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The additive manufacturing (AM) technology has received the widespread attention in the in-
dustrial application because of its unique ability to achieve the complex shape and ideal per-
formance. Unfortunately, the impact of the material natural characteristics, such as the crystal
structure and alloying, on the microstructure formation at the nanoscale has never been revealed
in AM metals. Here, we use large-scale molecular-dynamics simulations to study the rapid ther-
mal deformation processes of additively-manufactured face-centered-cubic (FCC), body-centered-
cubic (BCC), hexagonal close-packed (HCP) metals and their alloys (FCC Cu, CuAlj;, BCC Fe,
FeAlp 1, and HCP Mg, MgAly ;) in the molten pool, in an attempt to elucidate the intrinsic physical
mechanisms controlling the crystal nucleation and growth under the complex thermal stress. The
results show that the arcuate solid-liquid interface migrates towards the liquid phase until the
complete crystallization, in good agreement with the experimental observation. The solidification
rate follows a unified slow-to-fast law in the three types of metals, due to the competition between
the compressive thermal stress and fast atomic motion. It is noteworthy that the critical radius of
the crystal nucleus in the FCC and BCC metals is smaller than that in the HCP metal. The FCC
metal exhibits the weak nucleation ability and growth rate, and yet the HCP metal shows the fast
growth rate and stable columnar crystal nucleation. Especially, due to the dual regulation of the
steep thermal gradient and solute redistribution on the growth driving force, the alloying in-
creases the constitutive supercooling of the solidification front and inhibits the growth of
columnar crystals. This trend is particularly prominent in FCC alloys, which is manifested by the
obvious amorphous phase and discrete nucleation point in the upper part of the melt pool. The
nucleation barrier free energy descends in order of FCC, BCC, and HCP pure metals, but the
alloying would increase this energy in the corresponding alloys. The current work gives an insight
into the atomic mechanism of the nucleation and growth in AM FCC, BCC, and HCP metals.
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1. Introduction

The additive manufacturing (AM) technology can realize the integrated forming of components with complex shapes. The AM
technology has become the frontier direction of the aviation manufacturing in recent years (Blakey-Milner et al., 2021; Hashemi et al.,
2022; Ren et al., 2022; Zhakeyev et al., 2017; Zhao et al., 2021), which is difficult to achieve by the traditional manufacturing methods.
Numerous studies suggest that the target materials with superior performance are obtained through the certain designs in AM. For
instance, the heterogeneous alloy is formed by modulating the concentration of the two alloy melt using a laser powder bed fusion
technology (Zhang et al., 2021b). The AM-fabricated heterogeneous Ti alloy exhibits high tensile strength and uniform elongation,
overcoming the problem of poor work hardening ability in a single alloy. In the AM-fabricated CoCrFeNiMn high entropy alloy, the
dendritic grains at the edge of the molten pool transits to the equiaxed grains at the center under the action of a directional solidi-
fication (Chew et al., 2019). The grain boundary strengthening is enhanced due to the grain refinement (Chew et al., 2019). Mean-
while, the unique dislocation-cell structure produced by AM is also an important factor in improving the strength of materials (Joshi
et al., 2023; Li et al., 2020a, 2021b, 2020d).

However, there are still some difficulties to be overcome for achieving the widespread application of AM technology. Under the
influence of the complex thermal stress and thermal deformation generated by the steep temperature gradient up to 10 K/m (DebRoy
et al., 2019, 2018; Oliveira et al., 2020), the residual stress, the microcrack, the columnar crystal, and the elemental segregation are
inevitable, which may reduce the plastic properties (Fu et al., 2021; Huang et al., 2022; Sui et al., 2022; Zhang et al., 2019a). Currently,
some strategies have been adopted for defect suppression and microstructure regulation in AM metal. For example, the grain
refinement enhances the strength and reduces the hot cracking in the Zr-modified AICuMg alloy (Zhang et al., 2017). The addition of Ti
element suppresses the segregation in the FeCoCrNi multicomponent alloys, and then improves the tensile strength and corrosion
resistance (Fujieda et al., 2019). Thus, the elements distribution at the solidification front results in a modification of solidification
temperature that produces high constitutional undercooling to promote the formation of equiaxed crystals. In addition, the local
microsegregation with a slightly lower melting point increases the nucleation sites, which reduces the effect of the high temperature
gradient and disrupts the growth of columnar crystals (Ghoncheh et al., 2020; Oliveira et al., 2020). Hence, the composition modi-
fication and design have made some progress in the development of new alloys. Meanwhile, the nucleating agent nanoparticles
promote the transformation from the large columnar crystals to the equiaxed crystals, thereby alleviating the anisotropic mechanical
properties and the hot microcrack formation (Gong et al., 2021; Li et al., 2020c). Besides, optimizing the AM parameter is regarded as
the other important strategy to control the microstructure for improving the performance (Ghorbanpour et al., 2022; Liu et al., 2020;
Wang et al., 2019). A new AM technology combined the laser shock peening with the laser powder bed fusion has been proposed to
achieve the microstructure customization (Lu et al., 2023). These methods have preliminarily solved the challenges of molding and
microstructure regulation in AM. However, the component regulation and the process improvement rely on a large amount of
experience and verification. The type of the nucleation agent is also limited. Whether it is possible to find the certain rules to guide the
forming and properties of AM, is a research goal in this field. Thus, it is crucial to investigate the thermal deformation including the
thermal expansion and contraction of the melt pool induced by the melting and solidification processes. This work not only reveals the
intrinsic physical mechanism of thermal deformation on solidification and microstructure formation under the non-equilibrium
conditions, but also accelerates the development of AM technology. The evolution of the microstructure has been investigated
under a non-equilibrium solidification condition in the AM process (Bandyopadhyay et al., 2022; Liu et al., 2022b; Tang et al., 2021).
The grain morphology including the columnar crystals, equiaxed crystals, dendrites, and cellular crystals in AM-fabricated alloy relies
on the relationship between thermal gradients and the growth rate of solid-liquid interface (Liu et al., 2022b; Oliveira et al., 2020).
Nevertheless, there is still a lack of the underlying physical mechanism of the dynamic solidification based on the intrinsic charac-
teristics of metals, due to the difficulty in tracking the dynamic impact of the thermal stress evolution on the structural formation.

