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Figure 1 (Color online) Schematic diagram of “process-microstructure-properties” relationship and the associated length scales for metallic additive
manufacturing. Reprinted with permission from ref. [5], Copyright©2017 Elsevier.
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Figure 2 (Color online) Schematic diagram of thermal cycling and
microstructure evolution during the metal additive manufacturing
progress.
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Figure 4 (Color online) Temperature field of a single-track for Ti-
6Al1-4V alloy with SEBM [37]. Reprinted with permission from ref.
[37], Copyright©2018 Springer.
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Figure 5 (Color online) The powder spreading process model based on the discrete element method simulates the powder spreading process subject
to gravity, friction, collision, etc., and the high-fidelity thermal analysis based on the finite volume method for the heat transfer and mass transfer
process of the powder heating, melting, flow, solidification, etc. The 3D geometry data transferred between two models is based on the STL format

[38]. Reprinted with permission from ref. [38], Copyright©2018 Elsevier.
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Figure 6 (Color online) Numerical results of the two-layer two-track case for Ti-6Al-4V alloy with SEBM. (a) A schematic diagram of the scanning
path. (b) The final simulation result. The color represents the height relative to the substrate. (c) The bottom view of the numerical result only for the
deposited two-layer powder bed, where the closeup presents the predicted void during the printing process [39]. Since gas phase is not considered in
this model, the void caused by trapped gas can not be predicted. Reprinted with permission from ref. [39], Copyright©2018 Elsevier.
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Figure 7 (Color online) Numerical results of temperature and velocity
fields over the melting for 316L stainless steel powder with laser
powder bed fusion using ALE3D, where the material splashing and
denudation phenomena are captured. Reprinted with permission from
ref. [43], Copyright©2016 Elsevier.
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Figure 8 (Color online) (a) Continuum-based thermo-fluid flow coupling numerical model for directed energy deposition; (b) temperature field
contour and the flow field within the molten pool [49]. Reprinted with permission from ref. [49], under the terms of the Creative Commons CC BY

License.
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Figure 9 (Color online) Profiles of temperature gradient (first row) and cooling rate (second row) along the boundary of the molten pool for IN718
alloy with directed energy deposition [49]. (a) Numerical results of 5 single scan track cases with constant laser power of 540 W and scan speed
varying from 200 to 400 mm/min; (b) numerical results of 5 single scan track cases with constant laser scan speed of 200 mm/min and laser power
varying from 340 to 540 W; (c) numerical results of the single-track eight-layer cases with laser power of 390 W and scan speed of 200 mm/min.
Reprinted with permission from ref. [49], under the terms of the Creative Commons CC BY License.
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Figure 10 (Color online) Comparisons between experimental and simulation results for the three cases [50]. (a)—(c) The comparison of the transverse
cross-sectional dimensions of the molten pool; (d)—(f) the comparison of the chevron distribution over the solidified surface of the molten pool.
Reprinted with permission from ref. [50], Copyright©2019 Springer.
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Table 1 Comparison of the molten pool length and cooling rate between numerical results and experimental data [S0]

THA: 150 W, 400 mm/s

T#HEB: 195 W, 800 mm/s THC: 195 W, 1200 mm/s

P B (um)  AHEE (KU)W (um)  AHEE (Ks) ALK um) AHEE Ks)

