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Abstract In this work, we numerically investigate the effect of building direction
on the solidification behaviour and microstructure evolution of direct metal laser
sintered (DMLS) AlSi10Mg. The building direction, as previously proved in experi-
mental studies, can influence the solidification behavior and promote morphological
transitions in cellular dendritic microstructures such as columnar-to-equiaxed tran-
sition (CET). We develop a thermal model to systemically address the impact of
laser processing conditions and building direction on time-dependent solidification
parameters including pulling velocity, thermal gradients, and cooling rates of the
molten pool during DMLS of AlSi10Mg alloy. We then study the microstructure
evolution of DLMS-AlSi10Mg for horizontal and vertical building directions. The
present model includes heterogenous nucleation on inoculant particles that triggers
the CET, and its results are consistent with the predictions of a previously developed
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model. In addition, findings are compared with experimental observations to ensure
the accuracy of obtained numerical results.

Keywords Columnar-to-equiaxed transition · AlSi10Mg · Phase-field
simulation · Direct metal laser sintering (DMLS)

Introduction

Among the available additive manufacturing (AM) processes, direct metal laser sin-
tering (DMLS) has been accepted as a new paradigm for the design and production
of high performance complex components. This is due to its unique features, such as
fast solidification rate, short manufacturing times, and controlled melting and solidi-
fication processes [8]. This process is widely known to be a well-suited technique for
processing aluminum alloy powder, in particular AlSi10Mg [9]. DMLS-AlSi10Mg
has attracted much attention recently due to its mechanical and structural properties
suited to applications in aerospace, automotive, and marine industries [6].

Significant effort has been made to study the evolution of grain structure during
AMprocesses [13]. It is shown by these studies that despite the complexities involved
in AM processes, the evolution of grain structure for a given set of parameters can
be determined by thermal gradient G, solidification rate R, and undercooling �T
[7]. Two widely observed solidification microstructures in AM processes are colum-
nar and equiaxed structures [13]. Under certain conditions when sufficiently large
number of equiaxed dendrites nucleate in the constitutionally undercooled liquid
adjacent to the solidification front, columnar grains are terminated with the forma-
tion of equiaxed grains and a columnar-to-equiaxed transition (CET) takes place [5].
In recent years, numerous experimental and computational studies have been carried
out to investigate the CET occurring in DMLS processes. For instance, Hadadzadeh
et al. [6] conducted an experimental study to inspect the microstructure of AlSi10Mg
alloy processed by the DMLS technique using different building directions. Their
observations clearly confirmed the formation of CET structures. The authors also
showed that changes to the building direction can affect both columnar-to-equiaxed
ratio and the texture of DMLS-AlSi10Mg alloy. These effects are clearly illustrated
in EBSD images for two horizontal and vertical samples (Fig. 1).

The main purpose of this work is to understand the mechanism of crystal orien-
tation selection for given thermal conditions of the DMLS process. We develop a
thermalmodel to extract laser thermal parameters and then simulate themicrostruture
evolution by employing a phase-field model for the resultant thermal conditions. A
new efficient numerical approach to capture the heterogeneous nucleation that trig-
gers CET is introduced. These are used to continue our investigation to explore
the texture of DMLS-AlSi10Mg alloy for different processing parameters and build
directions. The results of this study will be reported in an upcoming publication.

In this work, we make the following approximations of the alloy to simplify the
initial test simulations:
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Fig. 1 EBSD IPF-Z images of a vertical and b horizontal samples superimposed with grain bound-
aries. The figure is adopted from [6]

1. We focus on the solidification of a binaryAlSi alloy. The concentration ofmagne-
sium in AlSi10Mg is low. Evaporation during the DMLS process further reduces
this concentration. Its effect on the microstructure evolution appears to be mini-
mal, and therefore, we omit it from the simulations.

2. We choose to study the solidification of binary AlSi alloy in the dilute limit. The
solute (Si) concentration is set to a very small value (0.5wt.%) which is more
consistent with the dilute alloy limit assumption.

Free Growth Phase-Field Model

we employ an adaptation of the model of Ofori-Opoku and Provatas [10] formulated
from grand potential functional [11], which allows us to model the evolution of
the chemical potential field alongside the order parameters representing grains. The
details of the model are found in [4, 12]. We performed our numerical phase-field
simulations of solidifying domains within a 2-D system using the same numerical
techniques discussed previously in [1]. In this model, the order parameter vector
is defined as �φ(�r) = (

φ1(�r), φ2(�r), . . . , φN (�r)), whose components are bounded by
0 and 1, representing the bulk of liquid and solid phases, respectively. Each order
parameter φi represents one of N distinct solid grain orientations or crystal structures
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at a particular point in a volume. Through their interactions, they always satisfy φ1 +
φ2 + · · · + φN ≤ 1 [4]. The solid–liquid interface is represented as a region with
finite (but nonzero) thicknessWi inwhich the order parameterφi varies, continuously,
between its two bulk values.