As we all know that many properties of the metals are closely related to their crystal structures. According to previous studies, there
are obvious effects of the crystal structures on the mechanical behavior (Chung et al., 2023; Picard and Sansoz, 2022; Varillas et al.,
2021). The nanocontact plasticity is systematically investigated by MD simulations of the nanoindentation behavior in different
crystallographic structures, which reveals the nanoimprint-formation mechanism in FCC, BCC, and HCP metal (Varillas et al., 2021).
The difference of the Ni elemental segregation behavior at the grain boundary in some alloys with different crystal are studied. Unlike
the heterogeneous segregation in the FCC alloy, the homogeneous segregations in BCC and HCP alloys are observed (Picard and
Sansoz, 2022). Meanwhile, it was found that after thermal deformation involving atomic diffusion and contraction during
non-equilibrium solidification, the crystal structure has a significant impact on the forming and mechanical properties of printed
metals (Khodabakhshi et al., 2020). Comparing the microstructure and mechanical property of the austenitic steel and martensitic steel
prepared by AM, the equiaxed grains of AM-fabricated martensitic steels are sharply refined, and the strength is significantly improved,
compared with the traditional commercial martensitic steels. The AM-fabricated austenitic steel is deposited into a coarse columnar
structure, and its strength is greatly reduced (Khodabakhshi et al., 2020). As we all know, the high intragranular residual stress is a
thorny issue in AM-fabricated metals, which often affects the mechanical properties of components (Balbaa et al., 2020; Papanikolaou
etal., 2022). The high residual stress at the fusion zones between the grains is the main reason for the formation of the long and straight
thermal cracks at the grain boundaries (Guo et al., 2023). Interestingly, when the crystal structure of powder change from BCC to FCC,
the residual stress is reduced and the deformation mechanism is adjusted, thereby suppressing the thermal cracking of printed alloy
and improving its strength (Niu et al., 2023). Thus, the crystal structure is a key factor affecting properties. Nonetheless, the intrinsic
differences of the solidification molding dominated by the crystal structures have not yet been revealed.

In addition, the solubility of solutes in the solid and liquid phases is different during the non-equilibrium solidification process of
alloys, which leads to the redistribution of elements induced by thermal deformation process of the melting and solidification. For
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example, the chromium-rich carbides precipitate in a GCr15 steel, owing to the redistribution of solutes at the solidification interface
and the occurrence of segregation between liquid-phase dendrites (Wang et al., 2023b). The influence of gas pore and element
redistribution on the vertical solidification process of the Al-Cu alloy has been studied, which found that an appropriate amount of
hydrogen can reduce the reverse segregation of the Al-Cu alloy (Gao et al., 2019). The eutectic structure generated by the solute
redistribution during the solidification process of the Al-Si alloy can achieve better mechanical properties after the heat treatment (Li
et al., 2015). However, the influence of element concentration fluctuations induced by thermal deformation in the molten pool on the
formation of printed microstructure is still unclear.

In order to reveal the intrinsic physical mechanism of AM, the dynamic-formation process of the microstructure and the details of
the crystals nucleation still need to be further explained. However, the experimental methods are challenging. With the development of
the technology, in-situ electron microscopy, neutron scattering, and in-situ high-energy X-ray diffraction are used to dynamically
observe the rapid solidification process and to understand the interaction among the laser and material (Dai et al., 2020; Yao et al.,
2019). For example, the solid-liquid interface instability and the transformation of the solidification growth mode of the Al-Cu alloy
are observed through in-situ electron microscopy (McKeown et al., 2014). The in-situ high-energy X-ray diffraction and the
multi-physical field simulation are combined to reveal the surface morphology and pore-forming process (Leung et al., 2018; Martin
et al., 2019). However, it is hard to (i) observe the real-time transition from liquid phase to crystalline phase, as well as the dynamic
growth process of grain at the atomic scale; (ii) obtain the intrinsic mechanism of nucleation and growth by the direct experimental
method.

Thus, based on the solidification-dynamics theory, a series of simulation methods, such as the finite element (Hu et al., 2022; Keller
etal.,, 2017; Liu et al., 2022a), phase field (Ji et al., 2023; Liu et al., 2022a), and MD (Mahata et al., 2022a; Peng et al., 2023a; Kurian
et al., 2020), are used to simulate the solidification dynamic forming process. Among them, MD simulation can be used to analyze the
directly thermal deformation details at atomic scale. Importantly, this method can realize the advantage of the direct control of the
temperature in the melt pool both spatially and temporally based on the experimental observation, and then provides a fundamental
atomic scale understanding AM process, finally contributes to optimize AM parameters. The homogeneous nucleation process of the
pure metal with different lattices has been studied by MD simulations, which found that the orientation difference between two nuclei
separated by the grain or twin boundary leads to heterogeneity in the homogeneous nucleation process (Mahata et al., 2022a). Based
on the atomic-scale elemental segregation characterized by experiments, the evolution law of elements is revealed by the atomic-scale
simulation method during the dynamic growth process of columnar crystals (Peng et al., 2023a). Meanwhile, the change law of
microstructure defects and surface morphology affected by the scanning rate and laser energy is obtained (Peng et al., 2023b). By
simulating the process of melting and solidification of the randomly distributed Al nano-powder bed, the epitaxial grain growth
induced by adjacent molten pool and previous layers is observed (Kurian et al., 2020).

In the present work, the intrinsic physical mechanisms of the crystallization and microstructure formation induced thermal
deformation in AM-fabricated FCC, BCC, HCP pure metals and their alloys are investigated. The melting and solidification processes
are directly observed from the atomic scale using the MD simulations. The columnar crystal growth morphology, microstructural
defect, and residual stress of the AM samples are compared by considering the thermodynamic driving force in the pure metal, and the
thermodynamic/chemical driving force in the alloys. The differences of the nucleation barrier energies in different lattice structures
are revealed during the dynamic crystallization process.

