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Abstract: The competitive growth and the evolution of grain/dendrite structures of IN718 superalloy in the molten pool 
during selective laser melting (SLM) were investigated with the finite element method (FEM) coupling the phase-field 
model (PFM). The thermal evolution was solved by the FEM and then the results were input into the PFM model to 
simulate the microstructure evolution involving grain nucleation, grain epitaxial growth and grain competition. Based 
on the analysis of microstructure evolution of the transverse and longitudinal sections of the molten pool, the 
mechanism of dendrite competitive growth in the SLM process was discussed and the concentration distribution of the 
solute element Nb in the molten pool was quantitatively calculated. The results show that the dendrite competitive 
growth is affected by both the temperature gradient and the crystallographic orientation. The unfavorable orientation 
grain with a high misorientation (>22.5°) will be eliminated by the favorable orientation grain quickly. 
Key words: Ni-based superalloys; selective laser melting; phase-field model; grain/dendrite structures evolution; 
competitive growth 
                                                                                                             
 
 
1 Introduction 
 

In recent years, additive manufacturing (AM) 
has enabled the fabrication of single crystal parts, 
referred to as the new directional solidification [1,2]. 
The competitive growth between dendrites with 
different orientations becomes a key factor 
influencing the final microstructures and 
mechanical properties of the directional 
solidification [3]. However, the competitive growth 
of dendrites is complicated in the melt pool during 
AM process, and there is a lack of research on 
competitive growth [4,5]. Due to the high 
solidification rate during the SLM process, it is 
difficult to achieve microstructure evolution in-situ 
observation [6−8]. With the development of 
numerical simulation in recent years, microstructure 

evolution can be studied by numerical simulation 
and the phase-field model (PFM) has been used to 
simulate AM process [9,10]. 

Much attention has been paid to the simulation 
of the microstructure evolution in the molten  
pools at the dendrite scale and the grain scale. LIU 
and WANG [11] studied the effect of the latent heat 
of solidification on dendrite growth and their results 
show that the latent heat should be considered for 
simulating the dendrite growth. YU et al [12] 
demonstrated that the higher the anisotropy strength, 
the shorter the interface instability time. Some 
scholars carried out the calculation of multiple 
molten pools by the phase-field model (PFM) 
simulation at the grain scale. YANG et al [13] 
showed that the coarsening of grains in the 
remelting region was caused by epitaxial growth. 
LIU et al [14] indicated that the CET is critically 
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controlled by undercooling, involving constitutional 
supercooling, thermal undercooling, and curvature 
undercooling in the molten pool. Their results 
showed that parts are generally composed of 
equiaxed, mixed grains and columnar grains [15]. 
The results show that the direction of grain growth 
is attributed to the cooperation and competition 
between the temperature gradient and the preferred 
crystal orientation. The heat flow makes the crystal 
grains bend to the temperature gradient direction. 
CHADWICK and VOORHEES [16] demonstrated 
that the grains bend in the scanning direction and 
got the same results as LIU et al did [14]. 

The above researches prove that the coupling 
FEM and PFM is an effective method to simulate 
the microstructure evolution of AM from different 
perspectives. However, the research on the 
competitive growth of dendrites is insufficient. It is 
worth noting that the secondary branches of the 
dendrites obtained by SLM would not be well 
developed due to the high temperature gradient and 
cooling rate. The research also shows that the 
secondary branch has a direct effect on the 
formation of grain boundaries and dendrite 
competition [17,18], but the mechanism of dendrite 
competitive growth in SLM is not clear. 

The aim of this work is to reveal the 
competitive growth mechanisms in the melt pool to 
facilitate directional solidification by SLM. In this 
work, a multiscale framework combing the FEM 
and PFM on the scale of both grain and dendrite is 
employed to investigate microstructure evolution in 
the molten pool. A new model that is different from 
the previous model is developed in the present  
study, and the highlight is that the temperature field 
which is input in the PFM is updated by cubic 
spline interpolation in time and cubic convolution 
interpolation in space. Cubic convolution 
interpolation has second-order accuracy in space, 
which is higher than linear interpolation accuracy. 
The comparison of spatial interpolation was 
conducted in Section 2. Then, a widely used 
Ni-based superalloy IN718 is selected as the object 
of calculation in this study. The temperature field 
information obtained by FEM is used as the input of 
the PFM. Furthermore, the grain nucleation, grain 
epitaxial growth, and grain competition are 
included in the model. The predicted patterns of 
grain/dendrite are compared with experimental 
observations, and the mechanism of dendrite 

competitive growth in SLM is also investigated 
through the proposed approach. 
 
