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Laser-powder bed fusion additive manufacturing (LPBF-AM) of metals is rapidly becoming one 
of the most important materials processing pathways for next-generation metallic parts and 
components in a number of important applications. However, the large parametric space that 
characterizes laser-based LPBF-AM makes it challenging to understand what are the variables 
controlling the microstructural and mechanical property outcomes. Sensitivity studies based 
on direct LPBF-AM processing are costly and lengthy to conduct, and are subjected to the 
specifications and variability of each printer. Here we develop a fast-throughput numerical 
approach that simulates the LPBF-AM process using a cellular automaton model of dynamic 
solidification and grain growth. This is accompanied by a polycrystal plasticity model that 
captures grain boundary strengthening due to complex grain geometry and furnishes the stress-
strain curves of the resulting microstructures. Our approach connects the processing stage with 
the mechanical testing stage, thus capturing the effect of processing variables such as the laser 
power, laser spot size, scan speed, and hatch width on the yield strength and tangent moduli of 
the processed materials. When applied to pure Cu and stainless 316L steel, we find that laser 
power and scan speed have the strongest influence on grain size in each material, respectively.

 Introduction

Metal additive manufacturing (AM) is a rapidly growing technology that has revolutionized the way both consumer and high-
rformance products are designed and fabricated [1–5]. Metal AM, particularly laser power-bed fusion (LPBF), has enabled the 
pid production of components with internal features, complex conformal cooling channels, and multi-material grading that enhance 
rformance and would be difficult or impossible to fabricate using traditional manufacturing methods. Applications have been found 
ross industries including aerospace [6,7], biomedical [8,9], and automotive [10,11], among others. While AM is being adopted 
ross many fields, uncertainties in the direct linkage between material properties and processing parameters remain a limitation for 
e rapid deployment of the technology. For instance, a lack of simple constitutive relationships that link printing parameters to the 
-printed microstructure typically require that iterative experimental testing of printing parameters be performed for each newly 
inted material system to isolate the optimal settings [12,13]. Further, the microstructure of additively manufactured parts can vary 
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. 1. Schematic diagram of the approach developed in this paper, showcasing the relevant connections between input variables, mechanical property outcomes, 
d data-based surrogate models. The physics (high-fidelity) modules comprise a cellular automaton model for simulating LPBF processing and a crystal plasticity 
del for calculating the mechanical properties of the generated computational microstructures. The generally high computational overhead of these models leads to 
igh-fidelity data generating bottleneck, which may result in low quality data-based approximate models. Here, we focus on fast two-dimensional models for high 
oughput data generation and focus on data processing, machine learning, and sensitivity analysis.

nificantly depending on the processing variables, and, as such, the resulting mechanical and functional properties will reflect this 
riance as well [14,15]. The chosen LPBF method (e.g., direct metal laser sintering or selective laser melting) can also significantly 
ter the outcomes of processed materials [16].
To reduce the overhead of iterative experimental testing, computational modeling is increasingly being used to simulate the 
icrostructures resulting from LPBF processing [17–22]. Models that take a physics-based approach to couple printing parameters 
.g., laser power, scan speed, hatch spacing, layer height) to solidification characteristics of the deposited material (e.g., specific 
at, density, enthalpy, diffusion rates) can be utilized to predict features of the resulting microstructure, and in some cases, predict 
e mechanical behavior of the as-built components. However, high-fidelity modeling of the additive manufacturing process has 
oven difficult due to the influence of multi-scale and multi-physics phenomena such as nucleation and solidification, powder 
cking and multi-pass effects, fluid flow and Marangoni effects, martensitic transformations, as well as the contribution from 
fects such as key-holing, lack of fusion, vaporization, solute segregation, and hot cracking. As such, various simulation techniques 
ve been employed to capture different mechanisms of the fabrication process, including phase field modeling (PFM) [23–26], 
netic Monte Carlo (kMC) [27,28], the finite element method (FEM) [21,29–33], computational fluid dynamics (CFD) [20,34], and 
llular automata (CA) [35–39].
Despite these advances, an area still lacking investigation is the correlation between simulated advanced-manufactured mi-
ostructures and the calculation of their mechanical properties. AM microstructures typically consist of complex grain size distribu-
ns, textures, and, grain shapes, which are challenging to simulate considering direct energy deposition. Early efforts have focused 
 mapping digital image correlations of experimental microstructures with crystal plasticity (CP) simulations [40,41]. In other 
orks, PFM simulations have been coupled to CP simulations, integrating the microstructural evolution process with the mechanical 
alysis [42].
Another aspect specifically related to LPBF that has not received sufficient attention is studying the effect of processing variables 

 the mechanical properties of the resulting microstructures [14]. The key variables in this case are the laser power, laser beam 
ickness, scan speed, and hatch spacing (i.e., the areal fraction of laser beam overlap during successive passes). In this work, we 
velop a CA model of dynamic melting and re-solidification in LPBF for pure Cu and 316L stainless steel as a function of the 
levant laser processing variables. This is partially motivated by recent experimental studies that attempt to measure the influence 
 processing parameters on material properties [16]. Further, we post-process the resulting simulated microstructures using CP 
odels that can capture complex polycrystalline size and shape features. Our study is intended to assess the relative importance of 
e processing parameters in relation to several selected mechanical properties of the AM structures. While three-dimensional models 
ith fully coupled fluid dynamics, light-matter interaction, and non-equilibrium thermophysical phenomena have been developed, 
e intention of this work is to develop a fast approximate method to generate representative data for constitutive modeling reduced-
der models. As such, this study is executed in two dimensions and areas for extension of the methods described here are discussed in 
ction 4.2. Fig. 1 shows a diagram with the workflow of our approach showcasing the relevant connections between input variables, 
echanical property outcomes, and data-based surrogate models.
The paper is organized as follows: first, we provide a detailed description of the theory and methods used for the models (Sec-
n 2); we then carry out a systematic study of the effect of laser power, hatch spacing, scan speed, and laser spot thickness on the 
echanical behavior of the resulting microstructures (Section 3); we follow in Section 4 with a discussion about the relevance of each 
2

rameter based on an exhaustive data analysis of the compiled results. We finalize the paper with our most important conclusions.
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Table 1

Rules for state change in the CA formulation. Note that 𝑃nuclei = 𝐽 (𝒙)𝑑𝑥2𝑑𝑡 (𝐽 (𝒙) is the nucleation rate, defined in 
Sec. 2.4), 𝑑𝑥 and 𝑑𝑡 are, respectively, the size of the cell and the time step, 𝑛 is the set of integer grain identifiers in 
the polycrystal, and 𝑁 > 0 is a unique grain identifier.

State of Cell Action New State of Cell Physical Description

𝑁 > 0 𝑇 > 𝑇𝑚 in cell −1 𝑆 →𝐿

−1 𝑇 < 𝑇𝑚 in cell 0 𝐿→𝐿undercooled

0 𝑃nuclei > 𝜉 in cell 𝑁 ∉ 𝑛 𝐿→ 𝑆nuclei

0 Neighboring cell grows beyond 𝑑𝑥 𝑛𝑖 ≡ identif ier of neighboring cell 𝐿→ 𝑆grain

 Theory and methods

Metal LPBF techniques achieve near-net part shaping by buildup of subsequently laser melted layers of powders in the 15∼45-μm 
nge on an existing metal substrate [3,43]. Simulating LPBF in this size range is extremely challenging, as it involves considering 
ocesses such as surface contact, friction, consolidation, and local melting, of which we have an incomplete understanding and 
n generally only model empirically [44–46]. Instead, as a surrogate model, in this work we consider fully-dense polycrystals with 
ains in the same size range as the elementary powders, acting both as the substrate and the fused layer. While this ignores a series 
 issues directly related to the granular nature of the powders, we consider it to be an acceptable approximation for this study 
spite its limitations, as will be discussed in Sec. 4.2.

1. Cellular automaton

The method employed in this work to simulate melting and solidification under the laser spot is a cellular automaton (CA) acting 
 a two-dimensional polycrystal discretized into a regular grid pattern [36,37,47]. Each cell in the grid is assigned an integer value 
at is either 0, corresponding to the cell being in the liquid state, −1 corresponding to the undercooled state, or > 1 for solid cells 
longing to a specific grain (indicated by the magnitude of the positive integer). Cells can change from the solid to liquid state both 
ring melting, as described in Section 2.3, and during nucleation or growth, as described in Sections 2.4 and 3, respectively. For 
is study, a 300 × 300 μm region was discretized into a 1000 × 1000 grid. Table 1 contains a list of the different processes captured 
 the CA model.

2. Polycrystal construction

To construct the two-dimensional polycrystal, we assign each point on the grid to grains according to a 2D Voronoi tessellation 
atching a log-normal distribution for a prescribed average grain size [48]. The grain distance is calculated using a scaled Euclidean 
stance metric:

dist
(
𝒙𝟏,𝒙𝟐

)
=

(
𝒙𝟏𝟏 − 𝒙𝟐𝟏

𝑠𝑥

)2

+

(
𝒙𝟏𝟐 − 𝒙𝟐𝟐

𝑠𝑦

)2

(1)

here 𝑠𝑥 and 𝑠𝑦 are geometric scale factors to construct elongated grain microstructures and 𝒙1 and 𝒙2 are the coordinates of the 
ain centers. A microstructure with 𝑠𝑥 = 1 and 𝑠𝑦 = 1 has equiaxed grains while the selection of 𝑠𝑥 = 1 and 𝑠𝑦 = 0.5 generates quasi-
liptical grains elongated in the 𝑦-direction. Each grain, and by association all grid points associated with that grain, is assigned a 
ndom Euler orientation. In this study, all initial polycrystals were constructed with an equiaxed structure (i.e. 𝑠𝑦 = 𝑠𝑥 = 1.0).

