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Abstract
Predicting the evolutionary behavior of microstructures with the help of numer-
ical simulation techniques has become an essential tool for studying the solidi-
fication process of metal additive manufacturing. As a mesoscopic model based
on the diffusion interface theory, phase field method (PFM) can be used to
predict the evolution of solidification microstructure. The open-source PFM
framework PRISMS-PF can not only efficiently solve systems of equations with
billions of degrees of freedom, but also provide a simple adaptive mesh control
module. In this paper, based on the open-source PFM framework PRISMS-
PF, a phase field-finite element method (PFM-FEM) simulation flow for the
solidification process of A356 aluminum alloy additive manufacturing in the
two-dimensional case was established. The effects of temperature gradient, scan
rate and initial solid-phase morphology on solute concentration, dendrite spac-
ing and dendrite morphology were analyzed and compared with experimental
results for verification. Analyzing the results for different temperature gradi-
ents and scan rates cases, it was found that the increase of temperature gradient
or scan rate made the primary dendrite arm space decrease; as the ratio of
temperature gradient to scan rate decreased, the solidification morphology grad-
ually changed from flat crystal to cellular crystal, columnar crystal, and even
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dendritic structure. Analyzing the results for different initial solid-phase mor-
phology cases, it was found that the influence of initial solid-phase morphology
on dendrite growth increased as the ratio of temperature gradient to scan rate
decreased. The above influence rules were mainly related to the composition
overcooling zone under different conditions. This paper is expected to provide
a theoretical support for the effective regulation of solidification microstructure
in metal additive manufacturing.

Keywords: phase field-finite element method, metal additive manufacturing,
temperature gradient, scan rate, dendrite spacing, dendrite morphology

(Some figures may appear in colour only in the online journal)

Nomenclature

τφ Coefficient of the left-end term of equation (1)
t Dimensionless time
τU Coefficient of the left-end term of equation (2)
D̃ Dimensionless solute diffusion coefficient in the liquid-phase
�jUat For characterizing the effect of phase transition on solute distribution
k Solute redistribution coefficient
a (n̂) Interface energy anisotropy function
x, y Dimensionless horizontal and vertical coordinates
λ Dimensionless coupling parameter
Uo f f Determining the initial overcooling degree of the liquid–solid inter-

face, Uoff = 0 indicates that the initial temperature of the liquid–solid
interface is the solidus temperature, and Uoff = 1 indicates that
the initial temperature of the liquid–solid interface is the liquidus
temperature

y0 Dimensionless longitudinal height of the initial liquid–solid interface
Ṽp Dimensionless scan rate
l̃ T Dimensionless thermal action length, characterizing the effect of

temperature gradient on solidification behavior
n̂ Unit normal vector at the liquid–solid interface (from the solid-phase

to the liquid-phase)
εm Anisotropic strength
m Crystal system parameter, m = 4 denotes the cubic crystal system, and

m = 6 denotes the hexagonal crystal system
θ Grain growth angle
θ0 Deflection angle of grain growth
x̂, ŷ Unit normal vectors in the horizontal and vertical directions,

respectively
c Solute concentration, %
c0 Initial liquid-phase solute concentration, %
U0 Initial dimensionless supersaturation concentration, and U0 = −1

denotes the initial liquid-phase solute concentration of c0 and the
initial solid-phase solute concentration of kc0

a1, a2 Constants with values of 0.8839 and 0.6267, respectively
d0 Capillary action length, m

2
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W Artificially specified liquid–solid interface thickness, which is
selected as the characteristic length, and its value is usually in the range
of 10d0 to 100d0, m

V p Scan rate (pulling rate), m s−1

D Solute diffusion coefficient in the liquid-phase, m2 s−1

ml Rate of change of liquidus temperature with solute concentration, K/%
G Temperature gradient, K m−1

τ 0 Characteristic time, s
γ0 Surface tension coefficient, N m−1

Tm Melting point, K
cp Specific heat capacity, J (kg−1 K−1)
ρ Density, kg m−3

L Latent heat of solidification, J kg−1

Superscripts n, n + 1 Denote the values of the physical quantities at the current moment and
after a certain time step, respectively

rφ Right-end term coefficient of the FE weak form of φ
rU , r̂Ux Right-end term coefficients of the FE weak form of U
rξ , r̂ξx Right-end term coefficients of the FE weak form of ξ
Δt Dimensionless time step