2 Numerical simulation 
 
2.1 Macro-scale thermal model 

A FEM in which the mechanism of heat 
transfer was considered as heat conduction 
following the Fourier law was used to calculate the 
temperature field of the SLM process. The 
governing equation describing the temperature field 
is given as Eq. (1):  

p
T T TC
t x x y y

ρ κ κ
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where ρ, Cp and 𝜅𝜅 are the density, specific heat 
capacity and thermal conductivity, respectively. The 
last term on the right is the heat source which is 
expressed as a surface Gaussian heat source by 
Eq. (2):  
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where 3Q/(πr2 

a ) is thermal flux, r is the distance 
away from the center of the heat source, and ra is 
the effective heat radius. 
 
2.2 Micro-scale numerical method 
2.2.1 Nucleation model 

The continuous nucleation model proposed by 
THÉVOZ et al [19] was used to describe the 
heterogeneous nucleation process. The relation 
between the increase of nucleation density dn and 
the increase of undercooling ΔT follows a Gaussian 
distribution given as Eq. (3):  

( )
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where ΔT is the undercooling, ΔTN is the average 
nucleation undercooling, ∆Tσ is the standard 
deviation, and nmax is the maximum nucleation. The 
nucleation density n(∆T) at any undercooling can be 
calculated by 
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As the solidification proceeds, the temperature 
in the molten pool is reduced by δT within a time 
step, and the undercooling is reduced by δ(∆T). 
According to Eq. (4), the density of the newly 
formed crystal nuclei in this time step is  

( ) ( )δ Δ δ Δn n T T n T=  + ∆  − =   
 

( )

( ) ( ) ( ) ( )Δ δ Δ

0 0

d dd Δ d Δ
d Δ d Δ

T T Tn nT T
T T

+ ∆
−∫ ∫ (5) 

 
At any time step, the point in the liquid phase 

is assigned a random number as the density of 
nucleation. If the density of nucleation of a point is 
smaller than δn and its undercooling exceeds ΔTN, 
this point is assigned the solid phase. 
2.2.2 Phase-field model 

A 2D-PFM of binary alloy solidification with 
coupled heat and solute diffusion [20] was used in 
this work. In the PFM formulation, an order 
parameter ϕ is introduced to describe the phase at 
the given location and time. Specifically, ϕ=1 is 
regarded as the solid phase and ϕ=−1 is regarded as 
the liquid phase. Both the space and time are 
nondimensionalized ( t =t/τ0, x =x/W0) by interface 
width (W0) and relaxation time (τ0). The interface 
width is calculated by W0=λd0/a1 and the relaxation 
time τ0 is expressed by  

2 3 2
0 0 2 1( / ) /d D a aτ λ=                        (6) 

 
where λ is the coupling coefficient, a1=0.8839 and 
a2=0.6267 are constants, d0=Γ/(Tl−Ts) is the 
chemical capillary length, Γ is the Gibbs-Thomson 
coefficient, Tl and Ts are liquidus and solidus 
temperatures, respectively, and D is the liquid 
diffusion coefficient and diffusion in the solid 
phase is ignored. Then, the dimensionless 
governing equations are obtained as  
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where Le is Lewis number, k is the partition 
coefficient, f ʹ(φ )=φ 

3−φ and g ʹ(φ )=(1−φ 
2)2 are the 

derivative of double-well potential function and the 
interpolation function, respectively, and Tθ is the 
nondimensional undercooling given by  
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where T is temperature at each point, m is the 
liquidus slope, and e

lc  is the equilibrium 
concentration. 