Laser beams

Fig. 1. The diagrammatic sketch of the powder bed.
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2. Method
2.1. Atomic modeling and potential

The present work is devoted to investigating the influence of crystal structure and alloying on the microstructure forming after
thermal deformation of melting and solidification during the AM process by MD simulations. Firstly, three local powder beds are set,
respectively, with FCC Cu, BCC Fe, and HCP Mg as raw materials. The powder bed includes the substrate and two layers of spherical
powder with a radius of 5 nm. The second layer of powder is set in the gap of the first layer to meet the actual requirements for the
compactness of the powder bed. The substrate materials are set to the same Cu, Fe, and Mg as the powder material, respectively. To
study the alloying effect, the same Al concentration with 10 % is introduced into three pure metals, the Al atoms are randomly
distributed to correspond to the alloy powder, and thus a CuAly ; (FeAlp ; and MgAly 1) alloy powder bed is established on the basis of
the Cu (Fe and Mg) substrate. The built alloys generate different initial stress states due to the lattice and modulus mismatch. However,
during the AM process, the structure undergoes a complete melting and solidification process, thereby eliminating the effect of initial
stress generated by the introduction of Al element.

The substrate of each sample with size of 20 nm x 10 nm x 2.8 nm is composed of four grains with the same geometry but different
orientations. The substrate is set as the boundary layer, thermostat layer, and Newton layer from bottom to top, and the thickness is 5
A,5 A, 18 A, respectively. The boundary layer is set to fix the substrate and eliminate motion; the thermostat layer is kept 293 K, using
the velocity-rescaling method to simulate the heat dissipation of the substrate. The Newton layer is set with initial temperature of 293
K, and the atomic motion in this layer follows the classical Newton’s second law. The Newton layer is used as a transition between
powder and the thermostat layer to avoid excessively high temperature gradients at the bottom of molten pool. Based on the char-
acteristics of complete melting of the powder bed in the AM process, the influence of powder orientations on the forming will not be
considered, thus the powder orientations are uniformly set. The diagrammatic sketch of powder bed of is shown in Fig. 1. The atomic
model indicated by the arrow is the simulation scope in the present work. For the whole model, the shrink-wrapped boundary con-
ditions are applied in the z direction. The periodic boundary conditions are set along the x direction and y direction to eliminate finite
system effects and model an infinite array of particles. These models are set to an initial temperature of 293 K, and they are relaxed
under the microcanonical ensemble (NVE) combined with temperature control to obtain a stable initial configuration. The modified
embedded-atom method (MEAM) atomic potential has been employed to describe the interaction between each atomic pair, Cu-Cu,
Cu-Al (Mahata et al., 2022b), Fe-Fe, Fe-Al (Mahata et al., 2022b), Mg-Mg, and Mg-Al (Dickel et al., 2018). These atomic potentials
can accurately evaluate the melting point, elastic constants of materials as shown in supplementary file (Table S1). The entire
simulation process is based on a large-scale atomic/molecular massively parallel simulator (LAMMPS) (Plimpton, 1995).

2.2. Melting point

To compute the melting point, the cube models with size of 10a x 10a x 10a are established for the pure metals and the binary
alloys, where a is lattice constant. The temperature of the model is increased from 300 K to 2000 K under the constant temperature and
constant pressure ensembles using the MEAM potential in the present work. The melting point is the temperature corresponding to a
sudden change in potential energy. In addition, using the rule of mixture (Senkov et al., 2010), the theoretical melting point of alloys
can be calculated as T = 1 ; ¢;T;, where ¢; is the atomic percentage, and T; is the melting point of each element (Kaptay, 2012; Mahata
et al., 2022b). The related temperature is listed in Table 1. It suggests that the current simulation results are consistent with previous
experiments and theoretical calculations.

2.3. Additive manufacturing simulation

In order to simulate the action of laser on powder and the rise of molten pool temperature, the “fix ehex” command in LAMMPS is
used. This is an improvement of the "fix heat" command, which can effectively reduce thermal drift. The laser heating process is
simulated by adding non-translational kinetic energy to the atoms in the powder area at a fixed rate (Jiang et al., 2021, 2020; Zhang
et al., 2019b). The parameter of energy input in the simulation is set to 1000 ev/ps, corresponding to the laser power of nearly 160 yW,
and the fluence of 7.8 x 10" W/m? (Fig. 1). The laser region is set with the size of 20 nm x 10 nm x 19 nm. The depth is slightly higher
than the top of the powder bed, and the model is fully covered by the laser in both the x and y directions. With the aim of ensuring
complete melting of the powder and avoid splashing of the upper layer atoms due to high temperature, the energy is uniformly added
to the molten pool by the laser region and independent of spatial position in the present work. When the average temperature of the
molten pool rises to near the melt temperature, Tm, there are still a few crystalline atoms. Thus, the energy is continuously input until
the average temperature of the molten pool reaches 1.4 to 1.5 Tm to ensure that the powders are completely melted, and the different

Table 1

The temperature parameters of the material (Kaptay, 2012; Mahata et al., 2022b; Valencia and Quested, 2001).
Material type Cu Fe Mg CuAlp, FeAlp ; MgAlp1
Theoretical melting point (K) 1357 1811 923 1315 1723 924
Calculated melting point (K) 1390 1980 1150 1378 1850 1050
Peak value of molten pool temperature (K) 2151 2508 1519 2100 2602 1520
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materials reach the same melting state. The corresponding melting point and the average temperature of the molten pool are shown in
Table 1. Hence, the duration of energy input is set as 140 ps for FCC Cu, CuAlp 1, 200 ps for BCC Fe, FeAly 1, and 60 ps for HCP Mg,
MgAlp ; under the same laser power. Subsequently, the energy input is stopped, and the molten pool is cooled to room temperature
under the effect of substrate thermal diffusion of the substrate constant temperature layer, which corresponds to the natural cooling
process induced by the substrate. The time step of the solidification process of all simulation cases is set to 0.001 ps. In order to avoid
the influence of randomness on the results, we carried out five repeated simulations by changed the random parameters controlling the
atomic position and also adjusted the grain orientation in the substrate. Part of the simulation results are presented in supplementary
file.

2.4. Microstructure identification

To directly describe the influence of the crystal structure and alloying effect on the grain growth morphology, microstructure, and
residual stress under the complex thermal stress, we conducted a series of post-processing, using the open visualization tool (OVITO)
(Stukowski, 2009). A common neighbor analysis (CNA) method is used to better distinguish the crystal structure (Tsuzuki et al., 2007),
the different crystal structures are marked with different colors, e.g., FCC structure is marked with green, a HCP structure is indicated
with red, a BCC structure is represented with blue, and the liquid and amorphous structure is denoted with gray. The dislocation is
identified by the dislocation extraction algorithm (DXA) method (Stukowski and Albe, 2010).