The grand potential functional for a multi-phase dilute binary system can be
written in the following form [11]:

�[ �φ,μ] =
∫

dv

{
ωint( �φ, �∇φ) +

N∑

α=1

gα( �φ)ωα(μ) +
[
1 −

N∑

α=1

gα( �φ)

]
ωl(μ)

}
,

(1)
where ω and μ are the grand potential density and chemical potential, respectively, l
is the liquid phase, and index α runs over solid phases or orientations. The first term
in Eq. (1) accounts for the interaction energy between order parameters, while the
remaining terms are the grand potential densities of the bulk solid and liquid phases.
The functions gα( �φ) interpolate the local grand potential density between phases via
the order parameter components φα .

The dynamics of the solidification in the grand potential formalism is described
by the evolution of each order parameter φα and chemical potential of the solute
species μ:

∂φα

∂t
= −Mφα

δ�

δφα

+ ξφ, (2)

∂μ

∂t
= 1

χ

[
∇ ·

(
M( �φ, c)∇μ

)
−

∑

α

g
′
α( �φ)

(
cα(μ) − cl(μ)

) ∂φα

∂t

]
−∇ · �ζ , (3)

where Mφα
defines a suitable time scale of φα , M( �φ, c) is Osanger-type mobility

coefficient for mass transport, and χ is the susceptibility parameter that is defined
as ∂c/∂μ. The stochastic fields ξ and �ζ in Eqs. (2) and (3) account for thermal
fluctuations in order parameters and noise flux governing fluctuations in solute con-
centration, respectively [12].

Nucleation

In this study, we solely consider heterogeneous nucleation on partially melted pow-
ders (inoculants) as the dominant mechanism of CET [2]. In order to examine the
spontaneous nuclei formation in an undercooled liquid, we take the same approach
as discussed previously in [1]. In this method, the energy barrier of solid–liquid
nucleation within a volume �V (surface �A in 2-D) of an inoculant, is set to its
corresponding value for heterogenous nucleation for a given contact angle θ . The
free energy barrier for heterogenous nucleation for a given set of conditions (solute
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concentration and temperature) is calculated according to classical nucleation theory
and can be written as,

�F∗ = 16π

3

h(θ) γ 3

� fν2
, (4)

where γ is the interfacial energy (J/m2) , h is a heterogenous pre-factor that depends
on the contact angle θ , and � fν is the bulk free energy change per unit volume
(J/m3). The contact angle θ depends on the interfacial energy between the liquid and
the surface of an inoculant particle.

Heterogeneous nucleation is controlled by redefining the dimensionless lambda
parameter λ that enters the quantitative phase-field model [3], as a quenched in field
whose values depend on local solute concentration in undercooled liquid and contact
angle, and can be written in the following form,

λhet = 1

2

I W � fν
γ
√
h(θ)

. (5)

Fluctuations that lead to nucleated order parameters are affected in a separate
system, that interacts with the grains in the main simulation domain, but not vice
versa.Once an order parameter is triggered, it is added to themain simulation domain.
Within the main simulation of domain of free-growing crystals, the value of lambda
is set to a constant in the entire domain.

Thermal Modelling

The thermal profile of DLMS-AlSi10Mg is calculated for two horizontal and vertical
printing strategies using the finite element method (FEM). The sample sizes for
horizontal and vertical samples in (x , y, z) coordinates are set to 10mm × 10mm ×
1 cm and 2.5mm × 2.5mm × 1 cm, respectively. In both cases, the whole body is
assumed to be fabricated (i.e. in solid phase) while the focus of modeling is on the
last powder layer with a thickness of z = 30μm . The laser processing parameters
that we used in our model can be found in Table1. In this model, heat generation
by laser is represented by a Gaussian heat source while heat dissipation mechanism
is modeled as heat convection and radiation on the top surface (i.e. z = 0), and
conduction through the basemetal. To accurately simulate themelting and subsequent
solidification processes, the phase change from powder to liquid and liquid to solid
phases are taken into account.
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Table 1 Processing parameters of DMLS-AlSi10Mg

Scan speed (ms−1) 1.3

Laser power (W) 370

Laser spot size (mm) 0.05

Layer thickness (mm) 0.03

Preheat temperature (K) 473.15

Density (kgm−3) 2650

Latent heat (Jkg−1) 389,187

Thermal diffusivity (m2s−1) 4 × 10−5

Convective heat transfer (Wm−2 K−1) 80

Emissivity 0.19

Results and Discussion

In this section, we briefly discuss the solidification process in a vertically fabricated
sample to demonstrate the effect of laser processing conditions in the DMLS-AlSi
binary alloy on the microstructure evolution. A more complete investigation of dif-
ferent build directions is related to a forthcoming publication.