The nondimensional supersaturation field U 
used to characterize the solute field is given by  

e
l2 / 11

1 (1 ) 1
c cU

k k kφ
 

= − ⋅ 
+ − − − 

            (10) 

 
To eliminate the effects of interface stretching 

and surface diffusion, the anti-trapping current jat 
proposed by KARMA [21] is coupled. D =

2
0 0/D Wτ  is the nondimensional diffusion 

coefficient according to nondimensionalized rule. 
In addition, the anisotropy of the crystal also 

needs to be considered. s ( )a n  is an anisotropy 
function in Eq. (7). The expression of s ( )a n  is 
given by  

4s 01 cos[4(( ) )]a n ε θ θ= + +
                 (11) 

 
where ε4 is the strength of the anisotropy, θ0 is the 
angle between the normal to the solid/liquid 
interface and the axis x, and θ is the rotation angle 
of the local coordinate system or the grain growth 
orientation [17]. The range of α is 0−π/2. For the 
liquid phase, the orientation is set to be 0. The 
number “4” in Eq. (11) represents the fourfold 
anisotropy in the 2-D system. The threshold 
βi,j=0.01 is introduced to update the grain 
orientation information. If −1.0≤ϕi,j≤βi,j, θi,j is 
updated from its nearest neighbor point. 
2.2.3 Polycrystalline solidification 

In SLM process of the polycrystalline mental, 
the initial polycrystalline substrate and the 
orientation of grains need to be considered to 
simulate the solidification. There are two ways to 
describe polycrystals by the PFM. One is the 
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multi-phase model in which each order parameter 
represents a grain, and each grain has orientation 
information. The other is the orientation field  
model, which is built with orientation dynamics to 
simulate the evolution of the orientation field. We 
refer to the literature [22] on the treatment of the 
orientation field. In the current work that focus on 
the grain/dendrite microstructure evolution, it is 
unnecessary to consider the orientation dynamics 
because the grain/dendrite microstructure evolution 
is unaffected by the dynamics of the physical triple 
junction between the two grains and the liquid [18]. 
In addition, the initial polycrystalline substrate is 
obtained by solving Eqs. (7) and (8) at a fixed 
temperature. Equiaxed grains are randomly 
generated with a random orientation of 0−π/2. 
 
2.3 Calculation parameters and temperature 

interpolation 
The macro-scale heat transfer model was 

solved by the commercial finite element software 
ANSYS. The domain size of the FEM was 
500 μm × 200 μm × 130 μm. The mesh size was 
10 μm at the substrate zone and 3.3 μm at the 
additive part zone. Thermo-physical properties of 
alloy IN718 from references [14,23,24], as listed in 
Table 1, were used for the calculation. Singletrack 
simulation was run at given laser power (P: 150 W) 
and scanning speed (v: 500 mm/s). The temperature 

field was extracted from the FEM simulation and 
input into the PFM as illustrated in Fig. 1. Both the 
longitudinal section and the transverse section were 
selected to conduct the PFM simulation. 
 
Table 1 Parameters and properties for simulations 

Physical property Value Ref. 

Liquid temperature, Tliq/°C 1404 [23] 

Solid temperature, Tsol/°C 1369 [23] 

Liquidus slope, m/(K∙wt.%) −10.5 [23,24] 

Far-field concentration, c∞/wt.% 5.08  
Liquid diffusion coefficient, 

D/(m2∙s−1) 
3×10−9 [23,24] 

Gibbs-Thomson coefficient, Γ/(K∙m) 3.65×10−7 [23,24] 

Partition coefficient, k 0.48 [23,24] 

Chemical capillary length, d0/m 6.4×10−9 [24] 
Average nucleation undercooling, 

∆TN/K 
33.6 [14] 

Standard deviation, ∆Tσ/K 5.0 [14] 

Maximum nucleation, nmax/m−3 1.0×109  

Anisotropy of surface tension, ε4 0.1  

Interface width, W0/m 1.875×10−9  

Grid size, dx/m 1.5×10−9  

Relaxation time, τ0/s 1.936×10−7  

Time step, dt/s 3.872×10−9   
 

 
Fig. 1 Coupling procedure of thermal model with PFM: (a) Schematic diagram of transverse section and longitudinal 
section of molten pool; (b) Single track temperature field calculated by FEM; (c, d) Location of PFM calculation 
domain in FEM 
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A 2D domain with dimensions of 60 μm × 
60 μm is used on transverse section. The 
longitudinal section domain size is 60 μm × 120 μm. 
The columnar grain growth is constrained by crystal 
growth and the main feature of constrained crystal 
growth is that the thermal flux direction is opposite 
to the growth direction. As shown in Fig. 2, the heat 
flows outwards from the molten pool center to the 
molten pool boundary. In particular, the heat flow 
directions are almost on the transverse plane (x−y 
plane) and perpendicular to the molten pool 
boundary. The heat flow propagating along the z 
direction is two orders of magnitude smaller than 
transverse plane. Thus, the heat flow can be 
considered as 2D in this work. 
 