3. Laser temperature distribution

The local temperature distribution under the laser impingement spot is described using the Eagar-Tsai model [49,50], which 
ovides modified Gaussian profiles with elongated tails:

𝑇 − 𝑇0 =
𝑃̇

𝜋𝜌𝐶 (4𝜋𝑎)1∕2

𝑡

∫
0

𝑑𝑡′

2𝑎(𝑡− 𝑡′)3∕2
+ 𝜎2 exp

(
−
(
𝑥− 𝑣𝑡′

)2 + 𝑦2

4𝑎 (𝑡− 𝑡′) + 2𝜎2 − 𝑧2

4𝑎 (𝑡− 𝑡′)

)
(2)

here 𝑇0 is the initial temperature, 𝑃̇ is the laser power, 𝜌 is the mass density, 𝐶 is the specific heat, 𝑎 is the thermal diffusivity, 𝜎
a beam radius distribution parameter, 𝑣 is the speed of the beam, 𝑡 is the time, and 𝑥, 𝑦, 𝑧 are the spatial coordinates.
The parameters in eq. (2) can be adjusted by comparing to carefully-conducted experiments of temperature profile evolution 
1,52]. Here we match the temperature profiles to those measured by Ikeshoji et al. [51] for pure Cu using a 800-W laser, as shown 
 Fig. 2(a). The laser spot follows a rastering pattern as shown in Fig. 2(b). As expected, the moving laser spot creates a non-uniform 
mperature distribution with a steeper thermal gradient ahead of the melt zone in the direction of motion and an elongated tail 
3

wnstream of it, consistent with the Eagar-Tsai model. Matching eq. (2) to the experimental profiles in Fig. 2(a) leads to the values 
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. 2. (a) Temperature distribution as a function of distance from the laser spot along the laser path, overlaid on experimental data from Ikeshoji et al. [51]. 
Illustration of the anti-parallel scan pattern with two laser spots drawn on the laser path to denote the spot size and hatch overlap. The spot size is defined as the 
ius of the beam with 𝑇 > 𝑇𝑚 and the hatch spacing is defined as (hatch overlap)/(spot size).

Table 2

Simulation parameters used during microstructure genera-
tion.

Parameter Cu 316L Units Equation

𝑠𝑥 1.0 1.0 – (1)

𝑠𝑦 1.0 1.0 – (1)

𝜌 8000 8960 kg⋅m3 (2)

𝑎 3.5 117 mm2⋅s−1 (2)

𝐶 770 385 J⋅kg−1⋅K−1 (2)

𝜎 0.05 0.05 mm (2)

𝑇0 273 273 K (2)

𝑇𝑚 1101 1358 K (3)

Δ𝐻𝑚 11.7 13.2 kJ⋅mol−1 (3)

𝛾𝑆𝐿 204 177 mJ⋅m2 (4)

𝑣0 1014 1014 s−1⋅m−3 (5)

𝑄𝑑 2.5 1.4 eV (5)

𝑆(𝜃) 0.5 0.5 – (6)

𝑄𝑔 2.94 2.19 eV (7)

ted in Table 2 for the temperature profile models. The parameters for 316L are obtained using the same procedure based on results 
 Islam et al. [53], with the values also given on the table.

4. Nucleation and growth

As discussed in Sec. 2.1, initially, all points on the grid are assigned an integer value associated with a specific grain. As the laser 
am sweeps across the sample surface, all cells immediately underneath it are assigned a temperature 𝑇 > 𝑇𝑚 (close to 2500 ◦C, see 
g. 2, which is near the boiling pint of both Cu and 316L steel). As the laser beam continues on along the scan path, it leaves a pool 
 undercooled liquid where nucleation of a solid phase can occur. The free energy for nucleation due to an undercooling equal to 
𝑇 is described in the standard form:

Δ𝐻𝑚Δ𝑇
4

Δ𝐺V =
𝑇𝑚

(3)
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here Δ𝐻𝑚 is the latent heat of melting, Δ𝑇 = 𝑇 − 𝑇𝑚, and 𝑇𝑚 is the melting temperature. Assuming that surface energy, 𝛾𝑠𝑙, is 
e retarding force for the nucleation of spherical nuclei, the critical Gibb’s free energy barrier for (homogeneous) nucleation can be 
ritten as:

Δ𝐺∗
hom =

16𝜋
(
𝛾𝑆𝐿

)3
3
(
Δ𝐺V

)2 (4)

e nucleation rate can then be expressed as a function of the frequency with which new atoms are added to a nucleus, 𝜈, times the 
ltzmann factor of the Gibb’s energy barrier:

𝐽 = 𝜈0 exp
(
−Δ𝐺∗

𝑘𝑇

)
= 𝜈0 exp

(
−
𝑄𝑑

𝑘𝑇

)
exp

(
−Δ𝐺∗

𝑘𝑇

)
(5)

here 𝜈0 is an attempt frequency, and 𝑄𝑑 is the activation energy corresponding to the energy barrier of atoms attaching themselves 
 the new nuclei. However, during LPBF, nucleation is likely to take place heterogeneously, not directly within the melt pool but at 
isting grain boundaries, triple junctions, islands, partially formed nuclei, and other heterogeneous sites. Heterogeneous nucleation 
introduced through the contribution of a shape factor that modifies the critical Gibb’s free energy for homogeneous nucleation as:

Δ𝐺∗ = 𝑆(𝜃)Δ𝐺∗
hom (6)

here 𝑆(𝜃) < 1 and 𝜃 here represents the contact angle between a semi-spherical solid nucleus and an existing solid interface [54]. 
given cell can engage in heterogeneous nucleation if the cell is in the liquid state and a neighboring cell is in the solid state.
In terms of growth, in this work, we assume a planar growth regime such that a simple Arrhenius growth law can be used for the 
terface advancement of solid into the liquid. The growth velocity is given by the equation:

𝑣growth(𝑇 ) = 𝑣0 exp
(
−
𝑄g

𝑘𝑇

)
(7)

here 𝑣0 is a temperature-independent prefactor and 𝑄g is the activation energy for interface propagation. For a growing grain or 
cleus, the local temperature is taken as the average temperature integrated over the entire region in the grid that is occupied 
 the given unique grain identifier. Both nuclei and melt pool-adjacent grains are permitted to grow into the liquid at the same 
locity. To account for radial symmetry in initially unimpinged growth of nuclei, new nuclei grow from their initial nucleation cell, 
, 𝑦), in a radial pattern until impinged by competing grains. The radius of a nucleated grain is then given by:

𝑟grain(𝑡) = 𝑟grain(𝑡− 𝑑𝑡) + 𝑣growth𝑑𝑡 (8)

here 𝑟grain(𝑡 − 𝑑𝑡) is the grain radius at the previous time step and 𝑑𝑡 is the time step. This is exemplified in Fig. 3(a)-(d), which 
ows all the cells that satisfy 𝑟grain(𝑡 − 𝑑𝑡) > dist(𝒙𝑖

center , 𝒙) > 𝑟grain(𝑡) and are transformed to 𝑖 during 𝑑𝑡. Here dist(𝒙𝑖
center , 𝒙) is the 

clidean distance between the location of cell 𝑖 and a given grain nucleation site, 𝒙.

5. Time integration and coupling of the microstructure evolution to laser rastering

Prior to simulating the coupled system, the laser path and initial microstructure are constructed independently. The spatially 
pendent temperature distribution for each position on the beam path is pre-computed using the Eagar Tsai temperature profile de-
ribed above. Every iteration, the beam is advanced in space and time and the local temperature distribution is updated accordingly, 
 shown in Fig. 4. A forward Euler time integration method is used to advance growing solid boundaries. The nucleation rate, 𝐽 (𝒙)
calculated for each cell using eq. (5) and a new nucleus is formed at a given cell if 𝐽 (𝒙)𝑑𝑥2𝑑𝑡 > 𝜉, where 𝜉 is a uniform random 
mber in [0, 1), 𝑑𝑥 is the size of each cell and 𝑑𝑡 is the time step. The time step was selected to be 𝑑𝑡 = 10−6 s. The remaining 
ulation parameters are given in Table 2.
Further, we adopt a directionally-parallel scan pattern, as shown in Fig. 2(b). In this work, we consider different degrees of 
erlap between successive passes, defined as the percentage of overlap relative to the laser spot size (the spot size is the radius 
 the beam, 𝓁, where 𝑇 > 𝑇𝑚), as shown in Fig. 2(b). The scan velocity is varied between 0.1 and 0.3 m⋅s−1, the laser power 
tween 100 to 300 W, and the overlap between 25% and 75%. An example of microstructural evolution from a coupled simulation 
shown in Fig. 4. Here the process was simulated with 𝑣 = 0.1 m⋅s−1, 𝑃 = 100 W, and 15% overlap between successive scan passes. 
e initial microstructure is shown in Fig. 4(a) with each grain being assigned a random orientation and colored accordingly. In 
g. 4(b)-(e) the beam moves across the sample with the liquid region (i.e., where 𝑇 > 𝑇𝑚) shown in white while the undercooled 
uid with 𝑇 < 𝑇𝑚 is shown in black. New grains are observed to nucleate both in the melt pool and on the adjacent grain walls. 
e to the high nucleation rate of grains in the melt pool trailing the beam spot (due to the high temperatures), an elongated ‘braid’-
pe microstructure is observed as is commonly observed in literature [3,14,55–57]. Lastly, the resulting microstructure is shown in 
g. 4(f). An animation of the process shown in the figure is included as supplementary information to this paper.
The next step in our model is to assess the mechanical ‘quality’ of the AM microstructures presented in the figure. For that, we 
oose to evaluate the yield strength and the hardening rate during deformation tests simulated using a CP model that accounts for 
5

bitrarily shaped grains in 2D polycrystals. This is the subject of the next section.