3. Results
3.1. Effect of crystal structure on microstructure formation

In order to investigate the influence of the crystal structure on the AM formation, the dynamic growth behavior of a columnar
crystal in the FCC Cu, BCC Fe, and HCP Mg during the melt pool deformation are compared, and the marked difference is revealed in
Fig. 2. Herein, the solidification states are dived into the initial solidification, grain growth to half the height of the melt pool, and the
end of solidification. The original solid in the molten pool absorbs the heat, expands with the injection of the energy, and melts into a
liquid state. When the molten pool is initially cooled owing to the heat dissipation of the substrate, the temperature gradient between
the substrate and molten pool is steep (Song et al., 2021), and the columnar crystal near the substrate begins to grow in the FCC Cu.

Fig. 2. The states of columnar crystal growth at the initial, middle, and final stages of solidification for Cu (a); Fe (b), and Mg (c). The atomic colors
are defined by CNA, where green atom denotes FCC structure, blue atom represents BCC structure, red atom is HCP structure, and gray atom is
liquid, and gran boundary. The black arcs represent the outline of the solidification front.
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Similarly, the early growth occurs in the BCC Fe. However, this phenomenon has not been observed in the HCP Mg.

The outline of the solidification front and the morphology of the solid-liquid interface are represented by the black arcs in Fig. 2
(a—c), which can be obtained by the DXA method, and the relevant details are stated in supplementary file. The solid-liquid interface
stands for the boundary between crystalline and amorphous structure identified by CNA method. The solid-liquid interface protrudes
upward in the middle of the grain, and bends downward near the grain boundary. It indicates that a large surface tension is generated
under the effect of a large thermal gradient, which causes the Marangoni vortex in the molten pool and induces particle movement
(Wang et al., 2023a). However, by comparing the morphology of the solid-liquid interface in the molten pool, the arc curvature ex-
hibits the obvious discrepancy among three crystal structures, which are determined by the direction of the thermal gradient and the
capillarity (Xing et al., 2022). Compared with different crystal structures, the curvature of the interface contour in Cu and Mg is small,
meaning that the longitudinal thermal gradient dominates the growth process. The large curvature in Fe is attributed to the strong
radial thermal gradient. Normally, the atoms bear the compressive thermal stresses in the heat zone (Chen and Yan, 2020). As the heat
dissipates, the atom spacing decreases under the compressive thermal stress until the thermal motion cannot overcome the bonding
force between atoms. The solid-liquid interface reflects the direction of both the thermal gradient and compressive thermal stress. In
other words, the longitudinal compressive thermal stress promotes the smooth advancement of the growth interface. In addition, the
arc-shaped solidification front is considered as a spherical coronal nucleus, as shown in the black dashed box. The formed solidification
area would serve as the crystal nucleus on the substrate. According to the classical nucleation theory, the critical radius of the crystal
nucleus is expressed as (Jafary-Zadeh et al., 2018; Porter et al., 2021):
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The nucleation barrier energy required to form a critical radius is (Kashchiev, 2000; Yousefian and Tiryakioglu, 2018)):
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where oi¢ is the interfacial free energy between the crystal nucleus and liquid phase. For the metal, Ly, /Tn = AS,, is the melting
entropy, approximately a constant. Ly, is latent heat of melting. AT is the degree of supercooling, 6 is the wetting angle between the
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Fig. 3. Snapshot of local atomic motion during solidification process. (a) for Cu, (b) for Fe, and (c) for Mg. The black arrow indicates the direction of
atomic motion.
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crystal nucleus and substrate, as shown by the red solid line in Fig. 2. The smaller wetting angle would lead to the better wettability of
the solid liquid two phases (Tan et al., 2022). However, the wetting angle is hardly measured through the experiments. It can be found
that the wettability of the FCC Cu and HCP Mg is slightly better than that of the BCC Fe. The difference of the wetting angle is affected
by the surface tension generated from the mutual arrangement of atoms at the solid-liquid contact surface. Meanwhile, the small
wetting angles reflect the heterogeneity in the homogeneous nucleation of pure metals (Mahata et al., 2022a).

According to the previous studies (McLouth et al., 2020; Wei et al., 2016), the prior growth direction is parallel to (100) during the
solidification process in the metals. This is related to the fact that the direction of (100) is the least tightly packed. When the influence
of the lateral epitaxial growth is negligible, the growth direction of columnar crystal is parallel to the heat flow direction and
perpendicular to the tangential direction of the molten pool boundary (Xu et al., 2021). In the present work, the (100) crystal
orientation along z-direction is adopt, which is the prior growth of the FCC and BCC metals; the (1120) crystal orientation along
z-direction is adopt in HCP structure. It can be observed that the competitive epitaxial growth occurs in the middle and late stage of
solidification in the FCC Cu as presented in the blue box of Fig. 2(a). The grain growth direction is perpendicular to the (100). There is
almost no the competitive epitaxial growth in the BCC Fe (HCP Mg), and the columnar crystals grow parallel to the (100) ((1120) for
Mg) along the z-direction. The dynamic crystallization and motion process of local atoms are shown in Fig. 3. The atoms in the liquid
phase represent significant large spacing and disorder. The atoms sink due to the effect of the temperature gradient and the
compressive thermal stress, until a stable metallic bond is formed. It is worth noting that the final stable structure is not formed at one
time, but undergoes the multiple thermal deformation. The phenomenon is hard to be observed by other experiments and simulation
method up to date.

