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Abstract

:

Recently, a few computational methodologies and algorithms have been developed to simulate the microstructure evolution in powder bed fusion (PBF) additive manufacturing (AM) processes. However, none of these have attempted to simulate the grain structure evolution in multitrack, multilayer AM components in a fully 3D transient mode and for the entire AM geometry. In this work, a multiscale model, which consists of coupling a transient, discrete-source 3D AM process model with a 3D stochastic solidification structure model, was applied to quickly, efficiently, and accurately predict the grain structure evolution of IN625 alloys during Laser Powder Bed Fusion (LPBF). The capabilities of this model include studying the effects of process parameters and part geometry on solidification conditions and their impact on the grain structure formation within multicomponent alloy parts processed via AM. Validation was accomplished based on single-layer LPBF IN625 benchmark experiments, previously performed and analyzed at the National Institute of Standards and Technology (NIST), USA. This modeling approach can also be used to quantitatively predict the solidification structure of Ti-6Al-4V alloys in electron beam AM processes.
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1. Introduction


The main aim of this study is to validate a multiscale mesoscopic modeling approach to predict the microstructure evolution of alloys during powder bed fusion processes (e.g., Electron Beam Additive Manufacturing (EBAM) and selective laser melting (SLM) processes [1,2]). A review of the effects of the major process parameters on the quality of the Laser Powder Bed Fusion (LPBF) products, including the rapid solidification microstructure of IN718, is presented in [3]. It is well-known [3,4] that solidification maps can serve as a guide for estimating microstructures with respect to temperature gradient (G) and solidification rate (R) parameters. However, due to the complexity of the AM process, solidification maps are not accurate enough to predict the formation of microstructures. Thus, an accurate predictive microstructure model would be an extremely useful tool for assisting in AM product quality control.



The multiscale model used in this study consists of coupling a fully transient 3D Computational Fluid Dynamics (CFD) macro-model with a 3D solidification structure micromodel [4,5,6,7,8]. Figure 1 presents the coupling methodology between the CFD macro-code and the solidification structure evolution stochastic mesoscopic code. The solidification structure model was adapted to SLM process conditions (e.g., rapid solidification regime [8,9]).



SLM single-layer IN625 benchmark experiments using LPBF equipment were performed and analyzed at the National Institute of Standards and Technology (NIST), USA [10]. These experimental results were used to validate the 3D coupled macro-micro model. It is considered in the coupled model that the complex combination of crystallographic requirements, isomorphism, epitaxy, and the changing direction of melt pool motion and thermal gradient direction produced the observed texture and grain morphology. In addition, the entire AM geometry is simulated with this 3D fully transient model; therefore, there are no limitations/assumptions in accounting for rapid solidification kinetics, remelting, epitaxy, isomorphism, etc., as there could be in other recently proposed AM models [11,12,13]. Thus, having a 3D modeling tool would be very useful for interpreting these phenomena. This model can be applied to predict experimental observations then further applied to determine the influence of various process parameters, including the scan path, on the formation of texture and grain morphology in multitrack, multilayer AM components.




2. The Modeling Approach


2.1. The Macro-Model Description


A fully implicit, control-volume method was employed to describe the 3D transient macro-transport phenomena in solidifying AM products. The macro-model accounts for energy transport within the AM product by conduction and to the surroundings by conduction, convection, and thermal radiation. A time-dependent, volumetric heat flux moving source was assumed to account for the SLM process. The evaporation of the alloying elements is ignored in the current model.



In the absence of convective transport, the governing heat conduction equation for a 3D geometry is as follows:


    ∂  ∂ t    (  ρ T  )  =  ∂  ∂ x      (   K   c p        ∂ T   ∂ x      )  +  ∂  ∂ y      (   K   c p        ∂ T   ∂ y      )  +  ∂  ∂ z      (   K   c p        ∂ T   ∂ z      )  +  S T  +  S L      for   0 ≤ z ≤ Z  ( t )     with    S L  =  1   c p      A   P   √ 2  π  3 / 2    σ 3      exp  (  −    (   x 2  +  y 2  + 1.35  z 2   )    2  σ 2     )             S T  =  L   c p     ∂  ∂ t      (  ρ    f S   )      and    f S  =    T L  − T    T L  −  T S      



(1)




where T is the temperature; t is time; ρ is the density; K is the thermal conductivity; cp is the specific heat; SL is the source term associated with the laser power; A is the absorption coefficient; P is the laser power; σ is the laser beam radius; 1.35 is the value of the oblate spheroid parameter in z direction; ST is the source term associated with the change of phases, which describes the rates of latent heat evolution during the liquid/solid transformation; L is the latent heat of solidification; fS is the solid fraction;    T L    is the liquidus temperature;    T S    is the solidus temperature; and Z(t) is the expanding domain height up to the maximum AM product height.