C.

Fig

wi

dr

2.

effi

di

re

[4

w

gl

w

di

ca

[4

ou

w

se
Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

. 3. (a)-(d) Cellular growth of an unimpinged nuclei growing into neighboring cells from a central point. (e) Best fit of an ellipse (red) onto a single grain (blue) 
th the associated major and minor axes (𝒑𝟏 and 𝒑𝟐 , respectively) and dimensions (𝑑1 and 𝑑2 , respectively). (f) Polycrystal with the major and minor ellipsoid axes 
awn as vectors originating from the center of the grain.

6. Crystal plasticity model

The DAMASK code [58] was used to calculate the strength of the simulated microstructures. The DAMASK package uses an 
cient spectral method to solve standard crystal plasticity problems using a number of different constitutive descriptions of 
slocation-mediated crystal slip. Slip is computed on all available glide systems, defined by unit vectors 𝒏𝛼 and 𝒔𝛼 , which rep-
sent the plane normal and shear direction in a given slip system 𝛼, respectively. For fcc metals, the slip rate can be defined as 
0,58,59]:

𝛾̇𝛼 = 𝛾̇𝛼0
|||| 𝜏𝛼𝑔𝛼 ||||

1∕𝑚
sign (𝜏𝛼) (9)

here 𝛾̇𝛼0 is a reference strain rate, 𝜏
𝛼 is the resolved shear stress (RSS), 𝑚 is the strain-rate sensitivity (SRS) exponent, and 𝑔𝛼 is the 

ide resistance in slip system 𝛼 [59,60]:

𝑔𝛼 = 𝑔0 + 𝜇𝑏

(
𝑐

𝜆𝛼
+
√

𝜌𝛼
𝑓

)
(10)

here 𝑔0 is the intrinsic lattice resistance, 𝜇 is the shear modulus, 𝑐 is a dimensionless parameter that captures the intensity of 
slocation pileups, and 𝑏 is the Burgers vector. Here, 𝜆𝛼 is a length scale set by the grain size and shape, and 𝜌𝛼

𝑓
is the forest dislo-

tion density. Expressions for 𝜌𝛼
𝑓
as well as dislocation density evolution laws in metals can be found in our previous publications 

8,61,62]. Other factors contributing to 𝑔𝛼 such as solid solution strengthening and chemical effects can also be considered but are 
tside the scope of this work. For its part, 𝜆𝛼 is obtained as:

𝜆𝛼 =min
𝛽

{
𝒔𝛼 ⋅ 𝒅𝛽

}
(11)

here 𝒅𝛽 (in 2D, 𝛽 = 1, 2) are the principal axes of the gyration tensor representing a given grain. For a generic grain 𝑖 enclosing a 
6

t of 𝑁 spatial points {𝒓𝑖} (typically, the mesh points contained within), the gyration tensor is defined as:
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. 4. Evolution of the microstructure of a Cu substrate subjected to laser rastering with 𝑣 = 0.1 m⋅s−1 , 𝑃 = 100 W, and 15% overlap. White: superheated liquid; 
ck: undercooled liquid; color: different crystal orientations in solid grains. The dashed lines mark the edge of the laser spot in successive passes.

𝑹 = 1
𝑁

𝑁∑
𝑖

𝒓𝑖 ⊗ 𝒓𝑖 (12)

 this fashion, grains of arbitrary size are approximated as ellipsoids with an aspect ratio given by 𝑑1∕𝑑2 (where 𝑑1 = ‖𝒅1‖, 
= ‖𝒅2‖), and 𝜆𝛼 is taken as the maximum of the projection of the slip direction 𝒔𝛼 with the two principal axes. An illustration of 
e method to calculate the principal axes, 𝑑1 and 𝑑2, in a square mesh, corresponding to the long and short radii of an ellipse in 2D, 
given in Fig. 3(e). Each grain in the polycrystal is assigned the proper major and minor elliptical axes, as shown in Fig. 3(f).
One can also use shape descriptors ascribed to the gyration tensor to obtain useful information about each grain. For example, 
e grain size, 𝐷𝑖, can be obtained as the radius of gyration:

𝐷𝑖 =
√(

𝑑1
)2
𝑖
+
(
𝑑2
)2
𝑖

(13)

m which the average grain size in a polycrystal containing 𝑀 grains, 𝐷̄, can be obtained as:

𝐷̄ = 1
𝑀

∑
𝑗

𝐷𝑗 (14)

milarly, we can define the aspect ratio, 𝑎𝑖 =
(
𝑑1
)
𝑖
∕ 
(
𝑑2
)
𝑖
, which is equal to one for equiaxed grains. Averaging over the entire grain 

pulation yields the mean aspect ratio, 𝑎̄.
Equations (9)-(14) provides a ‘first principles’ approach to calculate GB strengthening and we have confirmed that it leads to a 
ll-Petch dependence of the strength on 𝐷̄. A systematic study varying the grain size of polycrystalline samples is performed in 
pendix B, which returns a Hall-Petch dependence for the stress, thereby validating this approach. Thus, going forward, we take 
is as a valid procedure to calculate the strength of the AM structures. A complete list of the parameters used during the crystal 
asticity simulations is given in Table 3. Additional forest hardening parameters for Cu and 316L were taken from the literature 
3,64].

7. Computational cost

All simulations were run on a 2019 MacBook Pro with a 1.4 GHz Quad-Core Intel i5 processor. No parallelization schemes were 
plemented for the CA modeling, though the adopted CA method is readily parallelizable [31,38]. Native multi-threading was 
7

ilized for the DAMASK spectral solver. A total of 480 simulations were run (240 for Cu, 240 for 316L), requiring approximately 
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Table 3

Parameters used in the crystal plasticity simulations. All other CP 
parameters were taken from ref. [73].

Parameter 316L Steel Cu Units Source

𝑏 0.254 0.26 nm [65,66]

𝑔0 200 15 MPa [58]

𝑚 0.025 0.040 – [67,68]

𝛾0 0.09 0.001 s−1 [69,70]

𝐶11 207 170 GPa [71,72]

𝐶12 135 122 GPa [71,72]

𝐶44 130 76 GPa [71,72]

𝜇 79 88 GPa [Appendix A]

5 computing hours for combined CA and CP modeling, averaging 28.1 minutes per simulated microstructure. This is significantly 
ss than finite-element method (2∼50 hours [33,74,75]) or phase field simulations (100s to 1000s of hours [24,76]).

 Results

1. Influence of processing parameters on microstructural properties

Next we explore the effect of the most relevant processing parameters on the properties of the resulting material microstructures. 
re, we vary the laser power 𝑃̇ , laser spot speed 𝑣, and hatch spacing ℎ, and study their effect on grain size 𝐷̄, aspect ratio 𝑎̄, 
ngent moduli (hardening rates, 𝐻), and yield strengths 𝜎𝑦.
To illustrate the connections between processing parameters and microstructural properties, we first study the effect of the laser 
wer on the grain size and the yield strength of Cu specimens for a fixed spot velocity of 0.3 m⋅s−1 and an areal overlap of 20%. We 
nsider three values of 𝑃̇ = 100, 200 and 300 W. The results are shown in Fig. 5, where we first show in Figs. 5(a)-5(c) the resulting 
icrostructures after the entire scan area has been processed by the laser. The associated grain size and asphericity distributions are 
ven in Figs. 5(d)-5(f) and 5(g)-5(i), respectively, while the stress-strain curves obtained using the full polycrystal plasticity model 
e given in 5(j)-5(l). From simulations such as these, we can now extract 𝐷̄, 𝑎̄, 𝐻 , and 𝜎𝑦 for both materials systematically varying 
, ℎ, and 𝑣. We present those results in the upcoming subsections.

2. Grain size and aspect ratio

2.1. Results for pure Cu
Figs. 6(a)-6(f) and 7(a)-7(f) show the results for pure Cu. Visual inspection suggests that the dominant parameter in terms of 
e grain size and grain aspect ratio of the processed microstructures is the laser power 𝑃̇ . A quantitative correlative analysis is 
rformed in Section 4.

2.2. Results for pure 316L
Figs. 8(a)-8(f) and 9(a)-9(f) show the results for stainless steel 316L. Contrary to Cu, visual inspection in this case suggests that 
e dominant parameter is the laser scan speed, 𝑣. This will also be reflected in the quantitative correlative analysis presented in the 
scussion section.

3. Mechanical properties

3.1. Results for pure stainless steel 316L
Figs. 10 and 11 show the hardening rate and yield strength of stainless steel 316L as a function of processing parameters.

3.2. Results for pure Cu
Figs. 12 and 13 show the hardening rate and yield strength of pure Cu as a function of processing parameters.