AR LE R 659421 (6.2040.799)x10° 782421 (9.35+1.43)x10° 754+46 (12.843.94)x10°
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AN R R AR A A Y 542 5.11x10° 843x10° 6.89x10° 785x10° 11.4x10°
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Figure 11 (Color online) The residual stress distributions as the Ni-Ti powder bed cooled down with SLM. (a) x-component of stress along the scan
direction; (b) y-component of stress transversal to the scan direction; (c) z-component of stress along the build direction; (d) von Mises stress.
Reprinted with permission from ref. [59], Copyright©2016 Elsevier.
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Figure 12 (Color online) Numerical results of multi-layers deposition for IN718 alloy with SLM. (a) Temperature contour plot during the deposition
process for 37th layer; (b) residual stress component, o,, (MPa), distribution after deposition is completed; (c) final distortion of the workpiece (5%
magnification of distortion). Reprinted with permission from ref. [60], Copyright©2017 Elsevier.
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Figure 13 (Color online) Comparison of primary dendrite arm spacing
for IN718 alloy with SLM [77]. (a) Experimental data, (b) predicted
result. Reprinted with permission from ref. [77], Copyright©2017
Elsevier.
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Figure 14 (Color online) Longitudinal cross section of single track showing orientation of dendrites in scan direction for IN718 alloy with SLM. (a)—
(c) Numerical results for cases with scan speed of 0, 984, and 1640 mm/s, respectively; (d) experimental data with laser power of 335 W and scan

speed of 1600 mm/s. Reprinted with permission from ref. [77], Copyright©2017 Elsevier.
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Figure 15 (Color online) Comparison of experimental and simulation
results for Ti-6Al-4V alloy with SEBM [78]. (a) An EBSD map of
reconstructed P-grain structures based on experimental data; (b)
predicted B-grain structures. The inward slanted columnar B-grain
(yellow arrows), centerline axial grains (gray arrows) and fine equiaxed
grains at the edges are the obvious characteristics of the microstructure

morphology of the cross section. Reprinted with permission from ref.
[78], Copyright©2018 Elsevier.
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Figure 17 (Color online) Evolution of the molten pool microstructure
represented by four snapshots at increasing times for Ti-6Al-4V with
SEBM. (a) 0.3492, (b) 1.1342, (c) 1.4291, and (d) 1.8427 ms [37].
Reprinted with permission from ref. [37], Copyright©2018 Springer.
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Figure 18 (Color online) Simulation results of single scan track for IN718 alloy with directed energy deposition. (a) 3D view of the microstructure;
(b) XZ cross-sectional view of the microstructure; probability distribution function of grain size quantified by equivalent sphere diameter; (c) constant
laser scan speed (200 mm/min), variable laser power value within the range of 340-540 W; (d) constant laser power (540 W), variable scan speed
within the range of 200400 mm/min [49]. Reprinted with permission from ref. [49], under the terms of the Creative Commons CC BY License.
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Figure 19 (Color online) Simulation results of microstructure for
single-track multi-layer IN718 alloy [49]. (a) XZ cross section view; (b)
3D view; (c) pole figure. Reprinted with permission from ref. [49],
under the terms of the Creative Commons CC BY License.
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Figure 20 (Color online) High fidelity powder scale simulation result of microstructure for Ti-6Al-4V alloy with SEBM. (a) 3D view, where partially
melted powders located in both side are shown; (b) longitudinal cross-section view, where dashed lines are fusion lines for the first and second layers.
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Numerical simulation on metallic additive manufacturing
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The metallic additive manufacturing process is a multi-scale and multi-physics coupling problem, including complex
physics phenomena, i.e., mass and heat transfer, phase transformation, and material microstructure evolution. Therefore,
in this work, we thoroughly reviewed the numerical simulation studies on metallic additive manufacturing in two folds,
the mass and heat transfer, and material microstructure evolution. In light of the physics phenomena and the length scale
of the problems concerned, we summarized the commonly used heat source models, mass and heat transfer numerical
models (including powder scale high fidelity thermo-fluid flow coupling model, continuum-based thermo-fluid coupling
model, and continuum-based heat conduction model), and the microstructure prediction models (including phase-field
model, cellular automaton method, kinetic Monte Carlo method) followed by the discussions on their advantages and
applicability. Furthermore, the “process-structure-property” integrated numerical models are reviewed. The numerical
simulation challenges for the metallic additive manufacturing are finally presented in addition to the prospect.

metallic additive manufacturing, multi-scale multi-physics, heat and mass transfer, microstructure, numerical
simulation
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