For conventional PBF processes such as SLM and EBAM, there is a single continuously scanning energy source (SL), which is deposited during a time scale Δt. Δt must be sufficiently small with respect to the elapsed time required for the source to traverse a distance equal to its 4σ beam diameter. The implementation of this energy source is described in more detail in [2].



As shown in Equation (1), the solid fraction is linearly dependent on the temperature in the mushy region. The source term linearization technique described in [14] was used to implement the ST. Although more sophisticated models [4,15] can be used to describe AM product solidification, the current approach not only describes both columnar and equiaxed solidification, but also accounts for remelting phenomena.



The continuum thermo-physical properties (K, cp, and ρ) are weighted by the solid fraction and liquid fraction (fL) as follows:


    c p  =  f S     c   p S    +  f L     c   p L              K =  f S     K S  +  f L     K L            and       ρ =  g S     ρ S  +  g L     ρ L     with        f S  =    g S     ρ S   ρ          and        f L  =    g L     ρ L   ρ    



(2)







For a 3D geometry, the appropriate heat transfer boundary conditions (BCs) for the AM processes are: heat losses by conduction, convection, and radiation at the geometry top, edge and bottom, and AM process-specific BCs at the top of the geometry to account for the heat input due to the moving/scanning volumetric source.




2.2. The Micromodel Description


The present stochastic approach differs from the classical “Cellular Automata” technique [4] in that it uses thermal history results from the deterministic model described in the previous section. The development of the stochastic model for grain structure evolution is described in more detail in [4,5]. This description includes nucleation and growth kinetics, as well as the growth anisotropy and grain selection mechanisms. The required input data for stochastic calculations are provided by the macroscopic model and include: (i) local cooling rates calculated at the liquidus and solidus temperatures, (ii) time-dependent temperature gradients in the mushy zone, also calculated at the liquidus and solidus temperatures, and (iii) local solidification start time and end time. Local cooling rates calculated at the liquidus temperature are used to compute the nucleation parameters. Local average cooling rates, and time-dependent temperature gradients in the mushy zone are used to compute the grain growth parameters.



During the solidification of AM processed products, at least three grain morphologies can be encountered: equiaxed grains, columnar grains solidified under a variable G/V ratio, and columnar grains solidified under a relatively constant G/V ratio, where G and V are the local temperature gradient and solid–liquid (S/L) interface velocity of the mushy region, respectively. All aforementioned morphologies, as well as the columnar-to-equiaxed transition, are driven by more or less the same solidification mechanism, that is, the nucleation and growth competition of various phases in the mushy region.



The stochastic models for equiaxed and columnar grains solidified under a variable G/V ratio are presented in [4,5]. The columnar structure solidified under a relatively constant G/V ratio, which is perhaps the most common morphology encountered during AM, is described below.



2.2.1. Description of the Columnar Interface Tracking


Tracking of the columnar front assumes that, at the columnar front, the growth velocity is equal to the interface velocity of the dendrite tip at the same location. For a 3D domain, the position of the columnar front (Xc, Yc, Zc) at time t + δt can be iteratively computed by


    X c  t + ∂ t   =  X c t  +  1  c o s θ    V c t       G x     G T      ∂ t            Y c  t + ∂ t   =  Y c t  +  1  c o s θ    V c t       G y     G T      ∂ t    and        Z c  t + ∂ t   =  Z c t  +  1  c o s θ    V c t       G z     G T      ∂ t         with    G T  =    G X 2  +  G y 2  +  G z 2      



(3)




where Vc is the solidification velocity of the columnar front; GT is the local temperature gradient in the mushy zone;    G x   ,    G y    and    G z    are the temperature gradients in the x, y, and z directions, respectively; and  θ  is the angle between the normal to the solidification front, and the preferred [hkl] crystallographic growth direction. The crystallographic growth direction of the columnar grains is randomly chosen during the modeling of the surface nucleation event. The methodology for accounting for the preferential crystallographic growth of cubic crystals in the [100] direction is described in detail in [4,16,17].