 
Fig. 2 Thermal information of SLM process: (a) Thermal 
flux distribution; (b) Thermal flux distribution on y−z 
plane; (c) Thermal flux distribution on x−y plane 
 

Since the main alloying element is Nb in the 
IN718 superalloy and the second phase mainly 
consist of Ni and Nb, as an approximation, a  
Ni−Nb binary alloy was used for the PFM 
simulation [25,26]. The coupling coefficient was 
calculated by the interface width W0 and chemical 
capillary length d0 according to that λ=a1W0/d0. The 
coupling coefficient was considered that it only 
changes with the interface width because the 
chemical capillary length is a constant for the 
material parameters. The quantitative phase-field 
model proposed by KARMA [21] was used to study 
the AM process when the interface width is in the 
order of capillary length [27]. Thus, W0= 

1.875×10−9 m was adopted to match the chemical 
capillary length, and the grid size in the PFM was 
dx=0.8W0, corresponding to 1.5×10−9 m. The 
Neumann boundary conditions with zero-flux were 
used for both phase and supersaturation fields. Time 
discretization adopted the forward Euler method 
and the time step needed to satisfy dt≤(dx)2/(4D)= 
1.875×10−8 s. According Eq. (6), τ0=1.936×10−7 s, 
and dt=0.02τ0=3.872×10−9 s was set to satisfy the 
convergence condition. 

The FEM simulations were performed on a 
computer with Intel(R) Core(TM) i7-8550U CPU 
@1.80GHz and taken 1 h for FEM simulations. The 
PFM simulation was run on a platform with Xeon 
Gold-6230 @3.90GHz. Parallel computation with 
80 threads was employed to accelerate the PFM 
simulation using the message passing interface 
(MPI). The computational time is about 20 h for 
PFM simulation. 

The cubic spline interpolation was used to 
calculate the temperature within the FEM time step, 
and the interpolation was coupled the FEM and 
PFM in the time dimension. In this way, the 
inconsistency of the time and space steps between 
the FEM and the PFM was solved. Figure 3 shows 
the temperature information at the center point of 
the molten pool on the transverse section. The 
temperature reaches a peak at 0.0005 s and then the 
cooling process begins after this time. 
 

 
Fig. 3 Thermal circulation curve of center point of 
molten pool 
 

The temperature field information was 
calculated by cubic convolution interpolation for 
the FEM grid size of 3.3 μm and the PFM grid size 
of 0.015 μm. The temperature at each point of the 
PFM calculation domain was calculated by 
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where the subscripts i and j mean the nodal point in 
FEM, the subscript v represents the deviation of the 
number of rows, u represents the deviation of the 
number of columns in the PFM, and S(x) is the 
convolution kernel. 

Figure 4 shows the comparison of two spatial 
interpolation methods for the temperature field 
calculation results to the FEM temperature field. It 
can be seen that the temperature field calculated by 
the cubic convolution interpolation agrees with the 
FEM results. Compared with the temperature field 
calculated by the bilinear interpolation, the 
temperature field calculated by the cubic 
convolution interpolation is smooth. 
 

 
Fig. 4 Comparison of temperature field results: (a) FEM; 
(b) Bilinear interpolation; (c) Cubic convolution 
interpolation 
 
3 Experimental details 
 

SLM experiments were performed to verify 
the multiscale framework. A commercial In718 
alloy for our experiments, with powder diameters 
ranging from 25 to 50 µm. The laser power and 
scanning speed were used with the same parameters 
as the finite element, i.e., a laser power of 150 W 
and a scanning speed of 500 mm/s. The actual 
experiment was not a single-pass experiment. A 

10 mm × 10 mm × 10 mm block sample was built 
using an SLM system (EOS M290). The scanning 
strategy used bidirectional scanning with 66.7° 
rotation between layers. The laser spot diameter 
was 100 μm and the hatch distance was 50 μm. The 
layer thickness was 30 μm. The as-built sample was 
mounted, and fine-polished. The microstructure 
images were obtained using electron channeling 
contrast imaging (ECCI). 
 