1. Introduction

Metal additive manufacturing (3D printing) is considered to be one of the most valuable
technologies in the additive manufacturing system, which has the advantages of lightweight,
integration and mold-free manufacturing that are difficult to achieve with traditional thermal-
mechanical processing methods. At the same time, it can greatly meet the needs of high per-
formance, rapidity, flexibility, customization and eco-friendly put forward by future intelligent
manufacturing equipment [1, 2]. As the requirements for mechanical properties of metal addi-
tive manufacturing parts increase, researchers are becoming more aware of the importance
of the ‘process-microstructure-property’ interrelationship [3, 4]. However, the molten pool in
the metal additive manufacturing process is often a tiny region of high temperature and high
transients, making it difficult to directly observe the microstructure evolution behavior during
solidification by experimental means [5, 6]. Therefore, predicting the evolutionary behavior of
microstructures with the help of numerical simulation techniques has become a necessary tool
to study the solidification process of metal additive manufacturing [7–9].

For microstructure prediction of solidification processes in metal additive manufacturing,
the mainstream numerical simulation methods currently include cellular automaton method
[10, 11] (CAM), Monte Carlo method (MCM) [12, 13], and phase field method [14, 15] (PFM).
Among them, CAM is based on macroscopic (millimeter scale) solidification thermodynamics
and grain nucleation and growth kinetics, and can be used to analyze the effects of overcool-
ing and solute concentration on the solidification microstructure [16]. Lian et al [17] used
a combination of CAM and finite volume method to predict the three-dimensional multilayer
grain morphology and reveal the typical epitaxial crystallization behavior and the ‘sandwich’
and ‘jagged’ grain arrangement in metal additive manufacturing process. CAM can calculate
the solidification process in a large size range, but its ability to describe the solidification struc-
ture morphology is weak, and it can only predict the grain growth process approximately.
With CAM it is difficult to deal with the effect of interfacial curvature on the grain growth rate,
and it is more sensitive to the shape and size of the cell [18]. MCM is based on the princi-
ple of minimum interface energy, with probability statistics as the main theoretical basis and
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random sampling as the main means. MCM has the advantage of describing the grain growth
process by a simple probabilistic statistical model, but it lacks a reliable basis for solidification
kinetics [19]. PFM is a mesoscopic (micrometer scale) model based on the diffusion inter-
face theory, which avoids tracing the solid–liquid interface with complex morphology and can
effectively couple solute, temperature, flow and other external fields, basically reproducing the
evolution of solidification microstructure [20]. Zhang et al [21] used PFM to predict the solid-
ification process of Ti-6Al-4V alloy for additive manufacturing, and analyzed the effects of
temperature gradient and scan rate on the dendrite morphology and growth rate, and found that
high temperature gradient and scan rate helped to obtain small dendrite spacing and high den-
drite growth rate. The controlling equations of nucleation, growth and coarsening in PFM have
the same mathematical form, and with PFM it can obtain sufficiently fine dendrite morphology,
but the computational efficiency needs to be improved [22].

To address the low efficiency of PFM calculation, the mainstream improvement methods
currently include adaptive mesh [23] and parallel calculation [24]. Guo et al [25] proposed a
dynamic re-meshing strategy based on the maximum interface advance rate for the prediction
of dendrite growth in the three-dimensional case, and the results showed that the computa-
tional efficiency was improved by two orders of magnitude. Ding et al [26] proposed a parallel
acceleration algorithm based on a dynamic computational domain partitioning strategy for
the PF simulation of solidification process, which improved the computational efficiency to a
certain extent. However, the vast majority of currently available PFM codes are close-source,
resulting in a high barrier to conducting PFM research on metal additive manufacturing pro-
cesses for a long time. In recent years, some PFM open-source community frameworks have
emerged, such as MOOSE [27], OpenPhase [28], FiPy [29], MMSP [30], and PRISMS-PF [31].
Among them, University of Michigan launched the open-source PFM framework PRISMS-PF
[32] in 2018, and after nearly four years of iterative development, PRISMS-PF provides a cus-
tomizable system of partial differential equations for solving PF models to predict various types
of microstructural evolution processes such as grain nucleation, growth, coarsening, and solid-
state phase transitions. Meanwhile, PRISMS-PF not only provides a simple adaptive mesh
control module, but also takes advantage of the matrix-free feature of the Deal.II finite ele-
ment library [33], which eliminates the need to store and access the global sparse matrix vector
product and can efficiently solve systems of equations with billions of degrees of freedom. The
open-source framework PRISMS-PF provides the so-called phase field-finite element method
(PFM-FEM) simulation flow, which can be a fundamental tool for solidification microstructure
simulation in metal additive manufacturing.