The average growth rates (R) of the solid-liquid interface are obtain by counting the average growth rate in our repeated simulation
results, which are exhibited in Fig. 4. The growth rate depends on the thermal environment of molten pool. Due to the extremely high
initial temperature of molten pool, it is difficult to achieve the required supercooling for solidification, even under the influence of high
temperature gradients (G). The atomic thermal motion is difficult to be overcome by the compressive thermal stress, and the stable
bonds cannot be formed between atoms. Thus, the solid-liquid interface growth rate is low at the first half stage. As the solid-liquid
interface advances and the molten pool shrinks, the thermal deformation of atoms slows down due to the temperature and its
gradient decrease in molten pool. The bonds between the atoms can be formed quickly, leading the solid-liquid interface growth rate
rapidly increases. The growth rate obey the unified law of slow followed by fast in all three metals, which is in good agreement with the
results in previous studies (Raghavan et al., 2016). In addition, the relationship of G and R is crucial for the grain morphology (Li et al.,
2020a, 2022). The value of G/R decrease at the second half stage of solidification, the columnar grain growth is inhibited in the FCC
metal (Fig. 2(a)). Meanwhile, a significant discrepancy can be captured. The growth rate of Cu remains below 0.0375 nm/ps before
150 ps, and the trend is relatively stable. After 150 ps, the growth rate exhibited a sharp increase. Similarly, the solidification rate of
the BCC Fe also shows two different stages before and after 90 ps. A relatively stable stage is maintained before 90 ps, and the growth
rate increases rapidly at the later stage. However, for the HCP Mg, the solidification rate at the initial stage is higher than that in Cu,
and Fe. After 110 ps, the growth rate continues to rise, and the overall average rate in Mg is highest among the three metals. The
difference of these growth rates is mainly caused by the inconsistent thermodynamic driving forces of different crystal structures

Fig. 5. The microstructure defect in AM-fabricated (a) Cu, (b) Fe, and (c) Mg. The typical defects are highlighted in (d). Here, the green line
represents the 1/6<112> Shockley dislocation, the pink line is the 1/6<110> stair-rod dislocation, the blue line denotes the 1/6<110> perfect
dislocation, the sky-blue line is the 1/3<111> frank dislocation, and the red line is other dislocation.
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during solidification (An et al., 2022; Martin et al., 2020).

The defect structures are obtained by removing the perfect lattice, as shown in Fig. 5. The thermal stress history would be retained
in the microstructure defect. As the solid phase forms, the planar defects, such as stacking fault and twin, take place under the effect of
the significant thermal stress or the supercooling at the solid-liquid interface (Wang et al., 2018a). In our atomic simulations, the
stacking faults and twins appear at the lateral epitaxial growth grains. The grain-orientation competition and the solid-liquid phase
transitions leads to the high local stress concentration, and thus provide a driving force for the nucleation of stacking fault and twin (Lv
et al., 2022). However, the obvious plane defects are not observed in BCC Fe and HCP Mg due to their high critical nucleated stresses in
comparison with FCC Cu. In addition, the vacancy is one of the defects produced during the repeated thermal deformation process of
lattice structure (Xu et al., 2020). A large number of the discrete vacancies are observed in the grains of Cu, but only sporadic vacancies
occur in Fe and Mg. During the growth process, the amorphous structure between the columnar crystals is wider, leading to the
formation of a thick grain boundary in the BCC Fe. However, the grain boundary of the HCP Mg is regular and straight. Some FCC
phases are observed at the grain boundaries in Mg. Due to the orientation mismatch between grains, many dislocations nucleate at
grain boundaries. According to the statistical results of DXA, the dislocation length in the grain boundary of the FCC Cu, and HCP Mg
are 662.8 nm, and 391.8 nm, respectively. No dislocations are identified in the grain boundary of the BCC Fe, attributed to the more
relaxed and disordered distribution of the atoms from grain boundary (Zydek et al., 2021).

During the AM process, the stress distribution is complex due to the repetition of thermal expansion and contraction. The residual
stress can reflect thermal stress history. However, it is hard to display the stress state of solidification structure through only one stress
component. Thus, the von Mises stress and the mean stress are used to estimate the AM sample after cooling to room temperature in
different crystal structure, exhibited in Fig. 6. For the von Mises stress (Fig. 6a—c), there is a significant distinction between the
intergranular residual stress and the intragranular residual stresses. The former is markedly higher than the latter. There is the high
stress at grain boundary and the large stress gradient between grain boundary and grain interior, which are the root cause for the
cracks in the printed metals (Guo et al., 2023; Sun et al., 2022). Furthermore, the width of the high stress zone is almost completely
corresponding to the width of the grain boundary, which is the largest in the BCC Fe. Besides, the distribution of mean stress is
exhibited in Fig. 6 (d—f). Obviously, the rule of distribution of the mean stress is consistent with that of the von Mises stress. There is the
positive mean stress at grain boundary, and the value is high. The stress inside the grain is small, and local areas show negative stress
values. Thus, the macroscopic stress balance is satisfied. For the overall structure, the residual stress in the HCP Mg and FCC Cu is lower
than that in BCC Fe. The local stress in the cooling process induces the martensitic transformation (the HCP phase) and reduces the
residual stress (Li et al., 2021a; Richter et al., 2022). Therefore, the multiple phase transformations is an effective mechanism to reduce
residual stress (Guo et al., 2023; Richter et al., 2022). This is consistent with the previous work, which can control the residual stress by
changing the crystal structure of the powder (Niu et al., 2023).

3.2. Effect of alloying on microstructure formation

The alloying effect in different crystal structures on the solidification is further studied. The dynamic growth process of the
columnar crystal is different among the FCC CuAly 1, BCC FeAly 1, and HCP MgAlg ; alloy (Fig. 7). Similar to the pure metal, the early
growth of the columnar crystal is observed in the CuAly ;, and FeAly ; alloys at the initial solidification stage.

By observing the solid-liquid interface front at the middle stage of solidification, the arc curvature at the solidification front of the
CuAlp ; alloy (Fig. 7a) is larger than that of Cu (Fig. 2a), it indicates a change in the direction of the thermal gradient and compressive

-von Mises stress =

(d)‘ Cu-mean stress

Fig. 6. The distribution of the residual stress expressed by the von Mises stress for (a) FCC Cu, (b) BCC Fe, (c) HCP Mg, where the range changes
from O to 20 GPa; the mean stress for (d) FCC Cu, (e) BCC Fe, (f) HCP Mg, where the range changes from - 5 to 5 GPa.
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Fig. 7. The states of columnar crystal growth at the initial, middle, and final stages of solidification for CuAlg ; (a), FeAlp; (b), and MgAlg; (c). The
black arcs represent the outline of the solidification front.