4 Results and discussion 
 
4.1 Comparison of experimental and simulation 

results 
To guarantee the accuracy of the simulated 

results, the simulated results were validated by 
comparison with the experimental results. Figure 5 
shows simulated grain morphology and ECCI 
image of the IN718 alloy of an SLM sample. In 
Fig. 5(a), the columnar grains that grow near the 
fusion line have the same orientation as the 
substrate grain. The columnar grains with the 
different grain orientations in the bottom of molten 
pool can be observed in Figs. 5(b) and (c). In 
addition, Figs. 5(b) and (c) clearly show that the 
columnar grains consist of a group of columnar 
dendrites with the same growth direction. In 
Fig. 5(b), the grain marked by the yellow line exists 
in two molten pools, while the grain marked by the 
green line of the surrounding grains exists 
independently in one molten pool. The growth 
direction of the columnar grain is affected by both 
temperature gradient and crystallographic 
orientation. In Fig. 5(d), the temperature gradient 
direction is perpendicular to the molten pool 
boundary. As shown in Fig. 5(c), the white arrows 
are the direction of the temperature gradient and the 
black arrows are the growth direction of the 
columnar dendrites. In Fig. 5(c), it can be seen that 
there is an angle between the growth direction of 
the columnar dendrites and the direction of the 
temperature gradient, due to the growth direction of 
the columnar dendrite depending on the 
crystallographic orientation. The columnar grain 
orientation is similar to the grain orientation of the 
previous layer. At the bottom-left corner of the 
molten pool shown in Fig. 5(b), the growth 
direction of the columnar grain is perpendicular to 
the growth direction of the columnar grain in the 
previous track, which may be attributed to the four 
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preferred growth directions with an included angle 
of 90° for the cubic system, and the temperature 
gradient direction of the previous track is different 
from the latter scanning track. 

Figure 6 shows the simulated dendrite 
microstructure and the ECCI image of IN718 
superalloy microstructure. The primary dendrite 

arm space (PDAS) was measured from the 
concentration results. Figure 6 shows the 
comparison of PDAS between the simulated and the 
experimental results. The simulated PDAS ranges 
from 0.5 to 0.7 μm, which agrees well with the 
experiment results varying between 0.5 and 0.67 μm, 
validating the accuracy of the numerical simulation. 

 

 
Fig. 5 Comparison of experimental and simulation results of microstructure of IN718 alloy manufactured by SLM:        
(a) Simulation result of grain morphology; (b) ECCI image of solidified microstructure in molten pool;             
(c) Magnification image of white dashed box in (b); (d) Temperature gradient obtained by FEM 
 

 
Fig. 6 Microstructures of simulated (a) and ECCI (b) IN718 alloy 
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Besides, there is a Nb concentration at the 
inter-dendritic space as shown in Fig. 6, which can 
cause the formation of the eutectic phases [28−30]. 
The columnar dendrites grow with the continuous 
formation of secondary branches. The closure of the 
secondary branches will block the diffusion of Nb 
in the liquid channel. The concentration of Nb 
atoms promote the formation of the Nb-rich eutectic 
phase. 
 
4.2 Grain/dendrite evolution in molten pool 
4.2.1 Transverse section 

The grain/dendrite evolution simulated for a 
single track of SLM is shown in Fig. 7. In Fig. 7(a), 
the grains initially grow in planar morphology near 
the fusion boundary which can be verified from the 
thin layer of the planar grain (about 1 μm in 
thickness) in the magnification area. With the 
proceeding of solidification, the epitaxial growth 
dominates, and the solidification morphology 
changes from planar to columnar in the molten pool. 
Two categories of columnar grains can be found in 
Figs. 7(c) and (f). One category of columnar grains 