In this paper, a simulation study of the binary alloy additive manufacturing process
in the two-dimensional case was carried out based on the open-source PFM framework
PRISMS-PF. The effects of temperature gradient, scan rate and initial solid-phase morphology
on solute concentration, dendrite spacing and dendrite morphology were calculated and ana-
lyzed for the study of the additive manufacturing process of A356 aluminum alloy, and com-
pared with the experimental results for verification. This paper is expected to provide a the-
oretical support for the effective regulation of solidification microstructure in metal additive
manufacturing.

2. PFM-FEM model for binary alloy additive manufacturing process

2.1. PFM for binary alloy additive manufacturing process

Considering the high temperature gradient and epitaxial crystallization characteristics of the
metal additive manufacturing solidification process, it is a common practice to equate the metal
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additive manufacturing solidification process to a directional solidification process, and then
to equate the metal additive manufacturing solidification conditions by adjusting the tempera-
ture gradient and the scan rate (pulling rate) [21]. The problem scenario addressed here is the
gradual growth of an initial solid-phase region under directional solidification conditions in the
two-dimensional case. Therefore, there are three required PF variables: first, the liquid–solid
phase variable φ (φ = 1 for the solid-phase, φ = −1 for the liquid-phase, and −1 < φ < 1
for the liquid–solid interface), second, the dimensionless supersaturation concentration U, and
third, the intermediate variable ξ. It should be noted that the intermediate variable ξ is proposed
to make the derivation and calculation process of the PFM more clear and straightforward.

The controlling equations for the PF variables φ, U and ξ are [34]:

τφ
∂φ

∂t
= ξ (φ, U) (1)

τU
∂U
∂t

= ∇ ·
[
D̃ (1 − φ)∇U +�jUat

]
+ [1 + (1 − k) U]

∂φ

∂t
(2)

ξ (φ, U) = ∇ ·
[
a2 (n̂)∇φ

]
+

∂

∂x

[
|∇φ|2a (n̂)

∂a (n̂)
∂
(
∂φ/∂x

)
]
+

∂

∂y

[
|∇φ|2a (n̂)

∂a (n̂)
∂
(
∂φ/∂y

)
]

+ φ− φ3 − λ
(
1 − φ2

)2
[

U + Uoff +
y − y0 − Ṽpt

l̃ T

]
(3)

in which:

τφ = [1 + (1 − k) U] a2 (n̂) (4)

τU = 1 + k − (1 − k)φ (5)

�jUat = − 1√
2

[1 + (1 − k) U]
∂φ

∂t
n̂ (6)

n̂ = − ∇φ

|∇φ| (7)

a (n̂) = 1 + εm cos [m (θ − θ0)] (8)

tan (θ) =
∂φ/∂y
∂φ/∂x

. (9)
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From equations (8) and (9), it follows that:

∂a (n̂)
∂
(
∂φ/∂x

) =
εmm sin [m (θ − θ0)] ∂φ

∂y

|∇φ|2
(10)

∂a (n̂)
∂
(
∂φ/∂y

) = −εmm sin [m (θ − θ0)] ∂φ
∂x

|∇φ|2
. (11)

Substituting equations (10) and (11) into (3) yields:

ξ (φ, U) = ∇ ·

⎡
⎢⎢⎢⎣

{
a2 (n̂)

∂φ

∂x
+ a (n̂) εmm sin [m (θ − θ0)]

∂φ

∂y

}
x̂

+

{
a2 (n̂)

∂φ

∂y
− a (n̂) εmm sin [m (θ − θ0)]

∂φ

∂x

}
ŷ

⎤
⎥⎥⎥⎦

+ φ− φ3 − λ
(
1 − φ2

)2
[

U + Uoff +
y − y0 − Ṽpt

l̃ T

]
(12)

.
Substituting equation (1) into (2) yields:

τU
∂U
∂t

= ∇ ·
[
D̃ (1 − φ)∇U +�jUat

]
+ [1 + (1 − k) U]

ξ (φ, U)
τφ

. (13)

The above equations are dimensionless for solute concentration, time and length, and
the correspondences between the dimensionless physical quantities and the actual physical
quantities are:

c =
c0 [1 + k − (1 − k)φ] [1 + (1 − k) U]

2 (1 + U0 − U0k)
(14)

D̃ = a1a2
W
d0

(15)

λ = a1
W
d0

(16)

Ṽp = a1a2
VpW2

Dd0
(17)

l̃ T =
|ml| c0 (1 − k)

kGW
(18)

τ0 = a1a2
W3

Dd0
(19)

d0 =
γ0Tmcp

ρL2
. (20)

It should be noted that the characteristic time τ 0 and characteristic length W are both alloy
dependent, and the true time and true length can be obtained by multiplying the dimension-
less time and dimensionless length by τ 0 and W, respectively. Taking the A356 aluminum
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alloy used herein as an example, its characteristic length is 1.77 × 10−7 m and characteristic
time is 1.19 × 10−4 s. The temperature gradient G herein refers to the temperature gradient
near the solidification interface on the micron scale. For various metal additive manufacturing
scenarios, numerical simulation methods can be used to obtain the temperature distribution
of the entire solidification process and thus the temperature gradient at each stage. Since this
paper targets microstructure prediction, the temperature gradient is given directly.

2.2. FEM for solving the PFM

Based on the PFM-FEM simulation flow provided by PRISMS-PF [31], equations (1), (12)
and (13) are first subjected to forward Eulerian explicit time stepping, which in turn leads to
the FE weak forms of the PF variables φ, U, and ξ as:∫

Ω

wφn+1dV =

∫
Ω

wrφdV (21)

∫
Ω

wUn+1dV =

∫
Ω

(wrU +∇w · r̂Ux) dV (22)

∫
Ω

wξn+1dV =

∫
Ω

(
wrξ +∇w · r̂ξx

)
dV (23)

in which:

rφ = φn +
ξn

τφ
Δt (24)

rU = Un −Δt∇ 1
τU

·
[
D̃ (1 − φn)∇Un +�jUat

]
+Δt

[1 + (1 − k) Un]
τU

ξn

τφ
(25)

r̂Ux = −Δt
τU

[
D̃ (1 − φn)∇Un +�jUat

]
(26)

rξ = φn − (φn)3 − λ
(
1 − (φn)2)2

[
Un + Uoff +

y − y0 − Ṽpt

l̃ T

]
(27)

r̂ξx = −
{

a2 (n̂)
∂φ

∂x
+ a (n̂) εmm sin

[
m (θn − θ0)

] ∂φ
∂y

}
x̂

−
{

a2 (n̂)
∂φ

∂y
− a (n̂) εmm sin

[
m (θn − θ0)

] ∂φ
∂x

}
ŷ (28)

.
From equation (5), it follows that:

∇ 1
τU

=
1 − k

(τU)2 ∇φ. (29)

Substituting equation (29) into (25) yields:

rU = Un −Δt
1 − k

(τU)2 ∇φ ·
[
D̃ (1 − φn)∇Un +�jUat

]
+Δt

[1 + (1 − k) Un]
τU

ξn

τφ
.

(30)
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Figure 1. PFM-FEM simulation flow.

2.3. PFM-FEM simulation flow

When solving the PFM (equations (1), (12) and (13)) based on the open-source framework
PRISMS-PF, only the right-end term coefficients (equations (24)–(30)) of the FE weak form
of each PF variable need to be concerned, without paying much attention to the underlying
logic of adaptive mesh and parallel computation, and thus the PFM can be studied more effec-
tively for the problem of interest. Figure 1 shows the simulation flow of PFM-FEM, where the
control of the adaptive mesh was based on whether the variation of the liquid–solid phase
variable φ was drastic or not, and the parallel computational technique used message passing
interface. In addition, the computing resources used are configured with the Intel Xeon Gold
6240 CPU (dual CPU, 72 threads, 128 GB RAM).

