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Metal additive manufacturing (MAM) technology is now changing the pattern of the high-end manufacturing industry, among which microstructure simulation gradually shows its importance and attracts many research interests. As the simulation targets, this paper summarizes the unique microstructure characteristics in MAM fabricated parts, Ti-6Al-4V as an example. Further discussions are focused on the development of solidification microstructure simulation methods as well as their capacity and applicability on MAM. Finally, the difficulties and suggested future research topics in MAM microstructure simulation are addressed.

Introduction

Additive manufacturing (also known as 3D printing) refers to a process by which digital 3D design is fabricated in a layer by layer fashion. Metal additive manufacturing (MAM) methods based on powder, wire, sliced metals and alloys are famous for their flexibility, efficiency, and accuracy [START_REF] Taufik | Role of build orientation in layered manufacturing: a review[END_REF]. Due to the nature of MAM process, which adds material only at the desired place, the lead-time and material waste are reduced to a relatively low level. More importantly, since the tooling is no longer needed, MAM unlocks a significant amount of constraints for the designers to design products with complex geometry [START_REF] Kumke | Methods and tools for identifying and leveraging additive manufacturing design potentials[END_REF]. The technical features of MAM make it suitable for industries with small batch and high complexity part geometry, especially hollow structures and complex curved surfaces. There are already relatively mature applications at present in the area of aerospace, remanufacturing, medical industries and so on. MAM technologies can be roughly divided into two categories, namely, direct energy deposition (DED) and powder bed fusion (PBF). There are several technologies under each category branded by different manufacturers [START_REF] Wilson | Remanufacturing of turbine blades by laser direct deposition with its energy and environmental impact analysis[END_REF][START_REF] Dutta | The additive manufacturing (AM) of titanium alloys, Titanium powder metallurgy[END_REF]. MAM technologies based on different types of high energy beam (laser and electron beam) are operated under different environment: vacuum environment is needed for the electron beam to travel through and laser can propagate in an inert atmosphere. Also, the cooling rate (product of thermal gradient and solidification rate) in MAM can changes from 10^3 K/s in DED to 10^5 K/s in PBF. The different energy sources, process parameters as well as the cooling conditions in MAM technologies lead to significant differences among the resultant melt pool geometries, which will further influence the fabricated microstructures. Consider the melt pool size alone can change from hundreds of micrometers in PBF to several millimeters in DED. Uncertainties in the process-structureproperty (PSP) linkage are restricting the development and application of MAM techniques [START_REF] Greitemeier | Uncertainty of Additive Manufactured Ti-6Al-4V[END_REF]. Thus, recognizing the interplay between PSP linkage in MAM is crucial for quality control and development of this technology. Modeling approaches and numerical simulations are the ideal tools to fill the gap by saving time and experimental costs [START_REF] Markl | Multiscale Modeling of Powder Bed-Based Additive Manufacturing[END_REF]. These models enable mechanical property predictions from the process and material parameters and serve as a guideline for design, process control, and optimization. grains will inherit crystallographic information like grain orientations and size from existing crystals. Those with the preferentially growing directions align with thermal gradient tend to stand out from the competitive grain growth and develop even bigger through MAM build-up process. Take DED as an example, the column grains can develop into millimeter level [START_REF] Ellyson | Characterization of bending vibration fatigue of WBD fabricated Ti-6Al-4V[END_REF] which can be recognized by the naked eye because of the different visible light absorption capacity between different crystal orientations and boundaries of the column grains.

In a single weld track of MAM, the β grains tend to tilt towards the scanning direction in order to align their preferred growth direction with the maximum thermal gradient direction. Theoretically, if the columnar grains grow steadily and aligned with the thermal gradient direction, it will result in a curvature of the grain shape because the grain will experience a changing thermal gradient direction along the melt pool tail. However, this kind of grain curvature can also be inhibited due to the constrained solidification among the highly textured grains (preferential growth direction in the build-up direction) and the remelting in MAM. Column grains in Ti-6Al-4V parts produced by (a) DED [START_REF] Wang | Microstructure study of direct laser fabricated Ti alloys using powder and wire[END_REF] (b) Selective Laser Melting (SLM) [START_REF] Vrancken | Heat treatment of Ti6Al4V produced by Selective Laser Melting: Microstructure and mechanical properties[END_REF] (c) Gas Tungsten Arc Welding (GTAW) [START_REF] Wang | Morphology investigation on direct current pulsed gas tungsten arc welded additive layer manufactured Ti6Al4V alloy[END_REF] Studies have shown that cracks have the propensity to propagate along columnar grain boundaries [START_REF] Kontis | Atomic-scale grain boundary engineering to overcome hot-cracking in additivelymanufactured superalloys[END_REF][START_REF] Carroll | Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing[END_REF], especially in the build-up direction of MAM where grain boundaries lose their effect of cleavagecracking resistance [START_REF] Kumar | Crack interaction with microstructure[END_REF]. For Ti-6Al-4V, the presence of grain boundary α even accumulate the failure of the material [START_REF] Carroll | Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing[END_REF]. As a result, the morphology of columnar grains in MAM samples leads to anisotropic mechanical properties in as-built condition [START_REF] Kok | Anisotropy and heterogeneity of microstructure and mechanical properties in metal additive manufacturing: A critical review[END_REF]. Depending on the loading direction with respect to columnar grain orientation, ductility differences were also discovered in horizontally and vertically built test specimens [23,[START_REF] Al-Bermani | The Origin of Microstructural Diversity, Texture, and Mechanical Properties in Electron Beam Melted Ti-6Al-4V[END_REF][START_REF] Carroll | Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing[END_REF]. To eliminate the unfavorable effect of the column grains, great efforts have been made to achieve the equiaxial grain morphology by investigating the columnar to equiaxed transition (CET) phenomenon with the help of numerical models [START_REF] Raghavan | Numerical modeling of heat-transfer and the influence of process parameters on tailoring the grain morphology of IN718 in electron beam additive manufacturing[END_REF][START_REF] Wang | Grain morphology evolution and texture characterization of wire and arc additive manufactured Ti-6Al-4V[END_REF][START_REF] Liu | Insight into the mechanisms of columnar to equiaxed grain transition during metallic additive manufacturing[END_REF].

Nucleation and Epitaxial Growth

Nucleation is the first step of the solidification process. In the deterministic models of solidification, the heterogeneous nucleation theory is widely used to explain the small undercooling needed for a conventional solidification process. In the heterogeneous nucleation theory, if the nuclei are simultaneously generated at a critical undercooling value, it is unable to account for the grain density changes in different cooling conditions. This is contrary to observation, where the grain size will decrease drastically at a higher cooling rate. Currently, the instantaneous nucleation theory is broadly accepted by researchers and has been implemented in solidification microstructure simulation where the nucleation phenomenon is considered as a thermally-activated process, and the nuclei density increased by supercooling under a log Gaussian distribution. This can be expressed as the following equation [START_REF] Dantzig | Solidification[END_REF]:

(a) (b) (c)
Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) [START_REF] Taufik | Role of build orientation in layered manufacturing: a review[END_REF] where is the total nucleus number per unit volume, and are the standard deviation and mean value of the log of supercooling respectively.

