulations is in situ, i.e.
velocity observed during the solidification, whereas in
the experiments the solidification velocity is estimated at
the end of the process. Finally, capturing the solidifica-
tion velocity experimentally during AM process is
extremely difficult due to the rapid solidification.

B. Remelting of As-Built Sample

To study the history-effect in the as-built case, the
microstructure obtained in the previous step is remelted
and allowed to solidify again. As shown in Figure 7, the
initial solidification proceeds until the system tempera-
ture reaches 1373 K. At this stage, the heat source at the
top, Qbeam, is activated. Due to the strong heat flux
applied at the top, the system temperature quickly rises
above the liquidus temperature, initiating melting. The
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heat source is kept active until the volume fraction of
liquid reaches 60 pct. This is to replicate partial
remelting of existing solidification structures during
subsequent layer build-up in the AM process.

Figure 8 shows the evolution of microstructure and
Al concentration throughout the process of remelting
and subsequent solidification. The initial microstructure,
shown in Figure 8(a), is obtained from the previous
simulation. Due to the applied heat flux, the dendritic
microstructure starts to melt from the top, and Al is
redistributed in the melt, as shown in Figure 8(b).
Figure 8(c) shows the stage where the temperature at the
dendrite front drops below the liquidus temperature,
resulting in the initiation of epitaxial growth of solid vy
phase. However, even at this stage, partial remelting is
continued at interdendritic regions due to the presence
of y phase, which has a lower liquidus temperature due
to strong Al segregation. Figure 8(d) shows the later
stage of solidification in the remelted zone. As soon as
the temperature reaches the 7’ solvus temperature, 7
phase starts to re-nucleate, which can be seen at the
bottom of the simulation box. As shown in Figure 8(e),
at the end of solidification, all the remelted liquid is
transformed back into y and y’ phases.

Figures 9 and 10 present further analysis of the Al
distribution and constitutional undercooling at the onset
of solidification. Constitutional undercooling is calcu-
lated as follows!*”:

ATCZﬂ(Cik)—T*Zm()lCT—FTm—T*, [9]

where T1(C}) is the local liquidus temperature, Ty, is the
melting temperature of pure Ni, my, is the liquidus slope
given in Table I, Cj and T" are the composition and
temperature of solidification front.
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Fig. 8—Microstructure evolution and corresponding solute concentration during remelting and subsequent solidification of as-built sample: (a)
previously built SX-like microstructure, (b) melting due to presence of heat source at the top, (¢) end of melting and start of subsequent
solidification, (d) later stage of solidification, (e) end of solidification.
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Fig. 9—(a) Spatial distribution of Al concentration and constitutional undercooling at the very beginning of solidification in remelted zone of
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Figure 9 shows the simulation screenshot taken at
the initial stage of solidification during remelting of
the as-built sample. Figure 9(a) displays the solute
composition and corresponding constitutional under-
cooling at the beginning of solidification, while
Figure 9(b) highlights the local environment ahead of
the solidification front. The solidification velocity at
the onset of solidification calculated from Figure 9 is
7mm s ' which is significantly lower than the
observed solidification velocity levels in rapid solidifi-
cation. Figures 9(a) and (b) show that there is a
significant concentration gradient in the interdendritic
channels, resulting from deep melting of strongly
segregated 7’ phase. The distribution of Al concentra-
tion and constitutional undercooling across the inter-
dendritic region and along the growth axis are shown
by line scans presented in Figures 9(c), 9(d), respec-
tively. The line scan along Z-axis shows that the
constitutional undercooling gradually increases across
the solidification front and that the maximum under-
cooling available at the start of solidification is about
4.6 K.
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Figure 10 illustrates the evolution of Al concentration
and calculated solute undercooling at three close time
intervals during the start of solidification. Due to very
low solidification velocities at the beginning of solidifi-
cation, the initial solid grows with lower concentration
of Al resulting in a small solute depletion layer.
However, as seen in Figures 10(b) and (c), as dendrites
start to grow, the solidification velocity increases
rapidly, resulting in uniform solute composition in the
dendrite trunks. The established composition gradient
caused by remelting of the interdendritic channels leads
to an increase in calculated constitutional undercooling
over time. The maximum undercooling ahead of the
solidification front, however, is limited to less than 5 K,
as seen in Figure 10. Further, since the remelting
simulations are performed under the same thermal
boundary conditions as initial microstructure, there is
no significant deviation in the dendrite arm spacing.