3. Results and discussion

3.1. Calculation parameters setting

The object of analysis here is the additive manufacturing process of A356 aluminum alloy.
The alloy composition (mass percentage) of A356 is Al 92.7%–Si 7%–Mg 0.3%. Since the
object of the PFM here is a binary alloy, the A356 aluminum alloy is treated as a pseudo-binary
alloy Al 93%–Si 7%. Table 1 shows the physical properties of A356 aluminum alloy calculated
using JMatPro software [35].

The effects of temperature gradient and scan rate on the microstructure evolution behav-
ior of A356 aluminum alloy during the additive manufacturing process are focused on
herein, so the adjustable calculation parameters are temperature gradient G and scan rate Vp.
Table 2 shows the required calculation parameters (without G and Vp), a part of which are
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Table 1. Physical properties of A356 aluminum alloy.

Parameter Value Unit

Density 2430 kg m−3

Melting point 888.83 K
Specific heat 4900 J (kg−1·K−1)
Latent heat of solidification 4.3139 × 105 J kg−1

Surface tension coefficient 0.922 55 N m−1

Solute diffusion coefficient (liquid-phase) 2.91 × 10−9 m2 s−1

Table 2. Required calculation parameters.

Symbol Physical meaning Value Unit

εm Anisotropic strength 0.03

%

k Solute redistribution coefficient 0.3
c0 Initial liquid-phase solute concentration 7
U0 Initial dimensionless supersaturation concentration −1
Uoff Initial overcooling degree of the liquid–solid interface 0.9
y0 Dimensionless longitudinal height of the initial liquid–solid interface 5
a1 Constant 0.8839
a2 Constant 0.6267
d0 Capillary action length 8.88 × 10−9 m
W Artificially specified liquid–solid interface thickness 1.77 × 10−7 m
D Solute diffusion coefficient in the liquid-phase 2.91 × 10−9 m2 s−1

|ml| c0 Variation of liquidus temperature with solute concentration 2 K
m Crystal system parameter 4

calculated by JMatPro software, a part are calculated by equation (20) and another part are
obtained from reference [34], and table 3 shows the calculation schemes for different G
and Vp cases. In addition, the X-directional dimension of the dimensionless computational
domain is 300, the maximum refinement level of the adaptive mesh is 6 (the sizes of the
maximum and minimum mesh can be 26 times), and the rectangular area where the initial
solid-phase is located is at the bottom and the dimensionless height is 5. It should be noted
that the solute concentration, time, and length results obtained from the calculation schemes
in table 3 are dimensionless, and equations (14) and (19) can be used to convert the dimen-
sionless data to real data. The metal additive manufacturing process targeted herein is selective
laser melting. Not all of the temperature gradients and scan rates given in table 3 are consistent
with a real metal additive manufacturing scenario (G ≈ 105 K m−1, Vp ≈ 10−2 m s−1), and the
reason for giving a wide range of temperature gradients and scan rates is to show the special
features of the metal additive manufacturing scenario in comparison.

3.2. Effects of temperature gradient and scan rate on dendrite spacing

Figure 2 shows the liquid–solid phase, adaptive mesh and solute concentration distributions at
different times in scheme C3 case. From the calculation results, it can be seen that the initial
flat solid-phase interface gradually advanced at a certain temperature gradient and scan rate.
Due to the existence of solute redistribution in the crystallization process, the solute concentra-
tion in front of the liquid–solid interface gradually increased; when the solute concentration at
the front of the liquid–solid interface accumulated to a certain degree, the equilibrium liquidus

9
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Table 3. Calculation schemes for different temperature gradients and scan rates cases.

Figure 2. Liquid–solid phase, adaptive mesh and solute concentration distributions
at different times in scheme C3 case (domain size: 300 × 400; time and length:
dimensionless).

temperature decreased with the increase of solute concentration, which made the composi-
tion overcooling zone appeared at a certain distance in front of the liquid–solid interface,
and then led to the gradual destabilization of the flat solid-phase interface and the forma-
tion of columnar grains. When the columnar grains appeared, their projections also discharged
solutes to the surrounding area, thus forming solute enrichment between the columnar grains.
The typical microstructure characteristics (columnar crystals) of directional solidification
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Figure 3. Liquid–solid phase distributions at different times in schemes A3 to E3 cases
(domain size: 300 × 400; time and length: dimensionless).

exhibited in figure 2 are qualitatively consistent with the experimental results of additive
manufacturing of A356 alloy [36], and it can be seen that the PFM-FEM simulation pro-
cess used herein can be used to study the evolutionary behavior of microstructure in additive
manufacturing of A356 alloy.