thermal stress. The alloying has a weak effect on the solid-liquid interface morphology of FeAlj ; and MgAly ; alloys. Thus, the addition
of a solute element would affect the wettability of the FCC phase (Zhao et al., 2019). When the molten pool is cooled to room tem-
perature, the final structure shows the significant difference in the crystallization degree. A poor crystallinity is observed in the CuAlg ;
alloy, and a large number of amorphous structures and discrete nucleation points exist at the top of the molten pool. The phenomenon
is different from the pure Cu. The formation of amorphous phases depends on the competition between the cooling rate and the crystal
growth rate (Zhong et al., 2014). The compressive thermal stress in the molten pool is not sufficient to save as the driving force for the
formation of ordered bonds between atoms. The slight lateral epitaxial growth is presented in the FeAlj; alloy at the later stage of
solidification. The amorphous structure is formed at the competition between the lateral epitaxial growth and vertical growth, due to
the low compressive thermal stress in the later stage of solidification and the high stacking fault energy of BCC structure. Thus, the
crystallinity and grain morphology are worse than that of the pure metal Fe. However, the complete crystallization with the regular
grain boundary is presented in the molten pool of the MgAly ; alloy after solidification (Fig. 7c), forming a structure similar to that of
the pure metal Mg (Fig. 2¢). This result indicates that the evolution of thermal deformation/stress in HCP structure is similar before and
after alloying. Therefore, the alloying effect of different crystal structures is different. Similarly, the dynamic solidification process of
local atom is shown in the Fig. 8. The activity of atom in the liquid phase of HCP metals is higher than that in FCC and BCC metals. It
suggests the faster atomic sinking and shorter time required to form a stable lattice structure in HCP metals. Meanwhile, the previous
research points out that the lattice misfit caused by the atomic size difference between elements hinders the formation of the crystalline
structure (Schuler and Rupert, 2017). Based on the characteristic of lattice structure and the calculation rule of lattice misfit (Li et al.,
2020b; Senkov et al., 2011; Wang et al., 2018b), the addition of Al element in CuAlp; alloy results in larger lattice mismatch, and
exhibits the severe amorphization. MgAl ; alloy has a small lattice mismatch and more complete crystal growth.

Fig. 9 shows the average growth rate of the solidification front, and reflects the difference of the dynamic solidification process in
different alloys. For the CuAl0.1 alloy, there is an obvious fluctuation of the growth rate, which is relatively slow and generally lower
than 0.02 nm/ps during the solidification process. Compared with the pure Cu (Fig. 4), there is no obvious acceleration process in the
CuAlp; alloy, due to the weak growth driving force induced by the compressive thermal stress (Wang et al., 2015). In addition, the
change trend of growth rate in the FeAl ; alloy is stable in the early stage and rapid in the later stage, consistent with that in the pure
Fe. There is the obvious accelerated solidification stage in MgAly 1, which is consistent with that in Mg. Meanwhile, the average growth
rate in the alloys is lower than that in the pure metal, resulting in a long time for columnar crystal growth in the molten pool. Among
them, the phenomenon in CuAly ; alloy shows more significant. Thus, this result proves that the lattice distortion induced by the solute
addition reduces the driving force of solidification under certain solidification conditions (Sun et al., 2022; Wang et al., 2015).

The defect structures are exhibited in Fig. 10. A large number of stacking faults and twins are accumulated in the CuAly ; alloy after
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Fig. 8. Snapshot of local atomic motion during solidification process. (a) for CuAly;, (b) for FeAly 1, and (c) for MgAly ;. The atomic colors are
defined by CNA, where green atom denotes the FCC structure, blue atom represents the BCC structure, red atom is the HCP structure, and gray atom
represents the liquid phase. The black arrow indicates the direction of atomic motion.

the molten pool is cooled. Due to the low stacking fault energy of the CuAly ; alloy, the thermal stress deformation is dissipated during
the solidification (Cai et al., 2022; Zhang et al., 2021a). The HCP clusters appear in the grain growth process in the BCC FeAly ; alloy
(Fig. 10(b)), owing to the alternating solid phase transformation under a complex thermal stress (Khodabakhshi et al., 2019). The grain
boundaries formed in CuAlg; and FeAly; alloys are more disordered than those in their pure metals. A few discrete vacancies are
observed in the intragranular structure of MgAly ; alloy. Thus, the alloying promotes the defects generation during the rapid solidi-
fication, consistent with previous research result (Haapalehto et al., 2022). The defects distribution further indicates that the alloying
effect is weak in the HCP metal, compared with that in the FCC and BCC metals.

Fig. 11 shows the distribution of the von Mises stress and mean stress after molten pool cooling to room temperature. They are used
to describe the residual stress caused by the repeated thermal expansion and contraction in the various alloys, and represents the
thermal stress history of the molten pool. For the von Mises stress (Fig. 11a-c), the high stress is dispersed at the top of molten pool in
the CuAlp ; due to the existence of a large number of amorphous phases. This result is different from the high stress zone located at the
grain boundary in the pure Cu. Compared with the pure Fe, the high residual stress zone at the grain boundary becomes wider in the
FeAlp ; alloy. Thus, the alloying coarsens the grain boundary. There are the low stresses in the HCP MgAly 1, this state is consistent with
that in Mg. Similarly, for the mean stress, the low or negative stress is distributed in the grain interior of the three alloys. The residual
stress generated by AM is inevitable, and presents the thermal history. Thus, the currently revealed stress distribution can serve as
evidence for the formation mechanism of microcracks in AM materials. For example, the cracking mechanism varies from the
intergranular thermal cracking in the FCC structure to the transgranular cold cracking in the BCC structure under severe residual
stresses (Niu et al., 2023; Su et al., 2020).

The microstructure evolution during the AM process has been revealed through atomic simulation in the current work, but it should
be noted that further experimental characterization of the real-time microstructure evolution is very advantageous for a deep un-
derstanding of the underlying mechanisms. However, the experimental methods to investigate the real-time microstructure evolution
are still difficult at the atomic scale. Thus, an integrated multi-scale modeling and In-situ experimental approach need to be developed
to assist in the microstructure regulation during AM process in the future work.
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Fig. 10. The microstructure of defect in SLMed (a) CuAl0.1, (b) FeAl0.1, (c) MgAlO.1. The typical defects in region I, II, and III are highlighted in
(d), (e) and (f).