Phase-field simulations were conducted for solidification of a vertically printed
part in a 2-D computational domain with a size of 240μm × 45mm, along the
direction of laser propagation x , and depth of the melt pool z. All relevant parameters
used in our simulation are summarized in Table2. We initiate the simulation by
setting up an initial solid–liquid interface and solute composition profile based on
the imposed thermal profile of the melt pool. The interface is then evolved using the
corresponding transient laser thermal profile.

The results of these simulations are depicted in Fig. 2. Figure2 shows the solute
(Si) concentration map for two instances in the evolution of solidification (Fig. 2a:
after initial nucleation events and Fig. 2b: after complete solidification). At the early
stages of the simulation, several nuclei have emergedwith randomorientationswhich
continue to grow, driven by the local thermal gradient (heat extraction).

The formation of these nuclei can be attributed to the high thermal gradient in
the vicinity of the top surface. These grains collectively form a second propagating
solid–liquid interface moving downward. Both downward and upward solidification
fronts merge at the trailing end of the melt pool forming a fully solidified part. The
formation of these two fronts is proposed to be by the effective heat extraction at the
top surface and due to the heat conduction through the bulk material at the bottom.

Among all the grains with different orientations that nucleated initially, only
those that are more aligned with the temperature gradient tend to grow faster and
thus outgrow slower misaligned dendrites.
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Table 2 Physical properties of AlSi binary alloy, phase-field, and nucleation parameters used in
the simulations

Physical properties

Chemical composition (wt.%) Al: 99.5, Si: 0.5

Melting point of Al (K) 932.85

Liquid slope (◦Cwt.%−1) 6.5

Partition coefficient, ke 0.13

Solute diffusivity (liquid; m2s−1) 3 × 10−9

Solute diffusivity (solid; m2s−1) 1 × 10−12

Gibbs–Thomson coefficient (K m) 9 × 10−8

Phase-field parameters

Effective interface width, Wo (m) 2.5 × 10−8

Relaxation time, τo (s) 5.7 × 10−7

Minimum grid spacing, dx 0.8Wo

Anti-trapping coefficient 0.35355

Nucleation parameters

Inoculant number density, Np (m−3) 1.2 × 1014

Heterogenous pre-factor, h 3 × 10−4

(a)

(b)

Fig. 2 Concentration map of solute (Si) for a single powder layer with vertical build direction: a
after initial nucleation events and b after complete solidification. The direction of laser propagation
is to the right (depicted by x arrow). The bottom layer has grown from a base metal layer initiated
in the simulation. The top layer (z = 0) comprises several heterogeneous nucleation events on the
top melted liquid layer. The colour bar shows the dimensionless solute concentration scale

The final stage of the simulation is displayed in Fig. 2b. The nucleation events
observed between the two propagating fronts are the result of the constitutional
undercooled liquid entrapped between them. We observe that the nucleation density
ismuch less than the inoculant density.Wepropose two possible explanations for this.
First, large thermal gradients G along with relatively fast solidification rates R give
rise to very high cooling rates CR = G × R which effectively reduce constitutional
undercooling and create a suppression of further nucleation events. Second, as the
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solidification front progresses, it rejects more solute into liquid which increases
the solute concentration in the vicinity of solid–liquid interface. This results in the
liquid in between the two approaching interfaces to become highly saturated (i.e.
liquid’s concentration is very close to its equilibrium value at a given temperature),
and therefore, further nucleation of equiaxed grains in these regions becomes very
difficult.

Conclusion

In this work, we conduct a numerical study to investigate grain growth and columnar-
to-equiaxed transition (CET) in dilute binary AlSi alloy, under thermal conditions of
direct metal laser sintering process. A new 2-D phase-field model is utilized where
we have incorporated a nucleation mechanism during free growth to simulate the
coupled microstructure evolution process. Our simulation results for a vertically
sintered single powder layer indicate that final grain structures are mainly comprised
of columnar dendrites. We hypothesize that effect stems primarily from the high
cooling rates involved in the process. However, to confirm this, further investigation
of the effect of build direction (i.e. vertical and horizontal) on the time-dependent
solidification parameters and the emerging microstructure is required. A thorough
study of solidification behaviour for laser processing parameters will be conducted
in an upcoming publication.
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