Figures 3 and 4 show the results of dendrite growth at different temperature gradients and
scanning rates, respectively. From the comparison results, it can be seen that the size of indi-
vidual columnar grain gradually increased with the decreasing temperature gradient or scan
rate; when the temperature gradient or scan rate decreased to a certain degree, eventually
only individual grains were able to advance and liquid–solid interfaces with lateral growth
appeared, which means that the phenomenon of grain competition growth and secondary den-
drite arms appeared (schemes D3 and E3 in figure 3; schemes C4 and C5 in figure 4). Figure 5
shows the primary dendrite arm space data at different temperature gradients and scan rates.
The results show that an increase in either the temperature gradient or the scan rate caused
the primary dendrite arm space to decrease. This conclusion is consistent with the empirical
equation [22] λ1 = AΔT0.25

0 G−0.5V−0.25
p for the primary dendrite arm space. Figure 6 shows

the experimental results of metal additive manufacturing with different grain morphology and
size under different line energy densities [37]. From the experimental comparison results,
it can be seen that when the line energy density (LED, laser power divided by scan rate)
was larger, the more energy was obtained by the molten pool per unit length, the larger the
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Figure 4. Liquid–solid phase distributions at different times in schemes C1 to C5 cases
(the geometry of scheme C5 is 300 × 600, and the geometry of the rest of the calculated
schemes is 300 × 400; the time and length are dimensionless).

molten pool size, the smaller the overall temperature gradient exhibited, and the larger the
grain size, i.e. the larger the dendrite spacing. Figure 7 shows the experimental results of the
dendrite spacing (distance between the central axes of adjacent dendrite arms) change near the
fusion boundary at a certain line energy density [37]. From the experimental results, it can be
seen that the dendrite spacing became smaller and then larger as the grains passed through
the fusion boundary along the building direction. The reason for this is that the temperature
gradient at the molten pool boundary varies during solidification. Generally speaking, when
the molten pool has the largest boundary (the location of the fusion boundary), the temperature
gradient is the largest; as the molten pool boundary shrinks, the temperature gradient gradually
decreases, so the experimental results show that the dendrite spacing above the fusion bound-
ary was the smallest. The above experimental results verified the effect of process parameters
on the dendrite spacing.

3.3. Effects of temperature gradient and scan rate on dendrite morphology

Considering that the microstructure evolution behavior of the molten pool in the process of
metal additive manufacturing has certain similarities with the laser welding process, and the
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Figure 5. Primary dendrite arm space at different temperature gradients and scan rates
(the primary dendrite arm spacing is dimensionless).

laser welding field usually uses the ratio of temperature gradient to scan rate (that is G/Vp) to
study the impact of the forming process on the dendrite morphology [38], so the influence of
temperature gradient and scan rate on the evolution of the dendrite morphology in the solid-
ification process of metal additive manufacturing is analyzed here based on the ratio G/Vp.
Figures 8 and 9 show the dendrite morphology and solute concentration distributions at differ-
ent temperature gradients and scan rates, respectively. The reason for the larger Y-directional
size when the scan rate was lower is that the solute concentration at the front of the solidifica-
tion interface grew at a slower rate, making it necessary to advance the solidification interface
upward for a longer distance before a morphological change was possible. From the calcula-
tion results, it can be seen that when the temperature gradient G was maintained at a certain
level, the overall trend of the solidification morphology changed gradually from flat crystal
to cellular crystal, columnar crystal, or even dendritic structure as the scan rate Vp gradu-
ally increased, i.e. the ratio G/Vp gradually decreased; when Vp was maintained at a certain
level, the overall trend of the solidification morphology also showed a gradual change from
flat crystal to cellular crystal, columnar crystal, or even dendritic structure, as G gradually
decreased, i.e. the ratio G/Vp gradually decreased. The conclusion and the evolution of laser
welding microstructure are in general agreement on the trend, that is, as the ratio G/Vp grad-
ually decreases, the solidification morphology gradually changes from flat crystal to cellular
crystal, columnar crystal, dendritic crystal, and even equiaxial crystal [38]. It should be noted
that in figure 8, when the temperature gradient was smallest (G = 1 × 102 K m−1), the over-
all dendrite morphology showed flat crystal, which seems to be inconsistent with the above
conclusion and will be explained later herein.