In term of nucleation behavior in MAM, epitaxial growth is a common phenomenon. For example, a single crystal can run through multiple layers of material deposition in DED fabricated Ti-6Al-4V samples [START_REF] Kobryn | The laser additive manufacture of Ti-6Al-4V[END_REF]. In some cases, the column grains even grow throughout the entire length of the printed part. If we consider the partially melted crystal as the substrate for nucleation to start, there will be perfect compatibility between the solid and the liquid phases. Theoretically, there is no nucleation energy barrier, and the wetting angle is zero. It means there are little or no newly formed nuclei in the material deposition process. Thus, the instantaneous nucleation can also be neglected, and the column grains directly epitaxially grow from a crystallographic orientation and grain geometry defined substrate in many MAM solidification microstructure simulations.

However, external factors such as impurity, defects, recrystallization and unmelt metal powders are the main reason for new nuclei in MAM. Take selective laser melting (SLM) which is a type of laser powder bed fusion (LPBF) process as an example, the smaller melt pool compared to DED will inevitably lead to unmelt or half melt powders. These unmelt powder, especially at the contour of the fabricated part, will provide additional nucleation position and change the microstructure dramatically.

Phase Composition

In Ti-6Al-4V MAM studies, as-built SLM microstructure is composed of the martensitic α' phase with little α or β phases present [START_REF] Vrancken | Heat treatment of Ti6Al4V produced by Selective Laser Melting: Microstructure and mechanical properties[END_REF][START_REF] Liu | Additive manufacturing of Ti6Al4V alloy: A review[END_REF][START_REF] Lee | Effect of Heat Treatment on Microstructure and Impact Toughness of Ti-6Al-4V Manufactured by Selective Laser Melting Process[END_REF]. The heat input in the DED processed samples usually is higher than that in SLM; thus, the relatively slow cooling rate gives the opportunity for diffusion-controlled solid phase transformation. This results in the α phase forming at the grain boundary of prior β grains (shown in Fig. 2 a-b). The thermal cycles in MAM process usually result in a changing phase composition along the build-up direction. Various solid phase composition conditions along with the newly added deposition layers can be depicted as position-dependent microstructural "maps" (Fig. 2 c) based on known relationships from the thermal history and microstructural evolution. [START_REF] Beese | Review of Mechanical Properties of Ti-6Al-4V Made by Laser-Based Additive Manufacturing Using Powder Feedstock[END_REF] (c) Microstructural evolution map of the build as each layer is deposited (reproduced from [START_REF] Kok | Anisotropy and heterogeneity of microstructure and mechanical properties in metal additive manufacturing: A critical review[END_REF][START_REF] Ahmed | Phase transformations during cooling in α+ β titanium alloys[END_REF][START_REF] Kampe | Microstructural Evolution in Laser-Deposited Multilayer Ti-6Al-4V Builds[END_REF]) Studies also show that primarily α' microstructure results in low ductility, and the size of α colony is also a determining factor for the mechanical properties [START_REF] Lütjering | Influence of processing on microstructure and mechanical properties of (α+ β) titanium alloys[END_REF]. By applying post-process heat treatments to decompose α' into microstructures consisting of α and β phases (i.e., lamellar microstructure), ductility can be improved significantly [START_REF] Vrancken | Heat treatment of Ti6Al4V produced by Selective Laser Melting: Microstructure and mechanical properties[END_REF]. Beside Ti-6Al-4V, post-processing and heat treatment are also powerful tools for MAM fabricated alloy systems to control their solid phase composition and mechanical properties [START_REF] Herzog | Additive manufacturing of metals[END_REF].
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Review of Solidification Microstructure Simulation Methods in MAM

The microstructure in a crystal material is a sum up of the thermodynamic non-equilibrium lattice defects compared to an ideal single crystal [START_REF] Haasen | The early stages of the decomposition of alloys[END_REF]. These lattice defects usually form detectable patterns that can be used to explain the material properties. One principal aim of material science is to relate macroscopic sample behavior to microstructure [START_REF] Lütjering | Influence of processing on microstructure and mechanical properties of (α+ β) titanium alloys[END_REF] quantitatively, and simulation is a good option to bridge the gap. Following this, a microstructure simulation is not necessarily carried out in microscale as long as its simulation target is the microstructure. For all the metal solidification processes including MAM, microstructure simulation can be roughly divided into macroscale (solid state phase transformation, concentration field, etc.), mesoscale (grain texture) and microcosmic (nucleation and grain growth) scale. Furthermore, with the aid of advanced analytic capabilities of the supercomputer, nucleation behaviors are simulated at atomic-scale [START_REF] Sosso | Crystal Nucleation in Liquids: Open Questions and Future Challenges in Molecular Dynamics Simulations[END_REF][START_REF] Shibuta | Heterogeneity in homogeneous nucleation from billion-atom molecular dynamics simulation of solidification of pure metal[END_REF].

Melt pool models in welding have been used as a guide for the development of MAM process and solidification microstructure simulation [START_REF] David | Microstructure modeling in weld metal[END_REF][START_REF] David | Microstructure of stainless steel single-crystal electron beam welds[END_REF][START_REF] Zacharia | Modeling of fundamental phenomena in welds[END_REF][START_REF] Debroy | Physical processes in fusion welding[END_REF]. Factors such as the solidification front velocity, temperature gradient, melt pool shape, travel speed, undercooling, and alloy constitution are vital in the solidification process of MAM to determine the cooling conditions and resultant solidification microstructure in a single melt pool [START_REF] David | Correlation between solidification parameters and weld microstructures[END_REF]. Extensive literature has documented the polycrystalline microstructures as well as the significant differences in the resulting mechanical properties of MAM components [START_REF] Griffith | Understanding thermal behavior in the LENS process[END_REF][START_REF] Gouge | Thermo-mechanical Modeling of Additive Manufacturing[END_REF][START_REF] Keicher | The laser forming of metallic components using particulate materials[END_REF][START_REF] Murr | Metal Fabrication by Additive Manufacturing Using Laser and Electron Beam Melting Technologies[END_REF]. However, due to the rapid development of MAM techniques, it is recognized that matching detection and simulation system are becoming increasingly important [START_REF] Shin | Predictive modeling capabilities from incident powder and laser to mechanical properties for laser directed energy deposition[END_REF][START_REF] Heigel | Thermo-mechanical model development and validation of directed energy deposition additive manufacturing of Ti-6Al-4V[END_REF][START_REF] Zinoviev | Evolution of grain structure during laser additive manufacturing. Simulation by a cellular automata method[END_REF][START_REF] Zhang | A coupled finite element cellular automaton model to predict thermal history and grain morphology of Ti-6Al-4V during direct metal deposition (DMD)[END_REF][START_REF] Rai | A coupled Cellular Automaton-Lattice Boltzmann model for grain structure simulation during additive manufacturing[END_REF].