formed near the fusion line, and the other formed in 
the middle of the molten pool which is marked by 
the ellipse dotted line. The columnar grains near the 
fusion line have the same orientation as the 
substrate grains do. Besides, it is noticed that the 
undercooling at the front of the solid−liquid 
interface becomes larger with the process of 
solidification. As shown by the yellow arrows in 
Fig. 7(b), the undercooling drives the formation of 
new nuclei. Because the undercooling between two 
divergence columnar dendrites is larger than that 
between parallel columnar dendrites [31], the 
nucleation of the new grains will take place 
between the two divergence columnar dendrites. 
According to Eq. (3), a larger undercooling will 
increase the nucleation probability. In the middle of 
the molten pool, the thermal flux direction is from 
the centerline to the fusion line which is reversed to 
the growth direction. Grains with an aspect ratio ar 
large than 2.55 are easily formed at this stage. 
Specifically, ar>2.55 represents the columnar grains, 
2.55>ar>1.75 for the mixed grains, and ar<1.75 for 
the equiaxed grains [15,32,33]. 

 

 
Fig. 7 Grain/dendrite microstructure evolution in molten pool: (a−c) Concentration field; (d−f) Orientation field 
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At the final stage of solidification, a large 
number of equiaxed grains formed ahead of the 
solidification front. With the temperature 
decreasing, both the temperature field and the 
thermal flux direction were changed, no longer 
from the fusion line to the centerline. The growth of 
the columnar grains was blocked by the equiaxed 
grains, which emerged in the last period. Then the 
equiaxed grains grow up till the solidification finish. 
This stage is also called CET (columnar to equiaxed 
grain transition) and is usually close to the last stage 
of solidification. 
4.2.2 Longitudinal section 

Figure 8 shows the microstructure evolution 
on the longitudinal section of the molten pool. 
Epitaxial growth occurs at the initial solidification 
stage with the transverse section. The direction of 
the temperature gradient on the longitudinal section 
changes as the heat source moves. As the heat 
source moves from right to left, the columnar grains 
at the bottom are deflected to the left. That is 
related to the change of the heat flow direction. In 
the beginning, the direction of the temperature 
gradient at the bottom of the molten pool is 
perpendicular to the fusion line. With continuous 
movement of the heat source, the direction of the 
temperature gradient deviates, and the growth 

direction is inclined toward the temperature 
gradient direction. The co-action of the crystal 
orientation and the temperature gradient results in 
the competitive growth. 

The columnar grains at the bottom of the 
molten pool incline toward the scanning direction 
(SD) as shown in Fig. 9. The texture of 〈001〉//SD is 
formed at the upper of the molten pool and the 
texture of 〈001〉//BD (building direction) is formed 
at the bottom of the molten pool. As the 
undercooling at the solid−liquid interface increases, 
the nucleation density increases. More equiaxed 
grains will grow up which block the growth of 
columnar grains. 

 
4.3 Competitive growth 

The solidification process turns into 
competitive growth after epitaxial growth. The 
competitive growth of dendrites is controlled by the 
temperature gradient and solute diffusion at a low 
growth rate [34]. At the high cooling rate and the 
high growth rate, the competitive growth of the 
dendrites is mainly controlled by the temperature 
gradient because of the small diffusion region. In 
this case, the growth rate of the columnar grain with 
large misorientation is smaller than that of the grain 
with little misorientation. The columnar grain with 

 

 
Fig. 8 Microstructure evolution on longitudinal section of molten pool: (a) t=0.07 ms; (b) t=0.15 ms; (c) t=0.23 ms;   
(d) t=0.38 ms; (e) t=0.46 ms; (f) t=0.62 ms 
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Fig. 9 Microstructure on longitudinal section of molten 
pool 
 
a large growth rate will block the growth of other 
columnar grains. In low-speed laser processing, 
there are generally two competing growth 
mechanisms for columnar grains in the molten  
pool [22]. One is that the favorable orientation (FO) 
grains grow rapidly and form secondary branches 
and then the growth of the secondary branches 
prevents the growth of unfavorable oriented (UO) 
grains. The second is that when the UO grains 
encounter the grain boundaries of the FO grains,  
the growth of UO grains is inhibited due to less   
space for continued growth. In the SLM process the 

secondary branches cannot grow up, so the 
competitive growth mechanism is the second one 
described above. The grain boundaries formed by 
the FO grains make the UO grains weed out. 