From the above analysis, we can conclude that in
as-built sample, remelting creates significant composi-
tion gradient (refer to Al concentration plot in Figure 9)
at interdendritic region. However, new grains can only
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«4Fig. l1l—Evolution of Al concentration during remelting and
re-solidification under different heat extraction rates. (a) As-built
microstructures are subjected same heating at the top and different
heat extraction rates at the bottom. (b) Distribution of Al
concentration at the end of remelting. (¢) Distribution of Al
concentration during the re-solidification. (d) Distribution of Al
concentration towards the end of solidification.

form if the resulting constitutional undercooling is
higher than the critical undercooling required for
nucleation. Figure 10 also shows that the constitutional
undercooling ahead of the solidification front increases
gradually until it reaches a maximum, then it decreases
continuously. This indicates that, under the process
conditions of AM, it is unlikely to see nucleation of
stray grains ahead of the solidification front, except for
the melt pool border where the solidification velocities
are much lower. Even if new grains nucleate, they can
only survive if their growth axis is aligned with the
direction of heat extraction. However, experiments have
shown that it is still possible to get stray grains at the
flank regions where the growth axis does not align with
heat extraction direction.

1. Influence of solidification conditions on nucleation
during remelting of as-built sample

The results presented in the previous section were
obtained by performing remelting simulations under the
same heat extraction rate as imposed during creation of
as-built microstructure. However, as reported in Refer-
ences 14 and 15, nucleation observed at the melt pool
border is significant when there is change of solidifica-
tion conditions, such as enhanced cooling rate during
remelting. To better understand the influence of solid-
ification conditions on remelting of as-built sample, we
have performed additional simulations with both
reduced and enhanced heat extraction rates. In two
simulations, the as-built sample is subjected to heat
extractions rates of — 500 Wem ™2 and — 1000 W em ™2,
which are lower than the as-built heat extraction rate
(— 1500 Wcem™2), and in one simulation, the sample is
subjected to — 3000 Wem™2 which is two times the
as-built heat extraction rate.

Figures 11(a) through (d) present the evolution of
dendritic microstructure along with Al concentration
during various stages of remelting and re-solidification.
Figure 11(a), (1) through (iv) show the as-built
microstructure, which is obtained with a heat extraction
rate of — 1500 Wem 2. The as-built microstructure is
then subjected to remelting under four different heat
extraction rates to study the influence of changes in heat
extraction rates during remelting. Figure 11(b), (i)
through (iv) present the state of microstructures at the
end of remelting and the onset of re-solidification. It is
clear from these figures that the depth of remelting in the
interdendritic channels varies depending on the heat
extraction rate. The interdendritic channels in the
microstructure subjected to lower heat extraction rates
are completely remelted, while those in the microstruc-
ture subjected to higher heat extraction rates remain
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intact. Figure 11(c), (i) through (iv) shows that during
re-solidification, the system always tries to adjust to the
equilibrium dendrite spacing according to the applied
heat extraction rate. Therefore, in microstructures
subjected to lower heat extraction rates, the number
of dendrites is reduced, resulting in increased interden-
dritic spacing. Whereas, in microstructure subjected to
higher heat extraction rate tip splitting can be observed
which  reduces interdendritic  spacing. Finally,
Figures 11(d), (i) through (iv) show the fully re-solid-
ified microstructures towards the end of solidification
with the interdendritic channels transformed to eutectic
' phase.