The study of dendritic growth and features of crystal grain is another prominent fundamental research topic in solidification microstructure modeling and simulation. It provides a better understanding of the solidification process and resultant microstructure. In the modern sense of solidification microstructure simulation, physical models act as the foundation providing a formal description of the crystal nucleation and grain growth behavior. Microstructural information such as grain size and morphology are gathered under different algorithms through the numerical simulation and implemented on computer visualization. With the rapid development of computer technology, some established macrotransmission models have been used to describe the transport phenomenon and movement of solid-liquid interfaces in space and in time [START_REF] Thompson | An overview of Direct Laser Deposition for additive manufacturing; Part I: Transport phenomena, modeling and diagnostics[END_REF]. From these models, temperature and other field data can be extracted and used in the subsequent steps of microstructure simulation. Currently, there are four conventional methods used in the field of solidification microstructure simulation, namely Cellular Automata (CA), Phase Field (PF), Monte Carlo (MC) and deterministic method. The deterministic method is based on solidification kinetics, usually with clear physical implications and application background. However, due to its oversimplification and exclusion of stochastic factors, it can rarely reflect the solidification phenomenon such as nucleation orientation and competitive grain growth. In this work, the first three probabilistic methods are discussed in the following sections.

The blooming of microstructure simulation on MAM, especially in the last decade, is a result of the rapid development of MAM technologies and the simulation methods. Compared to casting, MAM provides more opportunities for cooling condition controllability by manipulating the process parameters in a much smaller region. Simulation increasingly reveals its importance in this area to hit the target of quantitative control on the MAM fabricated microstructure. From all the reviewed solidification microstructure simulation methods shown in table 1, CA is currently the most used method for MAM processes with relatively low computational cost, and it provides the information of rough outline of solidification grain structures. It has also been widely implemented in MAM related topics to investigate the PSP linkage. Under the help of the macro-transmission models, CA method can be launched in 3D level with a scope of multiple layers.

PF methods are capable of high accuracy and resolution in the representation of physical models. It can capture subgrain features in the solidification microstructure, such as secondary or higher order dendrites. However, there is no "free lunch". PF models are usually computationally expensive and can only generate one or a limited number of grains in the simulation region. Extension of PF method to 3D models renders the level of computational resources required prohibitive. Other challenges arise when modelling rapid solidificstion. Specirically, it is not well accepted how to map the asymptotic interface dynamics of PF models onto appropriate non-equilibrium kinetics that incorporate solute trapping and drag; indeed, it is not even well known what the kinetics at the interface should be when solidifiation rates become as high as they do in rapid solidification. For example, it is typically assumed that the contionuous growth model of Aziz and co-workers holds at rapidly moving interfaces [START_REF] Aziz | Continuous growth model for interface motion during alloy solidification[END_REF]. However, there is also compleling evidence from Molecular Dynamics (MD) that the non-equiliubium two-time kinetics of Sobolev and other workers holds at rapidly moving interfaces. The existene of an interface in PF models naturtally leads to the phenomenology of solute trapping and drag [START_REF] Ahmad | Solute trapping and solute drag in a phasefield model of rapid solidification[END_REF]. However, the degree of trappiung and drag exhibited by each PF model depends on the size of interface, the interpolation fucntions used, both of whose effects can couple to the rate of solidificsiton. Recent phase field models have considered how to consistently and quantitativley integreate non-equilibrium effects into PF models [START_REF] Pinomaa | Quantitative phase field modeling of solute trapping and continuous growth kinetics in quasi-rapid solidification[END_REF][START_REF] Danilov | Phase-field modelling of solute trapping during rapid solidification of a Si-As alloy[END_REF][START_REF] Galenko | Solute trapping in rapid solidification of a binary dilute system: a phase-field study[END_REF].

As for MC method, it is simple and effective in simulating grain growth behavior, especially the recrystallization, but it can only provide the result after a large number of 'trial and error'. In the kinetic Monte Carlo (KMC) simulations for MAM, the subgrain microstructure such as cells and dendrites are simplified, in some cases, even the crystal orientations are neglected. Thus, the competitive grain growth behavior described by this method has a relatively weak physical background compared to CA and PF methods.

CA and KMC methods usually combine with the thermal history sources to predict the microstructure evolution during the solidification process. The thermal history source data normally come from the well-developed macro-transmission models based on finite element, finite difference, or Lattice Boltzmann method. However, PF models are mostly carried out under the 'frozen temperature' assumption, which is only valid under an extremely small region.

Experiments validate most of the simulation results in the reviewed works in terms of grain structure, size, orientation, and texture. Because of PF method's capacity on capturing subgrain microstructural features, dendrite arm spacing is frequently measured in the validation of PF models to compared with the simulation result. However, only a limited number of CA and PF models would validate the melt pool geometry before launching the solidification microstructure simulation. The accuracy of the simulation result is thus discredited by using a non-validated boundary condition.

The computation efficiency is usually an issue to consider when a solidification microstructure simulation is launched in 3D level or multiple layers' region in MAM. Parallel computation is widely applied to arrange the computation task into a multi-core Central Processing Unit (CPU) or Graphics Processing Units (GPU) to increase the processing speed. To save the memory space: iterative data reuse and dynamic allocation strategies are used in CA method; for PF method, this can also be achieved by deriving new evolution equations.

Along with the progress and development of microstructure simulation, new methods, theories, and techniques continuously come forthfor example, the needle-network method which has already shown potentials of its further application in MAM process. Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) -- [START_REF] Wei | Evolution of solidification texture during additive manufacturing[END_REF][START_REF] Wei | Origin of grain orientation during solidification of an aluminum alloy[END_REF] Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou)

Cellular Automata (CA) Method

CA is a type of algorithm reflecting the states of a collection of cells based on transformation rules, the complex evolution of investigated area in discrete space happens automatically when the rules are applied iteratively. The conventional CA uses local rules where the instantaneous state/value of cellular is a function of its neighbors. Recently, variants of CA method also consider intermediate or long-range interactions [START_REF] Raabe | Computational Materials Science[END_REF]. Even though each cellular consists of many identical simple components, together, they are capable of complex behavior and can be used to simulate complex problems [START_REF] Wolfram | Cellular automata as models of complexity[END_REF]. Unlike general dynamics models, CA is not strictly defined by physical equations, but by rules constructed with a set of models [START_REF] Wolfram | Computation theory of cellular automata[END_REF].