The reason why temperature gradient and scan rate affect the dendrite morphology in the
ratio G/Vp is essentially because the temperature gradient and scan rate together determine the
size of the composition overcooling zone in front of the liquid–solid interface. Because of the
solute redistribution phenomenon during solidification, the solute concentration in the liquid-
phase increases within a certain distance in front of the liquid–solid interface, and because
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Figure 6. Experimental results of grain morphology and size under different line energy
densities [37] (selective laser melting of IN738 superalloy; the microstructures were
taken on the locations away from the fusion boundary; the grain sizes were measured
by the dedicated software OIM; the blue color in the grain boundary map denotes grain
boundaries with orientation difference greater than 10 degree, and the red color denotes
grain boundaries with orientation difference between 2 degree and 10 degree).

the equilibrium liquidus temperature of the alloy decreases with the increase of the solute
concentration, which leads to a lower equilibrium liquidus temperature in front of the liq-
uid–solid interface compared with other regions of the liquid-phase. The so-called composition
overcooling zone refers to the fact that the equilibrium liquidus temperature of the liquid-
phase at a certain distance in front of the liquid–solid interface is lower than the actual
temperature of the liquid-phase. When the composition overcooling zone is small, or even non-
existent, the forward-growing grains are re-melted by the ‘superheated’ liquid metal, dendritic
fronts can only form cellular crystal, or even flat crystal; when the composition overcooling
zone is large, the forward-growing grains can be retained, and then developed into columnar
crystal, dendrite crystal, or even nucleation inside the liquid-phase directly to form equiaxed
crystal.

Figure 10 shows the schematic diagram of the effects of temperature gradient and scan
rate on the composition overcooling zone. The three dashed lines in figure 10 represent the
actual temperature distributions of the liquid-phase in front of the liquid–solid interface at
different temperature gradients, and it is easy to know that the actual temperature of the liquid-
phase in front of the liquid–solid interface increases with the increase of the temperature
gradient. The three solid curves in figure 10 represent the equilibrium liquidus temperature
distributions in front of the liquid–solid interface at different scan rates. With the increase
of scan rate, the dendrite growth rate accelerates and the solute redistribution phenomenon
deviates more and more from the equilibrium solidification process, which shows that the solid-
phase solute concentration increases while the liquid-phase solute concentration decreases,
making the equilibrium liquidus temperature in front of the liquid–solid interface increase as
a whole. When the scan rate is certain (taking Vp = Vpmid as an example), with the increase
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Figure 7. Experimental results on the variation of dendrite spacing near the fusion
boundary under a LED of 0.2 J mm−1 [37] (selective laser melting of IN738 superalloy
with the LED of 0.2 J mm−1).

of temperature gradient, the composition overcooling zone gradually decreases or even disap-
pears, which makes the solidification morphology transform from dendrite crystal to colum-
nar crystal, cellular crystal, or even flat crystal. When the temperature gradient is certain
(taking G = Gmid as an example), with the increase of scan rate, the composition overcooling
zone gradually increases, which makes the solidification morphology transform from flat crys-
tal to cellular crystal, columnar crystal, dendrite crystal, and even equiaxial crystal. In figure 8,
when the temperature gradient was smallest (G = 1 × 102 K m−1), the dendrite morphology
as a whole behaved as flat crystal. The reason is that the PFM here did not consider nucleation,
which could not be directly nucleated from the liquid-phase and developed into equiaxed crys-
tal. In fact, the temperature gradient during the metal additive manufacturing solidification
process is roughly between 104 K m−1 and 106 K m−1, so the equiaxed crystal accounts for
a very small percentage of the microstructure. Figure 11 shows the experimental results of
grain morphology under different line energy densities [37]. From the experimental results, it
can be seen that when the line energy density was larger, the overall temperature gradient of
the molten pool was smaller and the composition overcooling zone is larger, so the secondary
dendrite arm appeared; while when the line energy density was smaller, the secondary dendrite
arm did not appear. The above experimental results verified the effect of process parameters
on the grain morphology.