To quantitatively analyze the dendritic 
competitive growth, it is necessary to calculate the 
temperature gradient and the dendrite tip velocity. 
The direction of the temperature gradient was 
calculated according to Eq. (17), where θG-y is the 
angle between the direction of the temperature 
gradient and the y axis, and Gx and Gy are the 
components of the temperature gradient on the x 
and y axes, respectively. The dendrite tip velocity 
and the components of the dendrite tip velocity 
along the temperature gradient direction were 
calculated according to Eqs. (18) and (19), 
respectively, where (x1, y1) and (x2, y2) are the 
positions of the dendrite tip at different time. The 
dendrite tip position is in the range of (−1, 1). The 
point with ϕ=1 nearest to the interface was selected 
as the position for calculation. It can be seen from 
Figs. 10(c, d) that the difference between the real 
tip position and the calculated position is less than 
one grid. Since the interface width is constant, the 
error in calculating the tip velocity can be neglected. 

 

 
Fig. 10 Tip positions at different time: (a) At time t1; (b) At time t2; (c) Enlarged view of (a); (d) Enlarged view of (b) 
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Figure 11 shows the competitive growth of two 
convergent grains at the initial stage of 
solidification. According to Eq. (16), θG-y is 19° at 
the grain boundary, then the misorientation of Grain 
A and Grain B are 36.0° and 5.5°, respectively. So 
the dendrite tip velocity of Grain A is 71 mm/s and 
Grain B is 122 mm/s, the vg of Grain A is 57 mm/s 
and Grain B is 121 mm/s. As a result, Grain A will 
be eliminated by Grain B as shown in Figs. 11(c) 
and (d). 

Figure 12 shows the competitive growth of 
dendrites at the middle stage of solidification during 
SLM. Different from that at the initial stage,    
the dendrite growth at this stage is accelerated. The 

growth information and misorientations of the two 
grains in Fig. 12 are given in Table 2. The 
competition between Grain A and Grain B at this 
stage is different from that at the initial stage 
because of the change of grain growth rate. The 
growth rate of Grain A and Grain B is constantly 
changing. The grain with a high growth rate will 
eliminate the grain with a low growth rate. Grain A 
and Grain B grow alternately near the grain 
boundary. It can be seen that the competition 
between the grains is changed in the case of small 
misorientation, and the dendrites near the grain 
boundary would be eliminated. 

In addition to the converging grain boundaries, 
there are divergent grain boundaries in the molten 
pool during solidification of SLM. Figure 13 shows 
the competitive growth in the case of grain 
divergence. Unlike the converging grain boundary, 
the divergent grain boundary rarely results in the 
elimination of grains. Because there is the growth 
space nearby the grain boundary, the secondary 
branch and the tertiary branch will form and grow  

 

 
Fig. 11 Competitive growth of dendrites at initial stage of solidification: (a) Dendrite orientation and temperature 
gradient direction; (b) Secondary branch on side of primary dendrite; (c) Tertiary branch; (d) Grain boundary formed by 
competitive growth 
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Fig. 12 Competitive growth of dendrites at middle of solidification: (a, b) Stage I; (c, d) Stage II 
 
Table 2 Competitive growth information in Fig. 12 

Stage Grain θ/(°) |θ−θG-y|/(°) v/ 
(mm·s−1) 

vg/ 
(mm·s−1) 

Ⅰ 
A 36.9 2.05 140 139.9 

B 21.6 13.25 140 136.2 

Ⅱ 
A 36.9 2.08 151 150.9 

B 21.6 13.22 158 153.8 

 
up nearby the grain boundary. The formation of the 
secondary branches is also affected by the 
misorientation. The secondary branches easily form 
when the misorientation is larger. Based on the 
angle between the temperature gradient and the y 
axis which is 28.2°, the misorientations of the three 
grains in Fig. 14 can be calculated and they are 6.7°, 
13.2°, and 27.6°, respectively. Therefore, the 
secondary branch would be formed when the 
columnar dendrite with a misorientation of 27.6°. 