4. Discussion
4.1. Heat flow and solute flow

The solidification deformation of a pure metal in molten pool is driven by the heat flow, while the solidification of the alloy involves
both heat flow and solute flow. Therefore, the influence of the thermodynamic driving force and the chemical driving force on the non-
equilibrium solidification during the AM process would be discussed. Fig. 12 exhibits the temperature distribution in FCC Cu, CuAlg 1,
BCC Fe, FeAlp 1, and HCP Mg, MgAlj ;. Obviously, the molten pool is divided into three regions (S, S-L and L) according to the
temperature: the “S” region stands for the temperature lower than the melting point, the “S-L” region means the mixed high and low
temperature, and the “L” region represents the temperature higher than the melting point. In the present work, the S, S-L. and L regions
are defined as the solid state, the solid-liquid mixed state, and the liquid state.

Meanwhile, the average temperature along the z-direction of the molten pool is counted (Fig. 13). The green shaded area describes
the temperature of the solid-liquid mixing zone obtained from Fig. 12. There is an obvious distribution of the temperature gradient
from the bottom to the top of the molten pool. For different crystal structures, the temperature gradient of the BCC Fe changes
significantly, but that of the HCP Mg changes gently. However, the temperature distribution shows that the slope of the curve between
the solidified zone and the liquid interface fluctuates slightly in the alloys. The temperature gradient of the solid-liquid mixing zone in
the pure metal is greater than that in alloys. It gives a clear explanation for the long solidification time required in the alloys, and the
complete formation of crystal structure in CuAly; and FeAly; due to the insufficient growth driving force. Meanwhile, the ratio of
temperature gradient (G) to growth rate (R) is an important factor to affect the nucleation and growth. The value of G/R is small in HCP
due to the high growth rate and low temperature gradient, and corresponds a relatively stable solid-liquid interface and strong growth
ability (Li et al., 2020a, 2022).

Although the rapid solidification has a certain inhibiting effect on element segregation, the dynamic evolution of solute micro-
segregation cannot be completely avoided in the alloys. It is closely related to the microstructure formation and mechanical property.
In the previous work (Peng et al., 2023a, 2023b), the dynamic growth behavior of the FeCrNi medium-entropy alloy is simulated
during the SLM process. It reveals the Cr segregation induced by the thermal process at the atomic scale, in agreement with the atom
probe tomography characterization (Fu et al., 2022; Peng et al., 2023a, 2023b). The Cr microsegregation enhances the mechanical
properties of FeCrNi alloys (Duan et al., 2022). The chemical-composition-induced driving force is an important factor in the solid-
ification. Therefore, the quantitative analysis and accurate description for the dynamic evolution of elements are crucial.

According to the solute redistribution during the solidification, the composition in the pre-crystalline crystal and the amorphous
phase is different. The heat and solute flows promote the combination of the heat and mass transfer under the non-equilibrium so-
lidification conditions, and then affect the crystal morphology. There are a few solute atoms in the crystal, resulting in the solute
concentration in the liquid phase (Fig. 14 (a, b)). In FCC CuAlp ; and BCC FeAly j, the crystal has a weak ability to dissolve the solute
compared with the liquid phase, consistent with the previous study (Liu et al., 2022b). Contrary to the extrusion of solute atoms into
the liquid phase, more solute atoms accumulate in the solidification region at the rear of the molten pool in the HCP MgAly ;. The
fluctuation of solute concentration modifies the solidification temperature of the liquid phase, resulting in the corresponding change in
the supercooling (Oliveira et al., 2020). The redistribution characteristic of the solute atoms is closely related to the solidification state.
According to the mixture rule (Shaikh et al., 2020), the melting point of CuAlp; and FeAlp; decrease due to the addition of the Al
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Fig. 11. The distribution of residual stress expressed by the von Mises stress for (a) FCC CuAly ;, (b) BCC FeAly 1, (c) HCP MgAly ;, where the range changes from 0 to 20 GPa; the mean stress for (d) FCC
CuAlp 1, (e) BCC FeAly 1, (f) HCP MgAly 1, where the range changes from —5 to 5 GPa.

‘I 30 Suad T

1£8£01 ($20Z) ZL1 K1o1sDld Jo [punor [pUOTDULIIUL



J. Peng et al. International Journal of Plasticity 172 (2024) 103831

300K

Fig. 12. The temperature distribution of the molten pool for FCC Cu, CuAly ;, BCC Fe, FeAly ;, and HCP Mg, and MgAly ;. Here, the atoms on the left
and right sides of the molten pool are colored in different ways, respectively. For the atoms on the left, green atom denotes FCC structure, blue atom
represents BCC structure, red atom is HCP structure, and gray atom is the liquid and grain boundary. For the atoms at right, atoms are colored based

on temperature. The black dashed box has a height of 2 nm, and the upper and lower boundaries are 1 nm away from the front of the
columnar crystal.
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Fig. 13. Temperature distribution of molten pool along the growth direction for (a) pure metal, and (b) alloys. Here, S, S-L, and L are solid zone,
solid-liquid mixing zone, and liquid zone.

element (Table 1). The Al atoms are expelled into the solid-liquid mixing zone and liquid phase due to the decrease of the Al solubility
in the solid phase (Fig. 14). Thus, the local solidification temperature decreases at the solidification front and the supercooling in-
crease, which is not conducive to the columnar growth. The mixture rule indicates that the Al addition hardly affects the melting point
of MgAlp 1, due to the melting point of Mg and Al element is very similar. Thus, for MgAly ; alloy, the fluctuation of solute element
between the solid and liquid phase has little effect on the solidification temperature. Among the three alloys, the small nucleation
resistance and high nucleation ability of columnar crystal occur in MgAly ;. The constitutional supercooling caused by solute element
can counteract the negative effect of high thermal gradient, which is always used as a strategy to limit the columnar crystal growth

(Zhang et al., 2019a). Therefore, this analysis suggests that the dynamic fluctuation of the solute concentration controls the crystal-
lization state.

4.2. Crystal nucleation barriers energy
According to the classical nucleation theory (Auer and Frenkel, 2001; Jafary-Zadeh et al., 2018; Shibuta and Suzuki, 2007), the
heterogeneous nucleation is completed, and the total free energy changes to form the spherical coronal crystalline nucleus under the

influence of the substrate. The nucleation barrier energy AG* is maximum of the free energy change, which can be estimated from
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Fig. 14. Al atom concentration along the growth direction of the columnar crystal for (a) CuAlg , (b) FeAly;, and (c) MgAly 1, when the growth
front is about 8 nm from the bottom of substrate. Here, S, S-L, and L are solid zone, solid-liquid mixing zone, and liquid zone.

critical nucleus size n*(Yi et al., 2013).