Typically, A CA model is composed of the cell, cellular state, cellular space, cellular neighbors, the function of rule and time. The local interaction between the cell and its neighbors (different types of neighbor algorithms are developed) is specified through deterministic or stochastic transformation rules. Considering two time steps of a one-dimensional CA as an example, the evolution of the model can be simply expressed as [START_REF] Raabe | Computational Materials Science[END_REF]: [START_REF] Kumke | Methods and tools for identifying and leveraging additive manufacturing design potentials[END_REF] where is the state variable of a cellular, is the location subscript, is the time superscript, and is the time step. The value of an arbitrary state assigned to cellular at a time ( ) is determined by its present state ( ) and/or its last states ( , , etc.) together with the states of its two neighboring cells.

When dealing with complex, dynamic and random questions, CA has significant advantages due to its flexible definition of neighbor and action rules. Its application is not limited to a specific area. Now, CA has been used to develop simulation models for sociology, ecology, computer science, physics, chemistry and other subjects [START_REF] Wolfram | Cellular automata as models of complexity[END_REF][START_REF] Zhuang | A Bibliographic Review of Cellular Automaton Publications in the Last 50 Years[END_REF][START_REF] Chua | Cellular neural networks: Applications[END_REF].

In the past 25 years, CA has successfully been used into microstructure simulations, for example, the static recrystallization [START_REF] Raabe | Cellular Automata in Materials Science with Particular Reference to Recrystallization Simulation[END_REF][START_REF] Raabe | Coupling of a crystal plasticity finite-element model with a probabilistic cellular automaton for simulating primary static recrystallization in aluminium[END_REF][START_REF] Raabe | 2D cellular automaton simulation of the recrystallization texture of an IF sheet steel under consideration of Zener pinning[END_REF][START_REF] Raabe | Mesoscale simulation of recrystallization textures and microstructures[END_REF][START_REF] Raabe | Introduction of a scalable three-dimensional cellular automaton with a probabilistic switching rule for the discrete mesoscale simulation of recrystallization phenomena[END_REF], the dynamic recrystallization [START_REF] Qian | Cellular automata simulation of microstructural evolution during dynamic recrystallization of an HY-100 steel[END_REF][START_REF] Zhang | Optimization of deformation parameters of dynamic recrystallization for 7055 aluminum alloy by cellular automaton[END_REF] and the grain growth behaviors [62-64, 77, 137]. The first CA model to incorporate the solidification behavior was developed in the 1990s [START_REF] Rappaz | Probabilistic modelling of microstructure formation in solidification processes[END_REF]. These CA models, initially developed in 2D, was later extended to 3D and coupled with finite element (FE) heat flow calculations resulting in the socalled Cellular Automaton-Finite Element (CAFE) models [START_REF] Dantzig | Solidification[END_REF][START_REF] Gandin | A three-dimensional cellular automation-finite element model for the prediction of solidification grain structures[END_REF][START_REF] Rappaz | Probabilistic modelling of microstructure formation in solidification processes[END_REF][START_REF] Picasso | A simple but realistic model for laser cladding[END_REF][START_REF] Gandin | 3-dimensional simulation of the grain formation in investment castings[END_REF][START_REF] Gandin | A coupled finite element-cellular automaton model for the prediction of dendritic grain structures in solidification processes[END_REF][START_REF] Gandin | A 3D cellular automaton algorithm for the prediction of dendritic grain growth[END_REF]. They are widely applied in investment casting [START_REF] Gandin | 3-dimensional simulation of the grain formation in investment castings[END_REF], directional solidification [START_REF] Gandin | A three-dimensional cellular automation-finite element model for the prediction of solidification grain structures[END_REF] and an extensive range of microstructure evolution phenomenon including dendrites, micro-segregation, defects in different alloy systems [START_REF] Cai | 4D synchrotron X-ray tomographic quantification of the transition from cellular to dendrite growth during directional solidification[END_REF][START_REF] Rappaz | Modeling and characterization of grain structures and defects in solidification[END_REF][START_REF] Yuan | A new mechanism for freckle initiation based on microstructural level simulation[END_REF][START_REF] Yi | Statistical modeling of microstructure and defect population effects on the fatigue performance of cast A356-T6 automotive components[END_REF][START_REF] Dong | Simulation of the columnar-to-equiaxed transition in directionally solidified Al-Cu alloys[END_REF][START_REF] Jennings | Seeding of single-crystal superalloys-Role of constitutional undercooling and primary dendrite orientation on stray-grain nucleation and growth[END_REF][START_REF] Atwood | Simulation of the three-dimensional morphology of solidification porosity in an aluminium-silicon alloy[END_REF][START_REF] Lee | Modeling microporosity in aluminum-silicon alloys: a review[END_REF][START_REF] Shterenlikht | Three-dimensional cellular automata modelling of cleavage propagation across crystal boundaries in polycrystalline microstructures[END_REF]. Also, different kinds of defect formation in casting production process during the last stage of solidification are controlled by CA simulations to achieve the desired microstructure [START_REF] Rappaz | Modeling and characterization of grain structures and defects in solidification[END_REF]. With the rapid development of MAM, CA method is also widely applied in the solidification microstructure simulations for MAM. For example, the CA method was used in a 2D numerical model to simulate the evolution of solidification grain structure during the laser additive manufacturing process in multiple layers (Fig. 3a). The influence of the different heat source parameters on the resultant microstructure was also investigated [START_REF] Zinoviev | Evolution of grain structure during laser additive manufacturing. Simulation by a cellular automata method[END_REF]. Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) [START_REF] Zinoviev | Evolution of grain structure during laser additive manufacturing. Simulation by a cellular automata method[END_REF] In term of solidification microstructure simulation, a CA model is usually achieved by short-term relations or local rules. Every single grain defined by a specific crystal orientation and a nucleation position can develop by its own, and this self-organized behavior will depict the grain boundary geometry as a result of the competitive grain growth.

The physical-based CA models predict the competitive grain growth behavior and interactions between the grains under the dendrite tip growth kinetics. In the area of fusion zone and mushy zone, the total supercooling of a dendrite tip, , is the sum of four contributions [START_REF] Wilson | Remanufacturing of turbine blades by laser direct deposition with its energy and environmental impact analysis[END_REF] Where is the pure thermal undercooling for fluctuation of temperature at solid/liquid interface caused by thermal diffusion, stands for the undercooling contributions associated with solute diffusion, is the kinetic supercooling influenced by the rate at which atoms attach to the solid phase, and it will be significant only if the interfacial growth rate is in the order of 1m/sec, is the curvature supercooling due to curvature of the solid-liquid interface, also called Gibbs-Thomson supercooling. Based on the solidification situation, some contributions on the RHS of equation ( 3) are neglected in different cases. Then, the growth rate of both columnar and equiaxed grains is calculated as a function of supercooling with the aid of the KGT model [START_REF] Kurz | Theory of microstructural development during rapid solidification[END_REF]. The dendrite tip grain growth rate and its undercooling are related by using the solute supersaturation, , as an intermediate variable under Ivantsov function of the solute Peclet number:

. The relationship between dendrite tip growth rate and undercooling can finally be expressed as [START_REF] Dutta | The additive manufacturing (AM) of titanium alloys, Titanium powder metallurgy[END_REF] where is the dendrite tip growth velocity, is the solute diffusion coefficient in the liquid, m is the liquidus slope, is the partition coefficient, is the Gibbs-Thomson coefficient, is the initial concentration, detailed derivation can be found in [START_REF] Tsai | A three dimensional cellular automaton model for the prediction of solidification morphologies of brass alloy by horizontal continuous casting and its experimental verification[END_REF] (a) (b) Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou)

It should be emphasized here that the dendrite tip growth kinetics we derived above only consider the supercooling contributed by the solute diffusion (

). In the case of MAM, the cooling rate is in the order of 10^5 K/sec and it usually leads to an enormous supercooling. So, the influence of supercooling due to grain tip curvature (

) and kinetic supercooling are significant and cannot be neglected.

The crystal structure is another aspect which influences the dendrite geometry significantly [START_REF] Warren | Dendritic crystals: rule of thumb breaks down[END_REF][START_REF] Haxhimali | Orientation selection in dendritic evolution[END_REF]. To reflect the preferential growth direction of grains (e.g., the <001> directions of prior β in Ti-6Al-4V), Gandin and Rappaz [START_REF] Gandin | A coupled finite element-cellular automaton model for the prediction of dendritic grain structures in solidification processes[END_REF] developed the decentered square growth technique in CA method. The algorithm was then improved by Wang and Peter D. Lee to adapt coarser grids with a concomitant loss in resolution [START_REF] Wang | A model of solidification microstructures in nickel-based superalloys: predicting primary dendrite spacing selection[END_REF]. By using the decentered square growth algorithm, the crystallography symmetry and the orientation information are stored in each cell of the grain growth area (Fig. 3 b). Subsequently, the grain cells are capable of growing faster in their preferential growth directions according to the total supercooling and reflect the competitive grain growth behavior quantitatively. 3.2 Phase Field (PF) Method PF method is a powerful computational approach to solve interfacial problems, such as micro and mesoscale crystal morphology and microstructure evolution [START_REF] Steinbach | Why Solidification? Why Phase-Field?[END_REF]. It is widely applied in the research topics such as solidification [START_REF] Steinmetz | Study of pattern selection in 3D phasefield simulations during the directional solidification of ternary eutectic Al-Ag-Cu[END_REF][START_REF] Humadi | Atomistic Modeling of Solidification Phenomena Using the Phase-Field-Crystal Model[END_REF][START_REF] Boettinger | Phase-Field Simulation of Solidification[END_REF][START_REF] Kim | Phase-field modeling of rapid solidification[END_REF][START_REF] Wang | Liquid channel segregation and morphology and their relation with hot cracking susceptibility during columnar growth in binary alloys[END_REF], microstructure evolution [START_REF] Fallah | Atomic-scale pathway of early-stage precipitation in Al-Mg-Si alloys[END_REF][START_REF] Provatas | Using the phasefield crystal method in the multi-scale modeling of microstructure evolution[END_REF], grain growth [START_REF] Xue | Phase filed simulation of dendritic growth of copper films irradiated by ultrashort laser pulses[END_REF][START_REF] Tourret | Growth competition of columnar dendritic grains: A phase-field study[END_REF][START_REF] Ahmed | Phase field modeling for grain growth in porous solids[END_REF], dislocation [START_REF] Hu | Solute segregation and coherent nucleation and growth near a dislocation-a phase-field model integrating defect and phase microstructures[END_REF], crack propagation [START_REF] Nguyen | A phase field method to simulate crack nucleation and propagation in strongly heterogeneous materials from direct imaging of their microstructure[END_REF] and so on.

PF method is a continuum description of the free boundary problem which allows the interface to be smeared over a diffuse region for numerical expedience [START_REF] Provatas | Phase-field methods in materials science and engineering[END_REF]. Order parameters representing the diffused interface can be used to locate the position of arbitrary and highly non-linear interfaces with out explicitly tracking them. This avoids the difficulties lead by the sharp interface descriptions (maximum velocity, marginal stability, microscopic solvability, interfacial wave) [162][START_REF] Langer | Theory of dendritic growth-I. Elements of a stability analysis[END_REF][START_REF] Kessler | Pattern formation far from equilibrium: the free space dendritic crystal, Patterns, Defects and Microstructures in Nonequilibrium Systems[END_REF][START_REF] Xu | Interfacial Wave Theory of Pattern Formation in Solidification[END_REF] in terms of topological complexity, phenomenon descriptions and so on.

In PF models, both the compositional/structural domain and the interface are described by a set of conserved and non-conserved field variables. Governed by Cahn-Hilliard [START_REF] Cahn | Spinodal decomposition: A reprise[END_REF][START_REF] Cahn | Free energy of a nonuniform system. I. Interfacial free energy[END_REF] nonlinear diffusion equation and the Allen-Cahn relaxation equation, the field variables are continuous across the interfacial regions, and hence the interfaces in a phase-field model can be diffused to avoid the problem of meshing there highly non-linear interfaces. This strategy can also be understood as metallurgical derivatives of the theories of Onsager and Ginzburg-Landau [START_REF] Raabe | Computational Materials Science[END_REF][START_REF] Gor'kov | Microscopic derivation of the Ginzburg-Landau equations in the theory of superconductivity[END_REF]. In the phase field theory (diffuse interface), the total free energy can be described by

′ 3 3 ′ (5)
where is the total free energy of an inhomogeneous microstructure system, is the local freeenergy density, is the function of the long-range interactions, and are the gradient energy coefficients, are conserved field variables, are non-conserved field variables [START_REF] Chen | Phase-field models for microstructure evolution[END_REF].

In equation ( 5), the gradient energy terms come into play at and around the interfaces, and contribute to the total free energy. The way to treat the contribution from various terms to the total free energy is the main differences among different PF models [START_REF] Provatas | Phase-field methods in materials science and engineering[END_REF][START_REF] Feng | Multi-phase field simulation of grain growth in multiple phase transformations of a binary alloy[END_REF].

Crystallographic structures in metal are always representing a highly ordered phase in the format of body-center cubic (bcc), face center cubic (fcc) and hexagonal closed-packed (hcp). For instance, the Ti-6Al-4V represents a bcc structure after the first order transformation from liquid to its β phase. In a two-dimensional PF model, the fourfold surface energy anisotropy at the solid-liquid interface of a cubic system crystal can be given by [START_REF] Markl | Multiscale Modeling of Powder Bed-Based Additive Manufacturing[END_REF] where is the strength of anisotropy and is the interface normal direction [START_REF] Wu | Phase Field Simulation of Dendritic Solidification of Ti-6Al-4V During Additive Manufacturing Process[END_REF].

