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Recent Progress and Perspectives of Phase—Field Modelling in
Metal Additive Manufacturing
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(State Key Lab of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: Metal additive manufacturing involves many complex physical processes such as heat and mass transfer, phase
transformation, grain growth, fluid flow, etc. It is difficult to quantitatively simulate the microstructure evolution of metal
additive manufacturing. The phase-field method can describe complex microstructures such as the gas/liquid/solid phase
and grain shape/orientation by using order parameters, and directly introduce field variables describing physical processes
(such as concentration, temperature, fluid flow rate, etc.), showing great advantages in the simulation of the microstructure
of the metal additive manufacturing process. In this paper, the development and classification of the phase-field method are
briefly introduced, the characteristics of different phase-field models are summarized, and the research progress of different
phase-field models in the simulation of microstructure evolution during the solidification process of metal additive
manufacturing is reviewed in detail. The advantages and limitations of different phase-field models in the application of
metal additive manufacturing are emphatically discussed. Finally, the application prospect of the phase-field method in
metal additive manufacturing is prospected, and its development direction is pointed out.
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Fig.1 Variation of grain morphologies with different process parameters predicted by the phase-field method: (a) the transition of grain
structure as a function of the electron beam scanning speed during the process of SEBM fabrication of Ti-6Al-4V, (b) solidification

map of grain structure of additive manufacturing IN718 varied with thermal gradient G, solidification rate R!
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Fig.2 Evolution of grain morphology and kinetic parameter variation during metal additive manufacturing of 316L stainless steel
according to phase-field simulations: (a) evolution of grain morphology at different moments, (b) comparison between simulated grain
boundary trajectory and the result from semi-empirical formula, (c) variations in the value of relative mobilities (w(n)/ju,) along the melt
pool surface over timel™
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Fig.3 Grain evolution in the XZ cross section during the phase-field simulated SLM process: (a) 1* track in the 1¢ layer, (b) 2™ track in
the 1* layer, (c) 3™ track in the 1* layer, (d) grain evolution in the black dashed box in (c), () after scanning the 2™ layer, (f) after
scanning the 3" layer. The white dashed curves represent the molten pool boundaries of the scanning tracks in the 1% and 3" layers, and
the white dashed straight line represents the molten pool boundary of the 1% track in the 2™ layer. The grain morphologies in the white
circles in (b) and (c) illustrate the grain coarsening in the substrate, and the grain morphologies in the red circles in (e) and (f) illustrate
the grain evolution in the unremelted region of the 2™ layer during the 3" layer scanning™
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Fig.4 2-dimensional phase-field simulation results of the additive manufacturing process: (a~c) beginning, middle and end of the first
layer. The scanning direction is from the left side to the right side, (d~e) middle and end of the second layer. The scanning direction is
from the right side to the left side!™”
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Fig.5 Densification factor and microstructure of selective melted 316L stainless steel powder under different scanning parameters:
(a) distribution of structural densification factor with heat beam power and scanning speed, (b,;~b,) microstructure under different
scanning parameters, (b;) scanning speed is 2 000 mm/s and laser power is 600 W, (b,) scanning speed is 1 250 mm/s and laser power
is 400 W, (b;) scanning speed is 2 000 mm/s and laser power is 500 W, (b,) scanning speed is 2 500 mm/s, laser power is 500 W,
(bs) scanning speed is 2 500 mm/s, laser power is 400 W, (be) scanning speed is 3 000 mm/s, laser power is 400 W and (b,) scanning
speed is 3 000 mm/s, laser power is 250 W, (c) inclined columnar grain, (d~e) regular/irregular pores with different sizes™”
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Fig.6 Applications of Karma's phase-field model in L-PBF Ni-Nb alloy: (a) two-dimensional simulation results, (b) three-dimensional
simulation results, (c) comparison of solute segregation coefficients of phase field simulation in different dimensions, (d) phase-field
simulated cell spacing data compared with different scaling predictions®***
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Fig.7 DICTRA simulation and phase field simulation of L-PBF Ni-4%Nb(mass fraction) alloy: (a) composition profiles in y as a
function of distance from the secondary dendrite core predicted by DICTRA simulation, (b) cellular microstructure in Ni-4%Nb(mass
fraction) alloy predicted by phase-field simulation after 1.3 ms of growth with V=25 mm/s, (¢) comparison of primary dendrite arm
spacing measured from simulated microstructures with analytical models®”
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Fig.8 Comparison of phase-field predicted microstructure morphologies along different cross sections in the melt pool region and the
corresponding experimental results during the L-PBF IN718 process: (a) longitudinal cross section colored according to phase field
(/=0 indicates liquid, /=1 indicates solid) showing dendritic structure , (b) transverse cross section colored according to phase field
(/=0 indicates liquid, /=1 indicates solid) showing dendritic structure for higher undercooling , (c) transverse cross section showing
dendritic structure for higher undercooling, (d) dendritic structure observed from concentration contour®
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Fig.9 Applications of phase-field model with finite interface dispassion in Ni-Nb alloy: (a) the calculated primary dendrite arm spacing
(PDAS) reduced as the cooling rate increased, (b) comparison between the simulated segregation coefficients K, from Ghosh et al.
(conventional PF model) and this work (finite interface dissipation PF model) in the quasi-binary Ni-Nb alloy, (c) the variation in
morphology, size of cellular segregation structure, and microsegregation as a function of growth rate and temperature gradient,

(d) variation in the cellular structure and size at varying cooling rates along the melt pool boundary under high LED condition®
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Fig.10 Application of the phase-field model with finite interface dispassion in Al-Si alloy: (a) temperature field distribution,
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