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Abstract

The cellular automata (CA) method has been widely used in microstructure simula-
tion during solidification. A novel high-efficiency virtual submesh cellular automata
(VISCA) method is proposed to reduce the mesh-induced artificial anisotropy. This
method conceptually divides the mesh into a series of submeshes by giving a unique
index to each CA cell. The proposed VISCA method results in a good accuracy
in all orientations using uniform mesh, while an aggressive time stepping can be
used. The nucleation is simulated based on a continuous nucleation model, and
the Kurz-Giovanola-Trivedi (KGT) model is used to simulate the growth of the
grains nucleated in the bulk material. For the application of single crystal additive
manufacturing, a Single-Crystal-Texture cellular automata (SITCA) method are
developed based on VISCA method to predict the nucleation and growth direction
in molten pool. Besides the orientation of grain, a random number is introduced
in the SITCA method to distinguish the regions of same crystallographic orien-
tation but different growth direction in molten pool. The re-melting experiments
are implemented by a top flat laser source on a Ni-based superalloy SX substrate.
The heat history of the substrate boundary is measured by several thermocouples
to generated the boundary condition of heat transfer simulation. The molten pool
width, depth and the stray grain location of simulation are compared to experi-
ments.
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Model description
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Figure 1: Procedure of the VISCA method.

The mainly procedure of VISCA method is shown in fig.1. The calculation proce-
dure for each time step consists of three parts: heat diffusion calculation, nucle-
ation calculation, and grain growth calculation. At the beginning of a time step,
the heat transfer process is solved by explicit/implicit finite difference method
(depending on the space/time scale). The second part is the nucleation calcula-
tion. The nucleation probability of each cell in the global mesh can be derived
(probability equation are described in our previous work [1]) through the local
undercooling AT. After rolling a random number, the new nucleation cell in the
liquid at the current time step is selected with a random orientation @. Then, a
virtual submesh (shown in fig.2) with the same orientation is constructed around
the nucleated cell. The third part is the crystal growth calculation. Based on
the previous work [2, 3], the grain growth process is reproduced by integrate the
dendrite tip velocity (calculated by KGT model [4]) at current time step to the
primary dendrite length. As is shown in fig.2, the growth process is operated on
the submesh. If the primary dendrite length of a cell (on submesh) exceed the

submesh step length, the adjacent cells of the cell will be activated to growth.
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Figure 2: schematic diagram of grain growth on submesh in VISCA method.

SITCA method

The traditional cellular method with the grain envelope simplification usually ig-
nore the dendrite branching behaviour and the crystal orientation evolution in
computational area is simulated to investigate the grain distribution. As for the
single crystal (SX) fabrication, not only the uniform crystal orientation is necessary,
but also the uniform crystal growth direction. To reproduce the growth compe-
tition between different primary dendrite direction (not the crystal orientation), a
modified cellular automata method, the Single-Crystal-Texture-Cellular-Automata
method (SITCA) is developed. Besides the orientation ©, a random number &
is introduced to reproduce the epitaxial growth process. As is shown in fig.3, for
the crystal growth around existing SX boundary in liquid, the random number ¢

distribution texture meaning the primary dendrite growth direction.
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Epitaxial growth of SX solidification

Figure 3: schematic diagram of epitaxial growth in SITCA method.

To predict the epitaxial growth situation of additive manufacturing on a SX sub-
strate, a finite element method (FEM) model is coupled with SITCA model. To
compared to the SX additive manufacturing experiments (laser remelting process
on René N5 SX substrate), the FEM model of convective heat transfer is set up
to calculate the temperature field. As is shown in fig.4, the temperature informa-
tion on FEM encrypted unstructured grid is interpolated to SITCA mesh by shape

function on nodes of each element.
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Figure 4: schematic diagram of interpolation from FEM grid to CA mesh.

Result and discussions

Validation of FEM model

As is shown in fig.5, the FEM model is compared to experimental observed molten
pool width and depth. Due to the randomness of SX substrate, the temperature

field is calibrated by experimental observed molten pool boundary. The validated
FEM thermal field is coupled to SITCA model.

(a) Comparison of FEM and experimental results under scanning speed 300mm/min

(¢) Comparison of FEM and experimental results under scanning speed 700mm/min

Figure 5: Comparison of molten pool dimensions between experiments and FEM

model.

Validation of SITCA model

Based on the validated and interpolated thermal field, the single crystal texture
and columnar to equiaxed transition (CET) in molten pool are simulated via SITCA
model. To validate the SITCA model, the mathematical model [5, 6] results and
experimental results are compared to the SITCA simulation results. The relative
height of [001] growth direction (Ratio of [001] height to molten pool depth) is
chosen to quantitatively evaluate epitaxial growth of SX substrate.

As is shown in fig.6, the mathematical model calculated and SITCA simulated
relative [001] height are 31% under a laser scanning speed 300mm/min. But
for scanning speed 500mm/min, the SITCA simulated [001] height is 50% and
the mathematical model calculated one is 46%. The corresponding experimen-
tal results are shown in fig.7. The experimental observed relative [001] height of
300mm/min is 30% when the one of 500mm/min is 50%. The SITCA simu-

lation results is obviously closer to the experiments results.
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Figure 6: Comparison between simulation and mathematical model in epitaxial
growth (scanning speed of 300/500mm/min).
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Figure 7: Experimental observation of epitaxial growth (scanning speed of
300/500mm/min).

Based on the experimental and simulation results, the relative [001] height is
higher with a higher laser scanning speed. To further improve the [001] height,
the experiment, simulation and mathematical model calculation of scanning speed
700mm/min are implemented (shown in fig.8). The experimental observed rela-
tive [001] height is 64%. The simulated one is 55% and the model calculated one
is 51%. The SITCA model also successful predict the generation of stray grains.

All the experimental, simulated and calculated results are summarised in table.1.

(a) Experiments of scanning speed 700mm/min  (b) Simulation of scanning speed 700mm/min

[010][010] [001]

(d) SITCA result of scanning speed 700mm/min

L ______ 2

500um

[100] [010] [0i0] [001]

(e) X-section of scanning speed 700mm/min (f) Previous model of scanning speed 700mm/min

Figure 8: Comparison among experiment, simulation and mathematical model in

epitaxial growth (scanning speed of 700mm/min).

Table 1: Comparison of simulated, mathematical model and experimental observed

epitaxial growth.

aser speed Experiment Simulation Mathematical

model

300mm/min  [001] height 31% 30% 30%
CET No No Yes

500mm,/min  [001] height 50% 50% 46%
CET No No Yes

700mm/min  [001] height 66% 55% 51%
CET Yes Yes Yes

Summary and conclusions

® Based on the modification of the previous CA method [1], the SITCA model
is able to reproduce not only the crystal orientation, but also the growth
direction. The SITCA model can simulate in a larger scale with fewer

meshes compared to model for dendrite growth simulation.

® For the introduction of KGT model [4], the SITCA model reproduce the
solid-liquid interface more realistically. Compared with the previous
mathematical model, the SITCA simulation results are in better agreement
with the experimental observation results in terms of [001] growth direction
height and stray grains distribution, especially in the situation of high laser

scanning speed.

©® Based on the experimental results, simulation results and analysis above, a
higher scanning speed lead to a higher relative height of [001] direction, but
more stray grains in the upper part of molten pool. The laser scanning

speed should be chosen carefully to balance these two factors.
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