4. Statistical importance analysis

Given the multidimensional nature of the problem under study and the large amount of data presented in the previous sections, 
is important to establish correlations between the processing parameters and the material property outcomes. Next we perform a 
ultivariate fitting to assess the importance of each AM processing parameter by fitting to an expression of the type:
8

Property =𝐴[𝑃̇ ]𝑛1 +𝐵[𝑣]𝑛2 +𝐶[ℎ]𝑛3 +𝐷 (15)
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. 5. AM Microstructures of Cu for a fixed laser pass speed of 𝑣 = 0.3 m⋅s and hatching of 20% using (a) 𝑃̇ = 100 W, (b) 200 W, and (c) 300 W. The corresponding 
in size distributions are shown in (d), (e), and (f). Aspect ratios in (g), (h), and (i), and stress-strain curves in (j), (k), and (l).

here 𝐴, 𝐵, and 𝐶 are fitting constants that indicate the degree and sign of the correlation. 𝐷 is an independent constant that reflects 
e intrinsic importance of each variable. 𝑛1, 𝑛2, and 𝑛3 are fitting exponents, although in view of the results presented above, we 
ply set them to unity in this study. To capture the true importance of each parameter, i.e., removing the effect of the absolute 
lues, which vary significantly across 𝑃̇ , 𝑣 and ℎ, we normalize each one to variables defined in the interval [0:1]. ℎ (cross hatch) 
naturally defined that way, so it does not require any normalization. For 𝑃̇ and 𝑣, we simply do:[

𝑥𝑖

]
=

𝑥𝑖 − 𝑥min
𝑥max − 𝑥min

re we use 𝑃̇max = 300 W and 𝑣max = 0.5 m⋅s−1. The lower limit for both parameters is taken as zero. The above values reveal two 
teresting facts. First, the only relevant processing parameter as it relates to microstructural properties in Cu is the laser power, 
hich, with values of 𝐴 = 0.615 and 0.225, is the dominant factor in determining the grain size and grain aspect ratio, respectively. 
cond, except for the two said correlations of 𝐷̄ and 𝑎̄ with 𝑃̇ , the independent constant, 𝐷, representing an intrinsic baseline value 
9

 each property is the most influential factor in the microstructural properties of Cu. As it relates to steel, the main correlation is 
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Fig. 6. Grain size as a function of scan speed, laser power, and cross hatch for Cu.

Fig. 7. Grain asymmetry as a function of scan speed, laser power, and cross hatch for Cu.

at of the laser scan speed with the grain size (𝐵 = 0.904) and with the yield strength (inverse: 𝐵 = −0.223), with the rest showing 
ly marginal or negligible correlation.
It is also of interest to perform a direct fitting, where normalization is not used for the processing parameters or the response 
riables. The coefficients 𝐴, 𝐵, 𝐶 , and 𝐷 are added to Table 4 in parentheses. 𝐴, 𝐵, and 𝐶 are understood to have units of property 
r power unit, property per velocity, and plain property, respectively, while 𝐷 is given in units of the property in question (μm for 
10

ain size, m/m for grain asymmetry, MPa for the yield strength, and MPa⋅m/m for the hardening rates).
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Fig. 8. Grain size as a function of scan speed, laser power, and cross hatch for stainless steel 316L.

Fig. 9. Grain asymmetry as a function of scan speed, laser power, and cross hatch for 316L.

Our results can be qualitatively compared with experimental studies, such as that by Obeidi et al. [16], who in Table 4 of their 
per calculate the level of correlation and its significance (confidence in the correlation based on the scatter in the data) for a 
mber of material properties using different printing devices. Of those, only the ultimate tensile strength (UTS), and its relationship 
ith 𝑃̇ and 𝑣, is relevant for our study. All the correlation factors of the UTS with laser power were weak (and generally negative), 
d displayed a very low level of confidence. Its dependence with the scan speed showed a higher degree of (negative) correlation 
ith improved confidence. This is in agreement with our results in Table 4 (where 𝐵 = −0.223), although it must be said that the 
11

nge of laser powers and scan speeds explored there was 160∼190 W and 0.8∼1.2 m/s, respectively.
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Fig. 10. Hardening rate as a function of scan speed, laser power, and cross hatch for 316L.

Fig. 11. Yield strength as a function of scan speed, laser power, and cross hatch for 316L.

An alternative approach is to consider a correlation variable that reflects the volumetric energy density (VED) of the process [53]:

VED = 𝑃̇

2𝑣𝓁2ℎ
(16)

here 2𝓁 is the laser spot size and (ℎ𝓁) is the hatch spacing. The correlation of the yield strengths of Cu and 316L steel with the VED 
12

m 240 independent simulations is given in Fig. 14. Fitting to a power law scaling of the type: 𝜎𝑦 = 𝐸(VED)𝑛 yields the results 
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Fig. 12. Hardening rate as a function of scan speed, laser power, and cross hatch for Cu.

Fig. 13. Yield strength as a function of scan speed, laser power, and cross hatch for Cu.

own in the figure, with the fitting constant 𝐸 effectively taking the same values as the constant 𝐷 in eq. (15) above. The correlation 
weak, as illustrated by values of the exponents 𝑛 close to zero in both cases. Thus, in terms of yield strength, the intrinsic values 
 the starting material do not change significantly on average in the processed materials. Also, it can also be seen that the scatter 
small, with 𝑅2 noted in both plots, so that one might not expect a significant degree of variability on either side of the average 
rrelation. This is in contrast with the experimental results shown in Fig. 14(b), which display a much stronger dependence with 
13

e VED indicator [16]. This is not surprising given that Obeidi et al.’s experiments pertain to laser powder-bed fusion processing, 



C.

w

an

4.

4.

im

fo

El

ra

is 
w

th

di

ha

of

m

Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

Table 4

Best fit parameters for the normalized response for pure Cu and 316L stainless steel. Response variables (grain 
size, grain asymmetry, yield strength, hardening rate) were normalized using the min-max scheme: 𝑥𝑖

norm =(
𝑥𝑖 −min(𝑥)

)
∕ (max(𝑥) −min(𝑥)). The numbers in parentheses correspond to a direct (non-normalized) fitting.

Material Property 𝐴
(
𝑃̇
)

𝐵 (𝑣) 𝐶 (ℎ) 𝐷

Cu

Grain size 0.615 (5.3) −𝟎.𝟏𝟖𝟓 (−1.6) −𝟎.𝟎𝟔𝟒 (−0.55) 0.111 (19.7 [μm])

Grain asymmetry 0.225 (0.08) −𝟎.𝟏𝟗𝟏 (−0.07) 0.047 (0.02) 0.357 (1.53 [μm/μm])

Yield strength −𝟎.𝟏𝟗𝟐 (−2.14) −𝟎.𝟎𝟐𝟐 (−0.25) −𝟎.𝟎𝟓𝟎 (−0.50) 0.695 (98.72 [MPa])

Hardening rate 0.109 (8.90) −𝟎.𝟎𝟑𝟒 (−2.80) −𝟎.𝟎𝟔𝟒 (−5.24) 0.510 (198.01 [MPa⋅m/m])

316L

Grain size −𝟎.𝟏𝟕𝟒 (−1.29) 0.904 (6.97) −𝟎.𝟏𝟔𝟕 (0.15) 0.019 (13.31 [μm])

Grain asymmetry −𝟎.𝟎𝟕𝟖 (0.01) 0.121 (0.02) 0.003 (0.00) 0.394 (1.49 [μm/μm])

Yield strength 0.101 (4.32) −𝟎.𝟐𝟐𝟑 (−9.58) −𝟎.𝟎𝟔𝟗 (−2.98) 0.692 (522.22 [MPa])

Hardening rate −𝟎.𝟎𝟒𝟔 (−6.30) 0.045 (6.15) 0.013 (1.74) 0.396 (200.68 [MPa⋅m/m])

Fig. 14. Yield strength as a function of volumetric energy density for (a) Cu and (b) 316L. Experimental results from ref. [16] are shown for steel.

hereas ours start from fully formed polycrystals. However, notwithstanding these differences, the agreement between the calculated 
d measured values of 𝜎𝑦 in the 40 < VED < 100 range is worth noting.

 Discussion

1. Discussion on evolution of microstructural and mechanical variables

It is interesting to comment on the evolution of some of the microstructural descriptors in both materials on the basis of the 
portance analysis performed in the previous section. In general, one can reduce the effect of the processing variables to the 
llowing considerations:

• As indicated by eq. (2), the laser power 𝑃̇ provides the level of superheating in the liquid zone. The more superheating (i.e., the 
larger the laser power), the higher the driving force (as dictated by eq. (3)) for crystallization in the wake of the moving laser 
beam.

• The scan speed 𝑣 has the effect of creating compressed and extended Gaussian thermal profiles ahead of and behind the laser 
spot, respectively. The faster the scan speed, the more extended the trailing thermal profile.

• The cross-hatch remelts an area of the material previously crystallized. However, if the overlap area has thermalized before 
the next passing of the laser beam (i.e., if all the heat deposited by the laser in that particular spot has dissipated), then this 
parameter has a very limited effect. In light of the results presented in Fig. 6-9, this indeed appears to be the case in our study.

iminating the cross-hatch as a relevant parameter, we can now cross-compare the values of 𝑃̇ and 𝑣 with the nucleation and growth 
tes. In this study we do not solve the heat equation explicitly (instead we apply the Eagar-Tsai model assuming the thermal profile 
in instantaneous equilibrium with the moving laser beam), and thus the effect of 𝑃̇ is to establish the amount of superheating 
hile the effect of 𝑣 is to dictate the time over which that superheating remains for each spatial point. If 𝑣 is high, spatial points in 
e wake of the moving laser beam thermalize quickly, diminishing the possibility of nucleation and growth. For this reason, it is 
fficult to separate the effects of these two as we have done in the correlations considered in eq. (15). In the case of Cu, it is 𝑃̇ that 
s a bigger impact on the final average grain size, while in the case of 316L, it is 𝑣.
Other interesting observations include the fact that the aspect ratio in Cu is seen to always range between 1.5 and 1.7 regardless 

 the value of the processing parameters. We do not believe that this means that 𝑎̄ is insensitive to a moving laser spot dragging a 
14

olten area with it, but simply that perhaps above a threshold scan speed and/or laser power, the aspect ratio converges to 1.5∼1.7. 
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is is probably related to the fact that (i) the values of 𝑃̇ considered here are always sufficiently high produce a high level of 
perheating, and (ii) that the maximum scan speed tried here is slower than the nucleation rate in the molten zone. Likewise, for 
el, 𝑎̄ stays at 1.5 regardless of the values of the processing parameters.