To further understand the local solidification condi-
tions during remelting under different heat extraction
rates, we have analysed the solute concentration distri-
bution and constitutional undercooling at the on-set of
solidification. As shown in Figure 12, the segregation of
Al in the interdendritic channels increases with increas-
ing heat extraction rate. Additionally, the constitutional
undercooling also increases with the heat extraction
rate. In Figures 12(a) and (b), which correspond to the
lower heat extraction rates, the undercooling is signif-
icantly lower compared to the undercooling observed in
Figures 12(c) and (d), corresponding to the higher heat
extraction rates. This suggests that the chances of
nucleation during remelting are lower under the condi-
tions imposed in Figures 12(a) and (b). A similar effect
is observed in References 15 and 48, where higher
undercooling during re-solidification resulted in dendrite
tip splitting and promoted nucleation of stray grains.

C. Remelting of Homogenized Sample

In order to further understand the impact of solidi-
fication conditions on remelting, simulations of a
homogenized SX sample were performed. The key
objective of these simulations is to understand the local
environment at the melt pool border at the start of
solidification. Two methods are considered to obtain the
homogenized microstructure. The first method involves
heating and holding the as-built solidification
microstructure until it is fully homogenized, similar to
the process used experimentally for the CMSX-4 alloy in
Reference 15. In this approach, the system is heated
until all existing 7 phase is dissolved, and then held at a
constant temperature until the composition of Al is
completely homogenized. The second method involves
starting the simulation with a complete solid state of the
y phase with the composition of Al as the nominal
composition, assuming complete homogenization. Both
methods are tested, but the presence of dendrite
boundaries even after complete homogenization in the
first method resulted in artificial triple junctions forma-
tion during remelting. Therefore, the simulations are
continued with the microstructure obtained from the
second method. To perform remelting simulations, the
same procedure is followed as in the remelting of the
as-built sample, activating the heat source at the start of
the simulation and deactivating it when the volume
fraction of liquid reaches 60 pct.
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Al Concentration at.-%

Figure 13 shows the microstructure evolution and the The initial microstructure, obtained from a complete
corresponding composition distribution of Al during solid state with nominal Al composition, is shown in
remelting and solidification of homogenized SX sample. Figure 13(a). As opposed to the melt pool border seen in
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the remelting of the as-built sample (shown in
Figure 8(b)), the melt pool border in the homogenized
case (Figure 13(b)) is more uniform due to a single solid
phase and a uniform solute composition. At the
beginning of re-solidification (Figure 13(c)), the solidi-
fication front grows initially as planar due to the low
solidification velocity and negligible concentration gra-
dient. However, the melt pool boarder creates a layer
with depleted composition at the solidification front,
which results in subsequent composition gradient ahead
of it similar to the experiment (Figure 1(b)). Due to the
composition gradient and perturbations caused by the
numerical modeling, the planar front disappears and
cellular dendrites start to grow with significant segrega-
tion of Al into interdendritic regions, as shown in
Figure 13(d). The end of solidification is shown in
Figure 13(e), where 7' is nucleating and grows in the
interdendritic regions of the remelted section.

Figures 14 and 15 present a more detailed view of
local environment at the melt pool interface at the start
of solidification of homogenized SX sample. From
Figure 14 it is evident that in the homogenized SX
sample, remelting is more uniform than in the as-built
case due to the absence of grain boundaries. As shown
in Figure 14(a), there exists a significant solute depletion
resulting from zero solidification velocity at the onset of
re-solidification due to change of direction of heat flux
from positive to negative. The length of the planar front
growth, i.e. the distance between the solute depletion
layer and the dendritic solidification front, is found to be
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5 um which is in close agreement with experimental
studies conducted on the SX sample of CMSX-4
material under homogenized conditions.!”
Figure 14(c) presents the Al concentration and calcu-
lated constitutional undercooling along the line scan
perpendicular to the growth axis. From this plots it is
clear that even in remelting of homogenized sample,
once the planar front breaks down, dendrite arms grow
with solute segregation in the interdendritic liquid. As
shown in the line scan drawn along the growth axis
(Figure 14(c)), the undercooling in the homogenized
case is comparatively higher than the undercooling
obtained from the remelting of the as-built sample.