AG*
n = Zp,lﬁ 3)

where p, is the atomic number density of nucleation. AG, is the difference of the free energy generated by the conversion of the liquid
phase to solid phase per unit volume.

For materials with high supercooling, the crystallization driving force at the temperature, T*, is expressed as:
PuAH,T* AT
AG, = T 4
where AHy is the latent heat per atom Shibuta and Suzuki, 2007), AT = T, — T* is supercooling, and T}, is the melting temperature, as
shown in Table 1. Thus, combining Eqgs. (3) and ((4), we can obtain:

__ M e (5)
T AHT*AT

*

n

where T* is the critical phase transition temperature corresponding to the critical nucleus size. The related parameters are listed in
Table 2.

In the present work, the multiple block regions with the same size in the molten pool are selected as the representative regions to
investigate the energy change during the solidification process. Fig. 15(a—c) shows the average atomic potential energy in the region
during the phase transformation process. Meanwhile, the variation in the number of solid phase atoms is described with the decrease of
temperature (Fig. 15(d)), and shows a significant initial solidification point. It serves as the solidification critical state. At this time, the
number of solidified atoms is regarded as the critical nucleation size, n*, corresponding to a temperature of T*. The statistical result is
listed in Table 2.

A sharp decline phenomenon of the average potential energy is presented in Fig. 15(a-c). The temperature range for the sharp
decrease of potential energy is 1279 - 1020 K in the pure Cu, and 1086 - 849 K in the CuAly ; alloy; the temperature range is 1737 -
1425 K in the pure Fe, and 1596 - 1358 K in the FeAly ; alloy; the temperature range is 924 - 808 K in the pure Mg and 801 - 709 K in the
MgAly ; alloy. The rapid potential energy change is consistent with the atom transition from the liquid phase to solid phase (Fig. 15d).
In addition, the initial solidification temperature significantly decreases due to the alloying effect. It indicates a decrease in the
supercooling. Among them, the supercooling of the HCP structure is similar before and after alloying. The FCC structured alloys have a

Table 2
Parameters for different crystallization metals.
n* T* (K) AH; (ev) AT (K)

Cu 78 1279 0.15439 111
CuAlp, 59 1054 0.11923 324
Fe 51 1737 0.15381 243
FeAlp 66 1533 0.12683 317
Mg 37 924 0.10807 226
MgAlp 1 58 814 0.10415 236
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Fig. 15. The potential energy per atom during solidification in (a) FCC Cu, CuAly ;, (b) BCC Fe, FeAly ;, and (c¢) HCP Mg, MgAly ;. (d) The number of
solidified atoms.

significant decrease in supercooling compared to the pure metals. Meanwhile, the alloying reduces the solidification temperature
range.

Fig. 16 shows the evolution of average atomic potential energy during the solidification of the single crystal cell. The atoms of the
crystal cell solidify from a disordered structure to an ordered structure due to the high temperature gradient and supercooling. When
the stable bonds are formed between the atoms, there is a significant mutation in the potential energy in Cu, Fe, and Mg. However, the
potential energy decreases smoothly after alloying.

Based on the statistical results of Figs. 15-16 and Egs. (3-5), the nucleation barriers energy for FCC Cu, CuAly 1, BCC Fe, FeAly 1, and
HCP Mg, MgAly 1 is calculated as shown in Fig. 17. When the complexity of composition element is similar, there is a larger nucleation
barrier in the FCC metals and the small nucleation barrier in the HCP metals. This trend is obtained in other high concentration alloys
(Jafary-Zadeh et al., 2018). The nucleation barrier energy of the BCC CoFeNiPd alloy is significantly lower than that of the FCC
CoFeNiPd alloy when the seeds of different crystal structures are preset (Jafary-Zadeh et al., 2018). The alloying would increase the
nucleation barrier, and makes the nucleation and growth more difficult, agreeing with the result described in Fig. 7. However, a larger
nucleation barrier energy appears in high concentration alloys. The current results explain the differences in the average growth rates
of the metals with various crystal structures. When the complexity of the constituent elements of the metal is similar, the HCP structure
with a low nucleation barrier energy exhibits high average growth rates, while the average growth rate is the smallest in FCC structure
(Fig. 4 and 9). Thus, the regulation of phase formation could be a route to achieve the specific microstructures and properties of the AM
materials.

5. Conclusion
In this study, the rapid thermal deformation process of the AM pure metals and alloys with different crystal structures, including
FCC Cu, CuAlp;, BCC Fe, FeAlp;, and HCP Mg, MgAly; is investigated by the large-scale atomic simulation combined with the

nucleation theory.
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The dynamic columnar crystal growth and the microstructure evolution within grains are observed at the nanoscale in the pure
metals during the later solidification stage. The local stress concentration caused by the liquid-to-solid phase transition drives the
formation of stacking faults and twinning in the competitive growth area. The critical radius of spherical coronal nucleus in the so-
lidification front of the FCC and BCC structures is larger than that of the HCP structure owing to the repeated thermal stress and the
capillary effect. In addition, the high residual stress occurs in the grain boundary when the melt pool is cooled to room temperature,
and the low residual stress takes place in the HCP and FCC structures compared with the BCC structure.

Under the same cooling strategy, the introduction of the Al atom significantly weakens the solidification driving force of the molten
pool in the corresponding structured alloy. The solute Al atoms segregate towards a liquid phase in the CuAly; and FeAly; alloys
during solidification, which is contrary to MgAlp ;. The chemical driving force caused by the solute redistribution is coupled with the
thermal driving force generated by the thermal gradient, resulting in the significant morphological difference.

According to the classical nucleation theory, when the complexity of composition element is similar, there is the high nucleation
barrier energy in metals with the FCC structure, compared to the BCC and HCP structure. This trend corresponds to the weak crys-
tallization capacity and grain growth rate of FCC metals. On the contrast, the HCP metals show the superior nucleation ability and
growth rate.

The current work not only deeply reveals the intrinsic physical mechanism of thermal deformation induced crystallization and
microstructure formation considering the influence of the crystal structure as well as the alloying, but also provides a theoretical
guidance to design the AM metals with the outstanding performance. Furthermore, it is worthwhile highlighting that an integrated
multiscale modeling and In-situ experimental approach can enable a full-field real-time microstructure evolution in future work.
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