2. Discussion on model limitations

The main advantage of our methodology is that it captures both processing (i.e., re-solidification within the melt pool under a 
oving laser spot) and mechanical testing (through yield strength and hardening calculations) within a single framework. We have 
veloped tools that seamlessly integrate microstructural evolution (using a model based on a cellular automaton) with polycrystal 
asticity modeling, allowing us to directly connect simulated additively-manufactured microstructures with their mechanical prop-
ties. One of the most important aspects controlling the strength of the processed structures is the hardening due to grain boundaries 
 microstructures defined by complex grain shapes and wide size distributions. We have addressed this by developing a novel ap-
oach by which each grain is represented by the inscribed ellipsoid defined by the principal directions of the gyration tensor. Such 
proach makes it then straightforward to numerically extract individual grain sizes, aspect ratios, and the average grain diameter 
 the system. More importantly, we calculate the mean free path of dislocations in each grain by projecting these principal axes on 
e specific slip directions contained in it, which is then used to obtain the maximum characteristic size of dislocation sources. We 
ve shown that this approach captures the fundamental features that lead to a macroscopic Hall-Petch strengthening response. As 
ell, while cellular automata are more restricted in what can be simulated than other more general methods such as the phase field 
odel, they provide a computational expediency that makes them ideal to explore a broad parametric space efficiently.
In terms of limitations, we can acknowledge some numerical and some physical. First, the current model, is limited to two 
mensions, which, while suitable for special cases such as thin metal films (wafers) or under columnar grain substrates, limits its 
plication to more general situations. A related point is that the model condenses the powder layer and the metal substrate into 
single 2D polycrystal, which overlooks the granular nature of the powder layer and the defects that come with it, such as lack of 
sion [77,78], hot cracking [79–82], keyhole pores [79,83], balling [79,84], and evaporation. Incorporating flaws into the models 
ill be a crucial next step to account for realistic correlations between LPBF microstructures and their mechanical properties [85–87].
The selection of the Eagar-Tsai model to estimate the evolution of the temperature field provides a fast surrogate model for the 
olving melt pool, but is admittedly limited in its assumptions to capture detailed thermophysical effects. Modified versions of 
e original point-wise moving heat source model [88] exist to account for different features of the melt pool, such as temperature 
pendent properties [89] and phase change effects [90]. An alternative approach to the modified analytical solutions involves 
lving the temperature field directly on a finite difference/element/volume mesh.
Considering 2D polycrystals also negates the possibility to correlate the texture of the underlying substrate with the solidified 
ains, as has been shown in multiple experiments [14]. Indeed, it has been shown that the properties of 316L steel may be controlled 
 the lengthscale of solidification cells [3,5,91–93], which grow in ‘colonies’ that preferentially follow crystal orientations dictated 
 the grains of the underlying substrate [14,94,95]. This will also be the subject of future improvements to the model, mainly 
 extension to 3D and by modifying the heterogeneous nucleation criterion (see eq. (6)) to capture the grain orientations of the 
bstrate, as well as the commonly observed preferential ⟨100⟩ growth texture in cubic crystals, which is commonly incorporated 
ing the de-centered octahedron algorithm [96–98]. Finally, an improved nucleation condition would consider heterogeneous 
cleation on the melt pool’s ‘diffuse’ boundary and potentially from non-molten grains inside the melt pool.

 Conclusions

We conclude with our main findings, summarized below:

. We have developed a suite of simulation tools to study the microstructural evolution of metallic material surfaces by laser-based 
processing and the connection of the resulting microstructure to the mechanical properties of the material.

. A cellular automaton (CA) is first used to simulate the passing of a laser spot of fixed size over a pre-existing two dimensional 
polycrystal. The CA model captures melting and re-solidification with full spatial temperature dependence based on the Eagar-
Tsai model, and can be parametrically used to change the laser power, scan speed, and hatch fraction (laser spot overlap).

. We have implemented a new method to calculate grain boundary strengthening directly from intrinsic dislocation properties 
and grain geometry, without assuming a Hall-Petch relationship. Our method is based on restricting the mean free path of 
dislocations by the shortest principal axis of the ellipsoid inscribed in the grain. Our approach yields a Hall-Petch dependence 
on average grain size when applied to polycrystals.

. The grain boundary strengthening model is implemented in a polycrystal plasticity framework from which the yield strength 
and hardening rates (tangent modulus) can be extracted. We apply the full model to pure Cu and to stainless steel 316L.

. We have studied the correlation strength of the three processing variables, laser power, laser scan speed, and cross-hatch, with 
two microstructural properties, grain size and grain aspect ratio, and two mechanical properties, the yield strength and the 
hardening rate.

. We find the strongest correlation for pure Cu for the [grain size]-[laser power] pair, while for 316L it is [grain size]-[scan speed]. 
15

We also find that the cross-hatch has practically no influence on the microstructural properties of Cu or 316L.
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pendix A. Anisotropic elastic constants

The shear modulus is calculated using the average of the Voight and Reuss definitions [99]:

𝜇V = 1
5
(
𝐶11 −𝐶12 + 3𝐶44

)
(A.1)

𝜇R = 15
4
(
𝑆11 −𝑆12

)
+ 3𝑆44

(A.2)

𝜇 = 1
2
(
𝜇V + 𝜇R

)
(A.3)

here,

𝑆11 =
𝐶11 +𝐶12(

𝐶11 −𝐶12
)(

𝐶11 + 2𝐶12
) (A.4)

𝑆12 = −
𝐶12(

𝐶11 −𝐶12
)(

𝐶11 + 2𝐶12
) (A.5)

𝑆44 =
1

𝐶44
(A.6)

ing the values in Table 3 for 𝐶𝑖𝑗 , we get:

Parameter 316L Steel Cu

𝜇V 92 55

𝜇R 67 122

𝜇 79 88

l values in GPa.

pendix B. Validation of dislocation mean free path approach for polycrystal strength calculations

Here we carry out simulations of polycrystal strength using the crystal plasticity approach described in Sec. 2.6. The objective is to 
lidate the model by comparing against measurements published in the literature in materials with well-controlled microstructures 
16

 that the model can then be confidently applied to AM microstructures.
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. B.15. The grain boundary confinement in the (b) [101], (c) [011], and (a) [11̄0] directions. Each grain’s major and minor elliptical axis is marked with a vector 
 plot (a).

. B.16. Comparison of CP calculations using the model described in Sec. 2.6 and several related experimental results. Engineering stress-strain curves for (a) 316L 
6,67,100–103] steel and (b) Cu [104,105].

1. Dislocation mean free path

First, using the approach described in Sec. 2.6, we map the principal axes of 𝑹 (from eq. (12)) for each grain belonging to a 
neric polycrystal with a log-normal grain size distribution. We then generate a color map of the same polycrystal to illustrate the 
lue of 𝜆𝛼 according to eq. (11). We study three slip directions, 𝒔 = [11̄0], [011], [101], all in the (110) plane. The results are shown 
 Figs. B.15(a)-(c). Except for a few outliers with clearly larger values of 𝜆𝛼 , which display yellow tonalities, most grains display 
ilar values of the principal axes, consistent with the use of a log-normal distribution (equiaxed) to generate the polycrystals. 
ains with large 𝜆𝛼 are expected to be softer, which may lead to localization if there is not a sufficient number of them to allow 
e material to deform uniformly. We emphasize that the principal axes shown for each grain in Fig. B.15(a) refer to the size of the 
ains, not its crystal orientation.

2. Simulations of grain boundary strengthening

Next, we show stress-strain curves from uniaxial tension tests of a 316L and Cu polycrystals with an approximate grain size of 
= 40 μm in Figs. B.16(a) and B.16(b), respectively, along with experimental results taken from literature. We find good agreement 
tween our simulated results and experimentally determined values, which gives us confidence to then use the model to calculate 
e strength as a function of grain size.
Another useful check is that of the dependence of the strength with strain rate, from which the strain-rate sensitivity exponent 
RS) can be extracted. The SRS exponent is prescribed in our CP model (see Table 3), and so a self-consistency check is to run CP 
ulations at different strain rates and then obtain the corresponding yield strengths. Fig. B.17 shows results for both 316L steel 
d pure Cu and a comparison top the relevant experiments. As the results show, the SRS exponent extracted is consistent with that 
ed in eq. (9), adding confidence to the model.
To obtain the strengthening to be ascribed to grain boundaries, we systematically vary the average grain size in the polycrystals 
17

d calculate the yield strength as a function of 𝐷̄−1∕2. The results are plotted in Fig. B.18.



C.

Fig

fro

set

Fig

int

err

Ap

Re

[

[

[

[

[

Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

. B.17. Log yield strength versus log strain-rate plot to extract the strain rate sensitivity for the simulated Cu and 316L steel plotted alongside experimental data 
m [67,106]. The simulated microstructures consist of 100 grains in a 300 × 300-μm grid. The strain rate sensitivity constant, 𝑚 =Δln(𝜎y)∕Δln(𝜖̇) is given for each 
 of data.