When PF models are used to describe the crystalline materials, the basic principle is to use a free energy functional which is minimized by periodic density to represent the periodic and symmetrical nature of a crystal lattice [START_REF] Provatas | Using the phasefield crystal method in the multi-scale modeling of microstructure evolution[END_REF]. PF method is also capable of simulating crystal grains with different orientations by introducing multiple order parameters, one for each orientation. An interaction term in the model can be tuned to control coalescence and grain boundary energy during the solidification process. However, the large number of crystal orientations also leads to an equal quantity of order parameters, which increases the computational cost. Due to the extensive computer power required by PF method, there is a limited number of PF model implemented in a melt pool level, let along the whole MAM process.

To solve this problem, considerable progress has been made in recent years to increase the efficiency of PF method: In order to keep the numerical scheme of PF model efficient, a new formulation of free energy was derived in [START_REF] Lu | Phase field simulation of powder bed-based additive manufacturing[END_REF], and the solidification microstructure simulation was carried out in a region of multiple layers. [START_REF] Gong | Fast simulations of a large number of crystals growth in centimeter-scale during alloy solidification via nonlinearly preconditioned quantitative phase-field formula[END_REF] introduced the nonlinearly preconditioned quantitative PF formula to solve the evolution equations on a computational mesh coarser than those in the conventional method. The quantitative simulations of a large number of dendrites growth are carried out on the scale of centimeters. Parallel computing using GPU is another way to unchain the length scale limitation of PF, in [START_REF] Yang | GPU-accelerated three-dimensional phase-field simulation of dendrite growth in a nickel-based superalloy[END_REF], the problem of insufficient GPU memory was circumvented by employing an asynchronous concurrent algorithm. The competitive grain growth behavior was also studied in a 3D PF model under different crystal orientations (shown in Fig. 4). Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou)

Fig 4: PF simulation on dendrite morphology evolution along with solidification time, colors indicate dendrites with different orientations. [105]

To represent the periodic structure of metal crystals in the atomic scale, an extension of PF method is introduced and known as the phase-field crystal (PFC) method [START_REF] Elder | Modeling elasticity in crystal growth[END_REF]. It describes the evolution of the atomic density of a system according to dissipative dynamics driven by free energy minimization. In PFC approach, solid phase free-energy density is also constructed to be minimized by periodic density states with crystal symmetries. PFC models are derived directly from, and thus inherits some of, the principles of classical density functional theory. So, it is still an atomic-scale model in space. On the other hand, its parameterization is not fully quantitative, which also hinders its application in practical problems including MAM.

Monte Carlo (MC) Method

MC simulations involve the use of random numbers and probability to solve complex problems based on trial and error. With the help of statistical theories , MC models are generally concerned with large numbers of numerical experiments using uncorrelated random numbers instead of deterministic algorithms. The main idea of solving state function integrals by randomly sampling from the non-uniform distribution of numbers was given by [START_REF] Metropolis | Equation of State Calculations by Fast Computing Machines[END_REF].

In the field of grain growth simulation, MC method discrete computation domain for the same and regular patterns. Each grid in the simulation domain is assigned with an integer number representing different crystals. Those adjacent grids with the same grain orientation belong to a single crystal grain. Based on the minimization of system free energy, the randomly selected nodes will change their orientations and visualized as the grain growth behavior. One thing to notice is that: this kind of MC model is only suitable for the solid-state grain growth, for example, the recrystallization and second-phase precipitation [START_REF] Anderson | Computer simulation of grain growth-I[END_REF][START_REF] Ivasishin | Implementation of Exact Grain-Boundary Geometry Into a 3D Monte-Carlo (POTTS) Model for Microstructure Evolution[END_REF][START_REF] Mason | Kinetics and anisotropy of the Monte Carlo model of grain growth[END_REF][START_REF] Mishra | Measurements and Monte Carlo simulation of grain growth in the heataffected zone of Ti-6Al-4V welds[END_REF][START_REF] Goins | The Material Point Monte Carlo model: A discrete, off-lattice method for microstructural evolution simulations[END_REF]. The limitation of the MC method is obvious that the growth kinetics are not considered in the simulation.

To achieve the solidification microstructure simulation for MAM process, the KMC method is adapted to investigate microstructure developed at the melt pool bottom [START_REF] Wei | Three-dimensional grain growth during multi-layer printing of a nickel-based alloy Inconel 718[END_REF][START_REF] Wei | Three-dimensional modeling of grain structure evolution during welding of an aluminum alloy[END_REF][START_REF] Wei | Crystal growth during keyhole mode laser welding[END_REF]. The microstructure developed by different process parameters is compared, e.g., the scanning speed influence on microstructure shown in Fig. 5. The average size of the columnar grains in the fusion zone and the equiaxed grains in the heat affected zone was investigated and compared quantitatively with experiments. This can be attributed to the computational efficiency of KMC method which can be lauched in experimentatlly accessible time and length scales providing practical simulation result [START_REF] Wang | Kinetic Monte Carlo simulation of the growth of polycrystalline Cu films[END_REF]. Due to the epitaxial grain growth in MAM, the grain growth from the liquid to the solid phase is simply treated as inheriting information from the partially melted grains according to the maximum heat flow direction. In the deposit layers, grain growth is simulated by KMC models as the migration of grain boundaries caused by the MC time [START_REF] Zhang | A calibrated Monte Carlo approach to quantify the impacts of misorientation and different driving forces on texture development[END_REF]. Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) 

Needle-Network Method

In recent years, a novel dendritic needle network (DNN) method is introduced by [START_REF] Tourret | Multi-scale needle-network model of complex dendritic microstructure formation[END_REF] to unchain the scale limitation of PF method. This model represents the primary and high order branches of dendrites by thin needles which develop their own solute diffusion field and interact with each other. The growth dynamics of the needle crystals are derived from the Laplacian growth theory [START_REF] Derrida | Needle models of Laplacian growth[END_REF]. The tip velocity and radius are computed by considering two conditions: the standard solvability condition on the scale of dendrite tip and an additional flux balance condition on the outer scale of the dendritic network [START_REF] Tourret | Multiscale dendritic needle network model of alloy solidification[END_REF]. The target is to bridge the scale gap between PF and CA methods in the area of dendritic microstructure formation. Different from PF method, DNN does not focus on the tip scale solid-liquid interface but extend to grain scale with an acceptable loss of accuracy. On the other hand, this method reflects the competitive grain growth in a more natural way than CA method by considering both the history-dependent selection and the intergrain dendrite interactions. This model is implemented for both isothermal and directional solidification in 2D and validated by comparison with analytical solutions for equiaxed growth and PF simulations [START_REF] Tourret | Multiscale dendritic needle network model of alloy solidification[END_REF]. In their recently published works, a 3D version of needle-network was proposed and validated with an in-situ X-ray imaging of Al-Cu alloy solidification experiments [START_REF] Tourret | Three-Dimensional Multiscale Modeling of Dendritic Spacing Selection During Al-Si Directional Solidification[END_REF]. A simplified version of needle network model has also been applied to study the epitaxial growth behavior of columnar grains and predict the texture in MAM process [START_REF] Liu | Quantitative Texture Prediction of Epitaxial Columnar Grains in Alloy 718 Processed by Additive Manufacturing[END_REF].