3.4. Effect of initial solid-phase morphology on dendrite growth

In order to analyze the influence of the initial solid-phase morphology on the dendrite growth,
the calculation of the non-flat initial solid-phase morphology cases was carried out as shown in
table 4, where the initial solid-phase interface was a flat interface plus three small semicircu-
lar bumps. Figure 12 shows the liquid–solid phase, adaptive mesh and solute concentration
distributions at different times in scheme H2 case. From the calculation results, it can be
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Figure 8. Dendrite morphology at different temperature gradients and scan rates (when
the scan rate are 5 × 10−4 and 1 × 10−4 m s−1, the domain size is 300 × 600, and the
rest is 300 × 400; the time and length are dimensionless).
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Figure 9. Solute concentration distributions at different temperature gradients and scan
rates (when the scan rate are 5 × 10−4 and 1 × 10−4 m s−1, the domain size is
300 × 600, and the rest is 300 × 400; the time and length are dimensionless).
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Figure 10. Schematic diagram of the effects of temperature gradient and scan rate on the
composition overcooling zone (Gmax, Gmid, Gmin represent high, medium, and low tem-
perature gradients, respectively, and Vpmax, Vpmid, Vpmin represent high, medium, and
low scan rates, respectively).

Figure 11. Experimental results of grain morphology under different line energy densi-
ties [37] (selective laser melting of IN738 superalloy).

seen that compared to scheme C3 case (figure 2), the dendrites were obviously affected dur-
ing the subsequent growth process due to the presence of three small bumps at the initial
solid-phase interface.

Figures 13 and 14 show the dendrite morphology and solute concentration distributions at
different temperature gradients and scan rates, respectively. From the calculation results, it
can be seen that as the ratio G/Vp gradually decreased, the greater the influence of the initial
solid-phase morphology on the dendrite growth. The reason for this still needs to start from
the rule of the effect of temperature gradient and scan rate on the composition overcooling
zone as revealed in figure 10. When the ratio G/Vp is large, the composition overcooling zone
in front of the liquid–solid interface is small, and it is difficult for the dendrites to penetrate into
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Table 4. Calculation schemes for the cases of non-flat initial solid-phase morphology.

Figure 12. Liquid–solid phase, adaptive mesh and solute concentration distributions
at different times in scheme H2 case (domain size: 300 × 400; time and length:
dimensionless).

the liquid-phase based on the non-flat initial solid-phase interface, and then the development is
no different from the flat initial solid-phase interface situation; when the ratio G/Vp is small,
the composition overcooling zone in front of the liquid–solid interface is large, and it is easy
for the dendrites to penetrate into the liquid-phase based on the non-flat initial solid-phase
interface, and then the development is more different from the flat initial solid-phase interface
situation.
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Figure 13. Dendrite morphology at different temperature gradients and scan rates (when
the scan rate is 1 × 10−4 m s−1, the domain size is 300 × 600, and the rest is 300 × 400;
the time and length are dimensionless).
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Figure 14. Solute concentration distributions at different temperature gradients and scan
rates (when the scan rate is 1 × 10−4 m s−1, the domain size is 300 × 600, and the rest
is 300 × 400; the time and length are dimensionless).
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4. Conclusions

(a) Based on the open-source PFM framework PRISMS-PF, the PFM-FEM simulation flow
for the solidification process of A356 aluminum alloy additive manufacturing in the
two-dimensional case was established herein, and the effects of temperature gradient,
scan rate and initial solid-phase morphology on solute concentration, dendrite spacing
and dendrite morphology were analyzed.

(b) Comparing the calculation results for different temperature gradient and scan rate cases,
it was found that the increase of temperature gradient G or scan rate Vp decreased the
primary dendrite arm space. As the ratio G/Vp gradually decreased, the solidification
morphology gradually changed from flat crystal to cellular crystal, columnar crystal,
and even dendrite crystal, and the reason is that as the scan rate increases or the temperature
gradient decreases, the composition overcooling zone will increase.

(c) Comparing the calculation results for different initial solid-phase morphology cases, it was
found that the influence of initial solid-phase morphology on dendrite growth increased
as the ratio G/Vp decreased, and the influence rule is also related to the composition
overcooling zone under different conditions. When the composition overcooling zone in
front of the liquid–solid interface is large, it is easy for the dendrites to penetrate into the
liquid-phase based on the non-flat initial solid-phase interface.
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