. B.18. Variation of the yield strength with average grain size (plotted using the Hall-Petch scaling) for 316L steel and pure Cu using the crystal plasticity model 
roduced in Section 2.6. Hall-Petch fits to the data give the ground strength (lattice friction) and the Hall-Petch constant. Results are given in units of MPa. The 
or bars represent the variation on the results from simulating three different microstructures at the given conditions.

pendix C. Supplementary material

Supplementary material related to this article can be found online at https://doi .org /10 .1016 /j .heliyon .2023 .e23202.

ferences

[1] W.E. Frazier, Metal additive manufacturing: a review, J. Mater. Eng. Perform. 23 (2014) 1917–1928.
[2] J.J. Lewandowski, M. Seifi, Metal additive manufacturing: a review of mechanical properties, Annu. Rev. Mater. Res. 46 (2016) 151–186.
[3] Y.M. Wang, T. Voisin, J.T. McKeown, J. Ye, N.P. Calta, Z. Li, Z. Zeng, Y. Zhang, W. Chen, T.T. Roehling, et al., Additively manufactured hierarchical stainless 

steels with high strength and ductility, Nat. Mater. 17 (1) (2018) 63–71.
[4] S. Cooke, K. Ahmadi, S. Willerth, R. Herring, Metal additive manufacturing: technology, metallurgy and modelling, J. Manuf. Process. 57 (2020) 978–1003.
[5] Z. Li, Y. Cui, W. Yan, D. Zhang, Y. Fang, Y. Chen, Q. Yu, G. Wang, H. Ouyang, C. Fan, et al., Enhanced strengthening and hardening via self-stabilized dislocation 

network in additively manufactured metals, Mater. Today 50 (2021) 79–88.
[6] S. Mohd Yusuf, S. Cutler, N. Gao, The impact of metal additive manufacturing on the aerospace industry, Metals 9 (12) (2019) 1286.
[7] B. Blakey-Milner, P. Gradl, G. Snedden, M. Brooks, J. Pitot, E. Lopez, M. Leary, F. Berto, A. du Plessis, Metal additive manufacturing in aerospace: a review, 

Mater. Des. 209 (2021) 110008.
[8] W. Harun, N. Manam, M. Kamariah, S. Sharif, A. Zulkifly, I. Ahmad, H. Miura, A review of powdered additive manufacturing techniques for ti-6al-4v biomedical 

applications, Powder Technol. 331 (2018) 74–97.
[9] F. Trevisan, F. Calignano, A. Aversa, G. Marchese, M. Lombardi, S. Biamino, D. Ugues, D. Manfredi, Additive manufacturing of titanium alloys in the biomedical 

field: processes, properties and applications, J. Appl. Biomater. Funct. Mater. 16 (2) (2018) 57–67.
10] R. Leal, F. Barreiros, L. Alves, F. Romeiro, J. Vasco, M. Santos, C. Marto, Additive manufacturing tooling for the automotive industry, Int. J. Adv. Manuf. 

Technol. 92 (2017) 1671–1676.
11] J.C. Vasco, Additive manufacturing for the automotive industry, in: Additive Manufacturing, Elsevier, 2021, pp. 505–530.
12] A. Vafadar, F. Guzzomi, A. Rassau, K. Hayward, Advances in metal additive manufacturing: a review of common processes, industrial applications, and current 

challenges, Appl. Sci. 11 (3) (2021) 1213.
13] A. Yadollahi, N. Shamsaei, Additive manufacturing of fatigue resistant materials: challenges and opportunities, Int. J. Fatigue 98 (2017) 14–31.
14] P. Krakhmalev, G. Fredriksson, K. Svensson, I. Yadroitsev, I. Yadroitsava, M. Thuvander, R. Peng, Microstructure, solidification texture, and thermal stability 
18

of 316 l stainless steel manufactured by laser powder bed fusion, Metals 8 (8) (2018) 643.

https://doi.org/10.1016/j.heliyon.2023.e23202
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib26C2C1EDB4613E8AB903FB06AF3D04E0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBA44DD625889B96E1E00B257B736FFB3s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBF848A6381FEFE448233D179BE6EDF97s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBF848A6381FEFE448233D179BE6EDF97s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC05FA0FDC46B2A5D6F49F652DE433A0Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib917CDEF169B516B573EB8C69B0F56232s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib917CDEF169B516B573EB8C69B0F56232s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6167EA39F106F4F2445BEEC7B7B4C7ACs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib729EDF8BA5721FAE838A7AE7B4296AEBs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib729EDF8BA5721FAE838A7AE7B4296AEBs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib661140C2D7B75E39A823D7D406D1D7ADs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib661140C2D7B75E39A823D7D406D1D7ADs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib88D42DEEDD3BCF0599201665DAAE981Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib88D42DEEDD3BCF0599201665DAAE981Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib92704CAED15092CCA155C131381821A0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib92704CAED15092CCA155C131381821A0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib65A314D558CF3B84F2E226AA75E5C4E8s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6277056146882578C3CF32ADC3404D43s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6277056146882578C3CF32ADC3404D43s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF7002803D612EF7292DB8B12C8DACBB9s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib37C0DC20B95C08D0D8B5FBCCF72A6677s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib37C0DC20B95C08D0D8B5FBCCF72A6677s1


C.

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

15] S. Miramini, K.L. Fegan, N.C. Green, D.M. Espino, L. Zhang, L.E. Thomas-Seale, The status and challenges of replicating the mechanical properties of connective 
tissues using additive manufacturing, J. Mech. Behav. Biomed. Mater. 103 (2020) 103544.

16] M.A. Obeidi, S.M.U. Mhurchadha, R. Raghavendra, A. Conway, C. Souto, D. Tormey, I.U. Ahad, D. Brabazon, Comparison of the porosity and mechanical 
performance of 316l stainless steel manufactured on different laser powder bed fusion metal additive manufacturing machines, J. Mater. Res. Technol. 13 
(2021) 2361–2374.

17] W. King, A.T. Anderson, R.M. Ferencz, N.E. Hodge, C. Kamath, S.A. Khairallah, Overview of modelling and simulation of metal powder bed fusion process at 
Lawrence livermore national laboratory, Mater. Sci. Technol. 31 (8) (2015) 957–968.

18] Y. Lee, W. Zhang, Modeling of heat transfer, fluid flow and solidification microstructure of nickel-base superalloy fabricated by laser powder bed fusion, Addit. 
Manuf. 12 (2016) 178–188.

19] M.M. Francois, A. Sun, W.E. King, N.J. Henson, D. Tourret, C.A. Bronkhorst, N.N. Carlson, C.K. Newman, T. Haut, J. Bakosi, et al., Modeling of additive 
manufacturing processes for metals: challenges and opportunities, current opinion in solid state and, Mater. Sci. 21 (4) (2017) 198–206.

20] M. Bayat, W. Dong, J. Thorborg, A.C. To, J.H. Hattel, A review of multi-scale and multi-physics simulations of metal additive manufacturing processes with 
focus on modeling strategies, Addit. Manuf. 47 (2021) 102278.

21] J.A. Turner, J. Belak, N. Barton, M. Bement, N. Carlson, R. Carson, S. DeWitt, J.-L. Fattebert, N. Hodge, Z. Jibben, et al., Exaam: metal additive manufacturing 
simulation at the fidelity of the microstructure, Int. J. High Perform. Comput. Appl. 36 (1) (2022) 13–39.

22] T. Gatsos, K.A. Elsayed, Y. Zhai, D.A. Lados, Review on computational modeling of process–microstructure–property relationships in metal additive manufac-
turing, JOM 72 (2020) 403–419.

23] Y. Ji, L. Chen, L.-Q. Chen, Understanding microstructure evolution during additive manufacturing of metallic alloys using phase-field modeling, in: Thermo-
Mechanical Modeling of Additive Manufacturing, Elsevier, 2018, pp. 93–116.

24] M. Yang, L. Wang, W. Yan, Phase-field modeling of grain evolutions in additive manufacturing from nucleation, growth, to coarsening, npj Comput. Mater. 
7 (1) (2021) 56.

25] S. Sahoo, K. Chou, Phase-field simulation of microstructure evolution of ti–6al–4v in electron beam additive manufacturing process, Addit. Manuf. 9 (2016) 
14–24.

26] A.F. Chadwick, P.W. Voorhees, The development of grain structure during additive manufacturing, Acta Mater. 211 (2021) 116862.
27] T.M. Rodgers, J.D. Madison, V. Tikare, Simulation of metal additive manufacturing microstructures using kinetic Monte Carlo, Comput. Mater. Sci. 135 (2017) 

78–89.

28] K. Ouyang, Y. Kuang, J. Jiang, Quantitative simulation study of metal additive manufacturing by kinetic Monte Carlo, J. Appl. Math. Phys. 10 (5) (2022) 
1587–1601.

29] P. Liu, X. Cui, J. Deng, S. Li, Z. Li, L. Chen, Investigation of thermal responses during metallic additive manufacturing using a “tri-prism” finite element method, 
Int. J. Therm. Sci. 136 (2019) 217–229.

30] E. Neiva, S. Badia, A.F. Martín, M. Chiumenti, A scalable parallel finite element framework for growing geometries. Application to metal additive manufacturing, 
Int. J. Numer. Methods Eng. 119 (11) (2019) 1098–1125.

31] K. Teferra, D.J. Rowenhorst, Optimizing the cellular automata finite element model for additive manufacturing to simulate large microstructures, Acta Mater. 
213 (2021) 116930.

32] Q. Yang, P. Zhang, L. Cheng, Z. Min, M. Chyu, A.C. To, Finite element modeling and validation of thermomechanical behavior of ti-6al-4v in directed energy 
deposition additive manufacturing, Addit. Manuf. 12 (2016) 169–177.