Discussion and Perspectives

Until now, most research works on the MAM microstructure simulation still focus on the deterministic methods based on experiments, for example, the effects of various process parameters on microstructure evolution in thermo-material models [START_REF] Kobryn | The laser additive manufacture of Ti-6Al-4V[END_REF]. These models are sought by using the thermal history to predict microstructure evolution and the resulting temperature dependent material properties [START_REF] Kampe | Microstructural Evolution in Laser-Deposited Multilayer Ti-6Al-4V Builds[END_REF][START_REF] Costa | Rapid tooling by laser powder deposition: Process simulation using finite element analysis[END_REF][START_REF] Ahsan | An analytical-numerical model of laser direct metal deposition track and microstructure formation[END_REF]. However, these deterministic methods are inadequate to describe the unique characteristics in MAM such as nucleation behavior, column grains, epitaxial growth, and anisotropy of material behaviors.

The reviewed solidification microstructure simulation methods all have their merits as well as the essential defects when applied in MAM. CA is currently the most suitable one among the reviewed methods for the solidification microstructure simulation in MAM with a relatively lower computational cost than PF, and a more solid physical basis compared to KMC. It has recently been adapted as a module in commercial software (Ansys), which will accelerate its application development significantly. To describe the grain growth behavior, CA models are established based on the physics of dendrite tip kinetic to guarantee the simulation accuracy. On the other hand, CA method requires relatively low computation power, and the simulation can be applied into macroscale where it has more practical significances. PF method is firmly based on physical models and it is capable of providing a high reproduction of reality. It is also capable of describing the subgrain features like high order dendrites, micro-segregation, solid phase transformation and so on. However, PF models inherit minimal time and length scales from physical theories. The time steps of PF models are usually in the magnitude of microsecond or nondimensional number which must be small enough to stable the simulation result. Attaining a PF simulation even on micrometer-level requires massive computer power. A large amount of computation needed in the PF models makes it only feasible on supercomputers, therefore becomes an obstacle in the application. In order to simulate the grain competition during solidification, CA and PF methods have different strategies to endow the crystallographic structure of the grains considering their symmetry and preferential growth direction. KMC method has the advantage to efficiently simulate the migration of grain boundaries that occur in the solid state, but the crystallographic structures are not considered in most reviewed works, so its physical basis is not solid. It is also interesting to notice that the three methods start from different philosophical thoughts and methodologies but are applied to simulate the same objective in the case of MAM: CA method investigates the relationship between the part and the whole, it believes the physical state of the system is an aggregation of local state change; PF method attempts to describe the state of system by field parameters continuously, so it can avoid the difficulties lead by the sharp interface; for MC method, it uses a large number of sampling to approximate the truth, step by step. Even though there are significant differences among the three methods, they are all developed rapidly, especially in the field of microstructure simulation for MAM over the past decade.

MAM fabricated parts are composed of a large number of welds, the microstructure in a single weld bead will finally decide the initial microstructure of the MAM fabricated part at a specific position. Literature has already shown the importance of melt pool geometry to the final solidification microstructure in welding. It is very important to note that: the melt pool geometry is crucial for the resultant microstructure in MAM processes, and an accurate melt pool geometry is the prerequisite of an accurate microstructure simulation result. Solidification microstructure simulation for MAM must take proper consideration of melt pool geometry in terms of G&R and the boundary conditions established for each time step of the simulation. Melt pool geometry at the melt pool bottom is a curved surface to distinguish the solid and liquid phase. The thickness of this surface is the ambiguous area which is usually referred to as a mushy zone. The cooling condition along the melt pool bottom changes dramatically in terms of G&R, and in turn, influences the solidification microstructure developed subsequently. The melt pool geometry can be considered as a direct reflection of the cooling condition at the melt pool bottom, where solidification happens. Furthermore, the melt pool geometry follows the isothermal surface of the material, and the maximum thermal gradient direction can be captured from the geometric method. Then, the thermal gradient direction which means the maximum heat flux direction should be compared with the preferential growth direction of the crystal to reflect the competitive grain growth behavior accurately. Qualified CA and KMC work in MAM Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) microstructure simulation always consider the melt pool geometry explicitly or implicitly. However, it is still a problem for PF models as these models calculate hundreds of millions of cells/time steps over millions of time steps to place out the physics of the process long enough to be relevant. That is the reason why the PF models are mostly operated under the "frozen temperature approximation" not a field form of temperature representing the melt pool.

The melt pool geometry can also be used to bridge the scale gap. It can validate the simulation result in macro level and provide the boundary condition for the meso and micro level simulation. Some of the reviewed works used the melt pool simulation result directly as a boundary condition for solidification microstructure simulation. However, it usually leads to a more significant deviation when another simulation result is used as an input. Thus, the accuracy of these microstructure simulations is reduced as they do not have appropriate boundary conditions. Currently, highly developed techniques like CMOS camera [START_REF] Criales | Laser powder bed fusion of nickel alloy 625: experimental investigations of effects of process parameters on melt pool size and shape with spatter analysis[END_REF][START_REF] Regaard | Advantages of coaxial external illumination for monitoring and control of laser materials processing[END_REF] and synchrotron X-ray [START_REF] Leung | In situ X-ray imaging of defect and molten pool dynamics in laser additive manufacturing[END_REF][START_REF] Cunningham | Keyhole threshold and morphology in laser melting revealed by ultrahigh-speed x-ray imaging[END_REF] can provide transient melt pool geometry with relatively high accuracy. These melt pool geometry reconstructions can be used as experimental validation for simulations and improve the accuracy.

The nucleation rule for the solidification microstructure simulation in MAM is still an open question in the literature. The assumption of epitaxial grain growth with no nucleation can only be applied to a small number of extreme cases in MAM. For powder bed, external factors (e.g., impurity, cracks, and unmelt metal powders) leave more opportunities for the nucleation in each weld and cannot be neglected. The contour of the melt pool will always bring new nucleation positions for solidification at the melt pool bottom. On the other hand, the grains in the DED process are typically considered to develop from the substrate, and the grains will stop growing at the contour without any new nucleation. This is close to the observed fact that the grains are able to develop extremely big and go through multiple layers, e.g., DED processed Ti-6Al-4V. Thus, in the case of the solidification microstructure simulations under "no nucleation assumption", it is more reasonable to establish the boundary condition of crystallographic orientation by experimental results (e.g., EBSD) instead of a random orientation assumption at the substrate.