On the longitudinal section of the molten pool, 
the direction of the temperature gradient changes as 
the heat source moves. This change results in the 
misorientations being different at each time, so the 

competition between grains changes, as shown in 
Fig. 15. The specific competitive growth 
information is shown in Table 3. At stage Ⅰ, the 
angle between the temperature gradient direction 
and the scanning direction is 72.8°. The 
misorientation of Grain A is smaller than that of 
Grain B. The vg of Grain A is larger than that of 
Grain B. The columnar dendrite of Grain B at the 
grain boundary is eliminated, as shown by the red 
dotted coil in Fig. 15(b). At Stage Ⅱ, the direction 
of the temperature gradient changes greatly, and the 
angle between the temperature gradient direction 
and the scanning direction is 61.0°. The mis- 
orientation of Grain A is larger than that of Grain B, 

 
Table 3 Competitive growth information in Fig. 15 

Stage Grain θ/(°) θG-y/ 
(°) 

|θ−θG-y|/ 
(°) 

v/ 
(mm·s−1) 

vg/ 
(mm·s−1) 

Ⅰ 
A 81.9 

72.8 
9.1 134.3 132.6 

B 65.7 7.1 131.7 130.7 

Ⅱ 
A 81.9 

61 
20.9 205.3 191.8 

B 65.7 4.7 204 203.3 
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Fig. 13 Competitive growth of dendrites at divergent grain boundaries: (a) Misorientation angle of each grain;       
(b) Secondary branch at grain boundaries; (c−d) Tertiary branch at grain boundaries 
 

 
Fig.14 Relation between misorientation and columnar 
dendrite length 
 
and the velocity component of Grain A is smaller 
than that of Grain B. Dendrites of Grain A are 
eliminated. Then, a large number of new nucleated 
grains form and block the growth of columnar 
dendrites. 

The effect of the misorientation on the 
microstructure can be analyzed by the size of 

columnar grains. Because of the complex evolution 
of microstructure in the molten pool, the length of 
primary dendrite within a grain was measured 
instead of grain length. Figure 14 illustrates the 
relation between the misorientation (|θ−θG-y|) and 
the columnar dendrite length (l) on the transverse 
section. It shows that the columnar dendrite length 
and (θ−θG-y)2 are inversely proportional. When 
|θ−θG-y| is greater than 22.5°, the columnar dendrite 
length remains unchanged. This means that the 
columnar dendrites with high misorientation 
(|θ−θG-y|>22.5°) are eliminated. 
 
5 Conclusions 
 

(1) The solidification structure of the SLM 
molten pool consists of the columnar grain region, 
the mixed grain region, and the equiaxed grain 
region. There are two sources of columnar dendrites 
in the molten pool of SLM, one is epitaxial growth 
of the substrate grains, and the other is formation of 
nucleation and growth under the action of heat flow. 
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Fig. 15 Competitive growth of dendrites in longitudinal section: (a−b) Stage Ⅰ; (c−d) Stage Ⅱ 
 

(2) The competition mechanism of dendrite 
growth in the melt pool is that the FO grains formed 
at grain boundaries eliminate the UO grains. The 
dendrite competitive growth is influenced by the 
misorientation. The grains with high misorientation 
(|θ−θG-y|>22.5°) will be eliminated on the transverse 
section of the molten pool. 

(3) The change of direction of the temperature 
gradient due to the heat source moves on the 
longitudinal section of the molten pool results in the 
variation of the velocity component in the 
temperature gradient direction. The growth 
direction of the columnar grains at the bottom of the 
molten pool is deflected to the scanning direction 
on the longitudinal section of the molten pool. 
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摘  要：采用有限元耦合相场的方法研究 IN718 高温合金在激光选区熔化过程中熔池内的竞争性生长和晶粒/枝晶

结构的演变。通过有限元解决热演化问题，然后将结果输入相场模型，相场模拟涉及晶粒成核、晶粒外延生长和

晶粒竞争的微观结构演变。基于对熔池横向和纵向截面微观结构演变的分析，讨论 SLM 过程中枝晶竞争性生长

的机制，并量化计算熔池中溶质元素 Nb 的浓度分布。结果表明，枝晶竞争性生长受温度梯度和晶体学取向的影

响，具有高错配角(>22.5°)的不利取向晶粒将很快被有利取向晶粒淘汰。 
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