The solidification kinetics velocity of the columnar front, Vc, is computed based on growth kinetics as [4]:


    V C  =    D L     π 2  Γ    k e    Δ  T  L S        (  Δ  T ∗   )   2                  with         Δ  T ∗  = a    G T    



(4)




where DL is the liquid diffusivity, Γ is the Gibbs–Thomson coefficient, ke is the equilibrium partition coefficient, ΔTLS is the solidification interval,   Δ  T ∗    is the S/L interface undercooling, and a is the mesh size.



The stochastic model described above has to be adapted for rapid solidification conditions, which are encountered in AM processing. At normal cooling rates, the tip radius of the dendrite decreases as the solidification velocity increases. However, as the cooling rate increases in the rapid solidification range, the tip radius increases, which is accompanied by a decrease in branching, and the morphology of the grain changing from dendritic to cellular. To account for the rapid solidification conditions (where solidification velocities typically exceed 0.01 m/s) in Equation (4), the partition coefficient (k*) and liquidus slope (   m L ∗   ) of each alloying element need be corrected using Aziz [8], and Baker and Kahn [9] equations, respectively:


    k ∗   ( V )  =    k e  +  δ  i     V /  D i    1 +  δ i    V /  D i                     m L ∗   ( V )  =    m L    1 −  k e     [  1 −  k ∗   (  1 − ln    k ∗     k e     )   ]    



(5)




where V is the S/L interface velocity, Di is the interfacial diffusivity, δi is the atomic boundary layer thickness, and mL is the equilibrium liquidus slope.




2.2.2. Computational Aspects for 3D Modeling of AM Products


Following are some important computational aspects related to the stochastic modeling of microstructures in AM products:



The time step,   δ t  , used in computations is determined by the Courant criterion:


  ∂ t =  a  2  V c       



(6)




where a is the mesh size, and Vc is the S/L interface velocity.



Physically, Equation (6) uses the same principle as is applied in free surface fluid flow computations, i.e., growth is not allowed to take place for more than one half of the mesh size during each time step calculation. Note that, as shown in Equation (6), the time step is linearly dependent on the mesh size.



It was determined that the mesh size should be about 2 μm for simulating the solidification structure in AM products. For this mesh size, the simulation results converged and matched experimental observations [10].



The computer memory and CPU time requirements of the current stochastic model are summarized below:




	
The GPU (CUDA) and CPU (C++) were utilized to compile the 3D micromodel code;



	
The CUDA 3D-Micro simulator is at least one order of magnitude faster than the CPU Micro-3D simulator using the Intel Skylake AL supercomputer;



	
The CPU 3D-Micro simulator is fairly fast, typically taking about 8 h for a multilayer, multitrack simulation using a 2 μm mesh size (33 million cells, RAM 6 GB);



	
The CPU 3D-Micro simulator can run 2.75 trillion cells on the Intel Skylake AL supercomputer (RAM 500 GB), which is equivalent of a 1.4 mm3 geometry using a 2 μm mesh size.











3. Results and Discussion


Table 1 shows the thermo-physical and material kinetics properties of IN625 used in the current simulation. A pseudo-phase diagram IN625-Nb is assumed. The isopleth section of the Ni-Cr-Nb-Fe-Mo phase diagram with 21 wt. % Cr, 5 wt. % Fe, 9 wt. % Mo, and 0.8 wt. % Co is shown in Figure 1 in [18]. The Nb composition of IN625 is 4.1 wt. %. The nucleation density of the columnar grains (   N 0   ) is also given in Table 1.



The process conditions used in the NIST experiment and in the current simulation, such as the laser power (P), and the laser scanning speed (Vs) (see Table 2), create cooling rates in the range of 105–106 K/s, and temperature gradients in the range of 105–107 K/m.



The mesh size used in the current simulation is 2 μm for the macro-model and 1 μm for the micromodel. Additional details regarding the geometry and the process conditions are presented in [10].



Figure 2 presents a comparison between the experiments [10] and the simulation results for the IN625 LPBF single-layer case. The legend in Figure 2 shows the preferential crystallographic orientation angle of the columnar grains as 65535 color indices (CI). The orientation angles can be extracted from the legend using Equation (7):


  θ =  π 2      C I   65535   −      π 4   



(7)







Thus, when CI/65535 ratio varies from 0 to 1, θ ranges from −π/4 to π/4.