Competitive grain growth is the subsequent step following nucleation. When the research area of the melt pool bottom is divided into very small length scale, the cooling condition can be considered as constant within a small timestep. The competitive grain growth of bi-crystal simulations is carried out under different methods and criterions where significant deviation on resultant grain boundary orientations are observed [START_REF] Pineau | Growth competition between columnar dendritic grains-Cellular automaton versus phase field modeling[END_REF]. This is caused by the different assumptions and emphasis in different simulation methods: CA methods consider the problem on the kinetics aspect which links the dendrite tip growth rate with the supercooling; while PF method is derived on the thermodynamic aspects to represent the pattern change along with the free energy minimization. Unfortunately, this deviation on grain boundary orientations will become even larger when these models are applied to a more complicated problem. For example, the MAM microstructure simulation includes multiple crystals and a complicate cooling condition. A reasonable way to improve the microstructure simulation accuracy is the proper Corresponding authors. E-mail addresses: yaoyao.zhao@mcgill.ca (Y.F. Zhao), bkdzxl@gmail.com (X. Zhou) model validation as well as the database establishment for each recognized phenomenon during the physical process.

The rapid solidification phenomenon makes the solidification microstructure simulation in MAM more difficult, especially the highly non-equilibrium phase transformation and the solute trapping effect in alloy systems. In CA method, the dendrite tip growth kinetics typically assume local equilibrium which is not valid under rapid cooling conditions. Another problem for CA models is that they typically use one layer of cells to represent the interface between liquid and solid with a solid fraction from zero to one [START_REF] Choudhury | Comparison of phasefield and cellular automaton models for dendritic solidification in Al-Cu alloy[END_REF], so it is difficult to naturally represent the solute trapping phenomenon. Also, as a rule of thumb, the cell size should be at least ten times smaller than the morphological features it captures. This methodology provides CA method a high computational efficiency, however, limits its smallest morphological length scale to depict finer microstructures (e.g. higher order branches) compared to the interface thickness. PF method is very quantitative in its description of solid-liquid interface kinetics. Recently, a work [START_REF] Pinomaa | Quantitative phase field modeling of solute trapping and continuous growth kinetics in quasi-rapid solidification[END_REF] introduced a strategy to quantitively map the thin interface behavior of an ideal dilute binary alloy PF model on to the continuous growth model. This strategy can be implemented in different phase field models, which will address this problem to a fair degree.

Simulation models for solid-state phase transformation is the indispensable part for the mechanical property prediction in MAM. It can be combined with the solidification microstructure simulation result then input into a failure model. These simulation efforts attempt to use the local history data (e.g. the thermal cycles profile in MAM) to predict the material dependent microstructural evolution including phase fraction and morphology [START_REF] Kampe | Microstructural Evolution in Laser-Deposited Multilayer Ti-6Al-4V Builds[END_REF][START_REF] Suárez | Modeling of phase transformations of Ti6Al4V during laser metal deposition[END_REF][START_REF] Murgau | A model for Ti-6Al-4V microstructure evolution for arbitrary temperature changes[END_REF][START_REF] Salsi | Modeling of microstructure evolution of ti6al4v for additive manufacturing[END_REF][START_REF] Irwin | Predicting microstructure from thermal history during additive manufacturing for Ti-6Al-4V[END_REF][START_REF] Zhang | A metallurgical phase transformation framework applied to SLM additive manufacturing processes[END_REF][START_REF] Vastola | Modeling the microstructure evolution during additive manufacturing of Ti6Al4V: a comparison between electron beam melting and selective laser melting[END_REF].

Recently, the density type simulation methods have been generally used for predicting microstructural evolution during solid-state phase transformations in MAM, especially for largescale thermal/mechanical/metallurgical coupled problems. The phase fractions of diffusional and diffusionless phase transformation products and dependent properties could be effectively predicted using these methods if they are calibrated, accurately [199].

Model validation is essential for all kinds of simulation works. For the solidification microstructure simulation in MAM, however, the solid-state transformation, secondary or higher order branches merging, and the migration of grain boundaries brings great difficulties to recognize the original state and pattern of the solidification microstructure. Even though the reconstructed EBSD results provide accurate information in terms of crystallographic orientation and texture, they are only able to show the obscured grain geometry with no high order branch. Also, the grain geometry recognized by EBSD and the microscopes is usually operated at room temperature when the migration of grain boundaries has already occurred after the thermal cycles of MAM.

Conclusions

Developing a robust and accurate simulation model on a long scale to describe the grain growth behavior in a moving melt pool is still a challenge for MAM solidification microstructure simulation. An overview of all the microstructure simulation methods indicates that it is indeed important to develop an integrated and generalized model for MAM process, as a function of melt pool geometry and resultant microstructure. The paper further explains the sequential dependency of each physical process during the solidification of MAM that is still open questions in the literature. To achieve an accurate simulation, database establishment between the recognized phenomena is the ideal method to fill these gaps by now. It is also important to know that: making a model with all the expected outcome does not lead to novel insights. As for the microstructure simulations in MAM, it is better to develop models carrying fundamental rules or model components from which more complex grain structure and texture can develop on its own. Otherwise, the simulation models are not predictive and are just pictures without new understanding.
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 1 Fig 1:Column grains in Ti-6Al-4V parts produced by (a) DED[START_REF] Wang | Microstructure study of direct laser fabricated Ti alloys using powder and wire[END_REF] (b) Selective Laser Melting (SLM)[START_REF] Vrancken | Heat treatment of Ti6Al4V produced by Selective Laser Melting: Microstructure and mechanical properties[END_REF] (c) Gas Tungsten Arc Welding (GTAW)[START_REF] Wang | Morphology investigation on direct current pulsed gas tungsten arc welded additive layer manufactured Ti6Al4V alloy[END_REF] 

Fig 2 :

 2 Fig 2: Phase Composition of Ti6Al4B fabricated by DED: (a-b) Micrographs of macrostructure and fine microstructure of DED sample[START_REF] Beese | Review of Mechanical Properties of Ti-6Al-4V Made by Laser-Based Additive Manufacturing Using Powder Feedstock[END_REF] (c) Microstructural evolution map of the build as each layer is deposited (reproduced from[38, 45, 46]) 

Fig 3 :

 3 Fig 3:An example of 2D microstructure simulation using CA method: (a) SLM process which involves multiple layers of material deposited on a polycrystalline substrate (b) Schematic of a single dendritic grain growth in the melt (left) and its CA representation (right).[START_REF] Zinoviev | Evolution of grain structure during laser additive manufacturing. Simulation by a cellular automata method[END_REF] 

Fig 5 :

 5 Fig 5: KMC simulation of grain structures in a weld with different scanning speeds.[START_REF] Wei | Three-dimensional modeling of grain structure evolution during welding of an aluminum alloy[END_REF] 
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