33] S. Jayanath, A. Achuthan, A computationally efficient finite element framework to simulate additive manufacturing processes, J. Manuf. Sci. Eng. 140 (4) 
(2018) 041009.

34] A. Aggarwal, A. Kumar, Particle scale modelling of selective laser melting-based additive manufacturing process using open-source cfd code openfoam, Trans. 
Indian Inst. Met. 71 (2018) 2813–2817.

35] S. Liu, Y.C. Shin, Integrated 2d cellular automata-phase field modeling of solidification and microstructure evolution during additive manufacturing of ti6al4v, 
Comput. Mater. Sci. 183 (2020) 109889.

36] S. Raghavan, S.S. Sahay, Modeling the grain growth kinetics by cellular automaton, Mater. Sci. Eng. A 445 (2007) 203–209.
37] K. Janssens, An introductory review of cellular automata modeling of moving grain boundaries in polycrystalline materials, Math. Comput. Simul. 80 (7) (2010) 

1361–1381.

38] Y. Lian, S. Lin, W. Yan, W.K. Liu, G.J. Wagner, A parallelized three-dimensional cellular automaton model for grain growth during additive manufacturing, 
Comput. Mech. 61 (2018) 543–558.

39] M.S. Mohebbi, V. Ploshikhin, Implementation of nucleation in cellular automaton simulation of microstructural evolution during additive manufacturing of al 
alloys, Addit. Manuf. 36 (2020) 101726.

40] J.A. Newman, W.A. Tayon, T.J. Ruggles, S.R. Yeratapally, C.A. Brice, J.D. Hochhalter, J.M. Baughman, H.D. Claytor, Characterization of titanium alloys 
produced by electron beam directed energy deposition, Tech. Rep., 2018.

41] S.S. Acar, O. Bulut, T. Yalçinkaya, Crystal plasticity modeling of additively manufactured metallic microstructures, Proc. Struct. Integr. 35 (2022) 219–227.
42] P. Liu, Z. Wang, Y. Xiao, R.A. Lebensohn, Y. Liu, M.F. Horstemeyer, X. Cui, L. Chen, Integration of phase-field model and crystal plasticity for the prediction of 

process-structure-property relation of additively manufactured metallic materials, Int. J. Plast. 128 (2020) 102670.
43] M. Qian, Metal powder for additive manufacturing, JOM 67 (3) (2015) 536–537.
44] Y. Zhang, X. Xiao, J. Zhang, Kinetic Monte Carlo simulation of sintering behavior of additively manufactured stainless steel powder particles using reconstructed 

microstructures from synchrotron x-ray microtomography, Results Phys. 13 (2019) 102336.
45] T. Chen, Y. Zhang, Numerical simulation of two-dimensional melting and resolidification of a two-component metal powder layer in selective laser sintering 

process, Numer. Heat Transf., Part A, Appl. 46 (7) (2004) 633–649.
46] J. Yin, H. Zhu, L. Ke, W. Lei, C. Dai, D. Zuo, Simulation of temperature distribution in single metallic powder layer for laser micro-sintering, Comput. Mater. 

Sci. 53 (1) (2012) 333–339.
47] O. Zinovieva, A. Zinoviev, V. Ploshikhin, Three-dimensional modeling of the microstructure evolution during metal additive manufacturing, Comput. Mater. 

Sci. 141 (2018) 207–220.
48] C. McElfresh, J. Marian, Initial grain orientation controls static recrystallization outcomes in cold-worked iron: insight from coupled crystal plasticity/vertex 

dynamics modeling, Acta Mater. 245 (2023) 118631.
49] T. Eagar, N. Tsai, et al., Temperature fields produced by traveling distributed heat sources, Weld. J. 62 (12) (1983) 346–355.
50] P. Honarmandi, R. Seede, L. Xue, D. Shoukr, P. Morcos, B. Zhang, C. Zhang, A. Elwany, I. Karaman, R. Arroyave, A rigorous test and improvement of the 

Eagar-Tsai model for melt pool characteristics in laser powder bed fusion additive manufacturing, Addit. Manuf. 47 (2021) 102300.
51] T.-T. Ikeshoji, K. Nakamura, M. Yonehara, K. Imai, H. Kyogoku, Selective laser melting of pure copper, JOM 70 (2018) 396–400.
52] I. Zhirnov, S. Mekhontsev, B. Lane, S. Grantham, N. Bura, Accurate determination of laser spot position during laser powder bed fusion process thermography, 

Manuf. Lett. 23 (2020) 49–52.
53] M. Islam, T. Purtonen, H. Piili, A. Salminen, O. Nyrhilä, Temperature profile and imaging analysis of laser additive manufacturing of stainless steel, Phys. Proc. 

41 (2013) 835–842.
19

54] D. Porter, K. Easterling, Phase Transformation in Materials, Chapman & Hall, Boundary Row, London, 1992, pp. 291–308.

http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0E0895C288E9E48A703DBDF649139C17s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0E0895C288E9E48A703DBDF649139C17s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib024B86C447BFB228BD00D0E683FE5874s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib024B86C447BFB228BD00D0E683FE5874s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib024B86C447BFB228BD00D0E683FE5874s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0ED7A14D471C4B2B664469E5E1D57AE1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0ED7A14D471C4B2B664469E5E1D57AE1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib01FA50301D1E05C19C51FF072FBBCE0Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib01FA50301D1E05C19C51FF072FBBCE0Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4059C2168D7B6900BB323A321B5374A7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4059C2168D7B6900BB323A321B5374A7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib74CC10835BD5E24A9E15281AFB361FA6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib74CC10835BD5E24A9E15281AFB361FA6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE3C5E47EB7428CB52586962F5E3DF6B7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE3C5E47EB7428CB52586962F5E3DF6B7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib61D8D6C22BD15215EFC98FEC7B6003A2s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib61D8D6C22BD15215EFC98FEC7B6003A2s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib04702D0348636F139AB4007E20F2DBF9s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib04702D0348636F139AB4007E20F2DBF9s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2BDC36779D75EFBB83FB8C2148BF76CEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2BDC36779D75EFBB83FB8C2148BF76CEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB035611EA621755761B6A1902751AB50s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB035611EA621755761B6A1902751AB50s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA6135BFA1C0D19023EFEC500FD00F10As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2731E810F483D7AECBF3973D21BF0357s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2731E810F483D7AECBF3973D21BF0357s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC207A9385CB63CCE9F1789AC45588D63s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC207A9385CB63CCE9F1789AC45588D63s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib1FC071B87CD1C924F1A3EDC2262CCDA9s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib1FC071B87CD1C924F1A3EDC2262CCDA9s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib797043C15254292C118F77A072C78E5As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib797043C15254292C118F77A072C78E5As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibD71C4C42366B104541570936F45F64C3s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibD71C4C42366B104541570936F45F64C3s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA899910238CBE58600F9380C4D405AC1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA899910238CBE58600F9380C4D405AC1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6404F1D616FAD9CDAAA5A3F58DFED4C1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6404F1D616FAD9CDAAA5A3F58DFED4C1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBF94BB7A593BEDC5EFA7D0CC478484A7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBF94BB7A593BEDC5EFA7D0CC478484A7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE86FCFEFA15254B57A8029A4E35DC185s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE86FCFEFA15254B57A8029A4E35DC185s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0970155B154A615EEB124343CD95CA69s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF228B6D7E8EFAEEC5CE2375B3CE78CD6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF228B6D7E8EFAEEC5CE2375B3CE78CD6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA8D5D597AA1CD43684A9E2518258BE83s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA8D5D597AA1CD43684A9E2518258BE83s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib55A7333BFE614AF70AB194F1660083DEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib55A7333BFE614AF70AB194F1660083DEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBBE151D752E3EA453035F0AC58FBA89Es1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBBE151D752E3EA453035F0AC58FBA89Es1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibEC30B64356516600EDD680F72A4212B8s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB8360B8329784F2F30D6E1AA283A9377s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB8360B8329784F2F30D6E1AA283A9377s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibD0CC15C1CDA3F5401F4F2B40B376C9E0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB484C4D3161F9DF858A16632F3190650s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB484C4D3161F9DF858A16632F3190650s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib725B4B82FD27A01839B75E4CA856B4A4s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib725B4B82FD27A01839B75E4CA856B4A4s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0E29268B0D5E5016E56C05C738765557s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0E29268B0D5E5016E56C05C738765557s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib675693B063D055E441347054151401EFs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib675693B063D055E441347054151401EFs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF799E35BDF405E71B0D9E6840D0F6CFAs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF799E35BDF405E71B0D9E6840D0F6CFAs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4C941FA5F1F674B94150726805B2A3F8s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC1207D5D5F8EDDB7BE008555688741D7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC1207D5D5F8EDDB7BE008555688741D7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib440F8AB8FD19558CA393B526E6B34709s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib36D07635E4491A28F94D76EC1BE13125s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib36D07635E4491A28F94D76EC1BE13125s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4E1AAD6473B25ABD9E2C951C470ABD31s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4E1AAD6473B25ABD9E2C951C470ABD31s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib7A0B4A8259EABB1ACF187650A434CE9Fs1


C.

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

55] C. Tan, K. Zhou, W. Ma, P. Zhang, M. Liu, T. Kuang, Microstructural evolution, nanoprecipitation behavior and mechanical properties of selective laser melted 
high-performance grade 300 maraging steel, Mater. Des. 134 (2017) 23–34.