A favorable comparison between the experiment and the simulation results in terms of melt pool dimensions and solidification grain structure can be seen in Figure 2. The height and diameter of the experimental melt pool, as shown in Figure 2a,b, are about 40 μm and 130 μm, respectively. The predicted height and diameter of the melt pool shown in Figure 2c–e are about 44 μm and 128 μm, respectively. The experimental average columnar grain size at the top of the pool in Figure 2b is about 10 μm. The predicted average columnar grain size at the top of the pool in Figure 2c–e is about 11 μm. In addition, the predicted and experimental grain orientations in Figure 2 match quite well. The comparison of the predicted and experimental grain selection mechanism is also remarkable. Figure 2 shows that there are 28 predicted grains and 27 experimental grains at the bottom of the pool and only 14 predicted grains and 13 experimental grains at the top of the pool.



Additional 2D and 3D plots for different planes of the same modeling case are presented in Figure 3 and Figure 4. The best-oriented grains (CIs in the middle of the CI legends in Figure 2, Figure 3 and Figure 4) with respect to the temperature gradient will typically grow to the top of the pool surface, while the worst-oriented grains will normally disappear.




4. Conclusions


An integrated multiscale transient 3D modeling tool, which consists of coupling a fully transient 3D macro-model with a 3D micromodel, was applied to simulate the 3D microstructure evolution during LPBF solidification of IN625. The coupled multiscale model was successfully validated against the benchmark experiments performed by NIST, regarding the melt pool dimensions and the columnar grain size and orientation. The CPU time for the studied simulation is about 1 h on the Intel Skylake AL supercomputer. Notably, the current CPU 3D-Micro simulator can run approximately 2.75 trillion cells on the Intel Skylake AL supercomputer (RAM 500 GB), which is equivalent to a 1.4 mm3 geometry using a mesh size of 2 μm.
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Figure 1. Diagram showing the coupling between the CFD macro-code and the solidification structure evolution stochastic mesoscopic code. 
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Figure 2. Comparison between experiment [10] (a,b) and simulations (3 different YK planes—(c–e)). The black line in (b) shows the location of the melt pool boundary. 
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Figure 3. 3D grain structure simulation results: (middle XY, XK, and YK planes). 
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Figure 4. 3D grain structure simulation results (2D and 3D plots). 
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Table 1. Themo-physical and material kinetics properties of IN625 [4,10,18].
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	Property
	Value
	Unit





	ρ
	7620
	kg/m3



	cp
	720
	J/kg/K



	K
	30.1
	W/m/K



	L
	2.95 × 105
	J/kg



	mL
	−12.0
	K/wt. %



	Γ
	1.0 × 10−7
	K/m



	DL
	3.0 × 10−9
	m2/s



	ke
	0.5
	



	    T L    
	1622
	K



	   Δ  T  L S     
	49.2
	K



	    N 0    
	1.0 × 1010
	m−2



	a
	1.0
	μm
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Table 2. Process and material parameters used in the current simulation [10,19].






Table 2. Process and material parameters used in the current simulation [10,19].





	Parameter
	Value
	Unit





	P
	195
	W



	Vs
	0.8
	m/s



	σ
	50
	μm



	A
	0.3
	-



	Δt
	5.0 × 10−5
	s



	Substrate material
	IN625
	-



	Initial temperature
	298.15
	K
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  metals-11-01995


  
    		
      metals-11-01995
    


  




  





media/file6.jpg





media/file1.png
Geometry
Setup .
mesh parameters Solidification parameters
Process parameters Results Micro

Solidif.

Physical properties  — macro
Boundary conditions uﬁdeA l :
Numerical parameters

Results

v
I Post-processor I

l

Solidification structure

Results

v
I Post-processor I

l

Temperature distribution

e S S S —————





media/file7.png
6.6e+04
6.00e+4

5.00e+4

4.00e+4

3.00e+4

2.00e+4

1.00e+4

0.0e+00





media/file5.png
N

6.5x10"%
6.0x10"
5.5x10"%
5.0x10"
4.5x10™
4.0x10"%
3.5x10™
3.3x10™
3.2x10"
3.1x10™
3.0x10"%
2.9x10™
2.8x10"%
2. 7x10™
2.5x10™%
2.0x10"%
1.0x10**
5.0x10""
0.0x10*®





media/file3.png
§ — 3.00e+4

— 2.00e+4

1.00e+4

0.0e+00
CI





media/file4.jpg





media/file0.jpg
Geometry,

mesh parameters Setvp,

Solidification parameters

!

Process parameters Solie. heo
Physicalproperies  —=| MR |———by ] Mo

Saa
Boundary conditions
Numerical parameters l Results
Postprocessor

Results

Solidification structure

|

v
'
'
'
'
'

Post-processor '
'
'
'
'

Temperature distribution |





media/file2.jpg