Figure 15 presents the evolution of Al concentration
and corresponding constitutional undercooling during
solidification in the remelted zone of homogenized SX
sample. As shown in Figure 15(a), during the initial
planar growth there is a uniform solute concentration
ahead of the solidification front, which results in very high
constitutional undercooling values. Next, Figures 15(b)
and (c) show, that once the cellular dendrites start to
grow, the composition gradient continues to rise in the
interdendritic liquid region, but the resulting constitu-
tional undercooling continues to decrease.

From the above results we can conclude that the
simulation results are in close agreement with the
experimental observation made in Reference 15, where
nucleation is observed at some distance from the melt
pool border during remelting of homogenized SX
sample.
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V. SUMMARY AND CONCLUSIONS

To summarize, in the current work, the history-effect
of partial remelting on nucleation is studied using the
phase-field modeling. A coupled approach considering
heat diffusion and phase-field evolution is used to
simulate solidification and remelting in both as-built
and homogenized states for a model binary system of
Ni—20.5 mol pct Al. The numerical model is validated
with experimental observations also conducted on the
same binary alloy. From the obtained results the
following conclusions can be drawn:

e Results obtained for the as-built solidification
microstructure show that,

Al has a strong tendency to segregate in inter-
dendritic liquid, promoting the formation of '
phase.

The release of latent heat during solidification
strongly influences the solidification velocity and
cooling behavior, thereby affecting the solidifi-
cation microstructure.

Cooling rate during solidification is found to be
up to 10 times lower than the cooling rate at the
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end of solidification which is generally measured
as the cooling rate in the experiments.

e The simulation results obtained for the as-built
remelting indicate that

Remelting is non-homogeneous due to the pres-
ence of strongly segregated y' phase in the
interdendritic regions.

Analysis of solidification velocity, Al concentra-
tion, and constitutional undercooling reveals the
mechanisms responsible for nucleation of new
grains at the melt pool border.

At the beginning of re-solidification, the solidifica-
tion front moves with very low velocity and higher
undercooling, which may lead to nucleation of new
grains at the melt pool border. Nucleation of new
grains is suppressed at the later stages of solidifi-
cation as the cellular dendrites grow with higher
solidification velocities, making classical CET
impossible under AM process conditions.

e Further, simulation results obtained for remelting of
as-built microstructure under reduced and enhanced
heat extraction conditions demonstrate that
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— Due to the variations in the effective cooling rate,
the system tends to adjust to the equilibrium
dendrite spacing.

— This results in increased dendrite spacing in
simulations with lower heat extraction rate, and
increased constitutional undercooling and den-
drite tip splitting in simulations with higher heat
extraction rate.

e In contrast to the microstructure evolution observed
in as-built case, the simulation results for remelting
of homogenized SX samples show, that

— Remelting is more uniform due to the presence of
a single solid phase and uniform solute compo-
sition throughout the system.

— At the beginning of re-solidification the front
grows in a planar manner with very low solid-
ification velocity until it is disturbed by the
increased solute concentration and constitutional
undercooling in the interdendritic regions.

— This creates the condition for nucleation of new
grains at some distance from the melt pool
border. These results are in close agreement with
the experimental observation in Reference 15
where the nucleation is observed at some distance
into the melt pool border during remelting of
homogenized CMSX-4 sample.

Finally, we can conclude that the understanding gained
from this investigation greatly helps in controlling
nucleation of stray grains in SEBM of Ni-based super-
alloys. In the current study, we limited the phase-field
simulations to a binary alloy and apply the quasi-equi-
librium approach for solute redistribution.*”) Future
work will be concentrated on the effect of multi-com-
ponent solidification and to include the effects of solute
trapping applying the finite interface dissipation (FID)
model for non-equilibrium transformation.%>"
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