56] J. Long, M. Wang, W. Zhao, X. Zhang, Y. Wei, W. Ou, High-power wire arc additive manufacturing of stainless steel with active heat management, Sci. Technol. 
Weld. Join. 27 (4) (2022) 256–264.

57] S. Wang, C. Chen, J. Ju, J. Zhou, F. Xue, Suppression of lme cracks in sn bronze-steel system based on multi-material additive manufacturing, Mater. Lett. 335 
(2023) 133775.

58] F. Roters, M. Diehl, P. Shanthraj, P. Eisenlohr, C. Reuber, S.L. Wong, T. Maiti, A. Ebrahimi, T. Hochrainer, H.-O. Fabritius, et al., Damask–the Düsseldorf 
advanced material simulation kit for modeling multi-physics crystal plasticity, thermal, and damage phenomena from the single crystal up to the component 
scale, Comput. Mater. Sci. 158 (2019) 420–478.

59] R.J. Asaro, A. Needleman, Overview no. 42 texture development and strain hardening in rate dependent polycrystals, Acta Metall. 33 (6) (1985) 923–953.
60] Crystallographic Texture Evolution in Bulk Deformation Processing of FCC Metals, J. Mech. Phys. Solids 40 (3) (1992) 537–569.
61] Q. Yu, S. Chatterjee, K.J. Roche, G. Po, J. Marian, Coupling crystal plasticity and stochastic cluster dynamics models of irradiation damage in tungsten, Model. 

Simul. Mater. Sci. Eng. 29 (5) (2021) 055021.
62] C. McElfresh, C. Roberts, S. He, S. Prikhodko, J. Marian, Using machine-learning to understand complex microstructural effects on the mechanical behavior of 

ti-6al-4v alloys, Comput. Mater. Sci. 208 (2022) 111267.
63] T. Takeuchi, Work hardening of copper single crystals with multiple glide orientations, Trans. Japan Inst. Met. 16 (10) (1975) 629–640.
64] U. Kocks, The relation between polycrystal deformation and single-crystal deformation, Metall. Mater. Trans. B 1 (1970) 1121–1143.
65] M. El-Tahawy, Y. Huang, T. Um, H. Choe, J.L. Lábár, T.G. Langdon, J. Gubicza, Stored energy in ultrafine-grained 316l stainless steel processed by high-pressure 

torsion, J. Mater. Res. Technol. 6 (4) (2017) 339–347.
66] M. Victoria, Atomistically informed dislocation dynamics in fcc crystals, J. Mech. Phys. Solids 56 (3) (2008) 869–895.
67] Z. Li, T. Voisin, J.T. McKeown, J. Ye, T. Braun, C. Kamath, W.E. King, Y.M. Wang, Tensile properties, strain rate sensitivity, and activation volume of additively 

manufactured 316l stainless steels, Int. J. Plast. 120 (2019) 395–410.
68] M. Dao, L. Lu, Y. Shen, S. Suresh, Strength, strain-rate sensitivity and ductility of copper with nanoscale twins, Acta Mater. 54 (20) (2006) 5421–5432.
69] S. El Shawish, M. Bogataj, L. Cizelj, Crystal plasticity model calibration for 316l stainless steel single crystals during deformation, in: COMPLAS XII: Proceedings 

of the XII International Conference on Computational Plasticity: Fundamentals and Applications, CIMNE, 2013, pp. 811–822.
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316l stainless steel after am and heat treatment, Materials 16 (11) (2023) 3935.

93] Y. Hong, C. Zhou, Y. Zheng, L. Zhang, J. Zheng, The cellular boundary with high density of dislocations governed the strengthening mechanism in selective 
laser melted 316l stainless steel, Mater. Sci. Eng. A 799 (2021) 140279.

94] R.J. Griffiths, D. Garcia, J. Song, V.K. Vasudevan, M.A. Steiner, W. Cai, Z.Y. Hang, Solid-state additive manufacturing of aluminum and copper using additive 
friction stir deposition: process-microstructure linkages, Mater. 15 (2021) 100967.

95] C. Zeng, Study of laser based additive manufacturing for titanium and copper alloys, Ph.D. thesis, Louisiana State University and Agricultural & Mechanical 
College, 2021.

96] C.-A. Gandin, A coupled finite element-cellular automaton model for the prediction of dendritic grain structures in solidification processes, Acta Metall. Mater. 
20

42 (7) (1994) 2233–2246.

http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE1E7136A92107BE6715C63C28F231E28s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE1E7136A92107BE6715C63C28F231E28s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib9F19F764E8BF6C8E699778E11D172F56s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib9F19F764E8BF6C8E699778E11D172F56s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib52D98AC8E0BF08372DFEF81271868613s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib52D98AC8E0BF08372DFEF81271868613s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2402ABE17486D18418A3D91C5B736625s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2402ABE17486D18418A3D91C5B736625s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2402ABE17486D18418A3D91C5B736625s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6D1DFFD73342106F3A4184BB7E96AB24s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib894706259964E4C337AB55EDCD8A95CEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA7B7E33F4E8487801ECC226C0C7BFF0Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA7B7E33F4E8487801ECC226C0C7BFF0Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE8B5F930066544C5A106CC9D6D4C5E2Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibE8B5F930066544C5A106CC9D6D4C5E2Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibD88D5D5A000E161E5B3AFDCD5C112BBAs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib4131EB38FA00D23E2CD472393B0FA0DCs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC48180963DC75DB0DBABC1433B72E5B0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC48180963DC75DB0DBABC1433B72E5B0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib99253AC810E6A966E91F25309928A3C5s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib7B33CB58523BC5192701482B83B60B93s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib7B33CB58523BC5192701482B83B60B93s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibCB735687591AAEBDF7E057932FE196E3s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA2022709DE864FE042E977AA34DCD0FEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA2022709DE864FE042E977AA34DCD0FEs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib5DFC1E3B9880A540157762CC3094F847s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib5DFC1E3B9880A540157762CC3094F847s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF8FDC3244F7D579C0C332BBF85F50A7Bs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF8FDC3244F7D579C0C332BBF85F50A7Bs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB748A530AD309FE7C0C07D5F2A2E62A4s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib1ABE481B969C7743FFA837E19919E461s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib1ABE481B969C7743FFA837E19919E461s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8A9A62E44DDBA9FBD4BAACBA0340471As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8A9A62E44DDBA9FBD4BAACBA0340471As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8D5532D9D5BD87F383805C29E49BA5C5s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8D5532D9D5BD87F383805C29E49BA5C5s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF17F64A2B06E898F65FC4BEEC6C7B7F0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF17F64A2B06E898F65FC4BEEC6C7B7F0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibED777B5CFEAA8C6751AE5B36B6BB767Ds1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF7241DCD489401BC9A0AC679275249BCs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib71ADA618F653C1B0F729710EF158E3F3s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib140899634387226901B7DA062CCC5340s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib140899634387226901B7DA062CCC5340s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF363D98784399AEA7382E8E9AE0CB32Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibF363D98784399AEA7382E8E9AE0CB32Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib096BDB496327FE6993FE1B2836BFE69Ds1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib096BDB496327FE6993FE1B2836BFE69Ds1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib296D58DFE7882D99E222E9C47F8C5179s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib296D58DFE7882D99E222E9C47F8C5179s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA559EEE376123F7A3562165A0CBE93CAs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibA559EEE376123F7A3562165A0CBE93CAs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0FDF684D1D036135AA09BD55627B4D80s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0FDF684D1D036135AA09BD55627B4D80s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC62A56CFE3E272E11AD28EC73457EAD6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC62A56CFE3E272E11AD28EC73457EAD6s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8992B6BB66661CB9A82C91F8B94668E7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib8992B6BB66661CB9A82C91F8B94668E7s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibD53597E890CB2CE62DB8580B8860B680s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibEBE34C7791AA1BB74B556D9D55A4CA2Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibEBE34C7791AA1BB74B556D9D55A4CA2Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB383536CE56E7D5E410DCBDEF6AD0E9Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB383536CE56E7D5E410DCBDEF6AD0E9Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB383536CE56E7D5E410DCBDEF6AD0E9Fs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC6A75425C1E9ADF2BB069AC73A44724Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibC6A75425C1E9ADF2BB069AC73A44724Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib139F923F4186C469D415823B63FDE5BFs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib139F923F4186C469D415823B63FDE5BFs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib00CE75B40A0D628C26EF045246BAACF2s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib00CE75B40A0D628C26EF045246BAACF2s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6C04881FB60E499A49A0BEE43B4E065Es1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib6C04881FB60E499A49A0BEE43B4E065Es1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib9C23689991A1EB4EB78500AD87DA0857s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib9C23689991A1EB4EB78500AD87DA0857s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib27D6441747774D75BA36C4BABF1FBB7As1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib27D6441747774D75BA36C4BABF1FBB7As1


C.

[

[

[

[1

[1

[1

[1

[1

[1

[1
Heliyon 10 (2024) e23202McElfresh, Y.M. Wang and J. Marian

97] C.-A. Gandin, Probabilistic modelling of microstructure formation in solidification processes, Acta Metall. Mater. 41 (2) (1993) 345–360.
98] Q. Chen, G. Guillemot, C.-A. Gandin, M. Bellet, Three-dimensional finite element thermomechanical modeling of additive manufacturing by selective laser 

melting for ceramic materials, Addit. Manuf. 16 (2017) 124–137.
99] H.M. Ledbetter, R.P. Reed, Elastic properties of metals and alloys, I. Iron, nickel, and iron-nickel alloys, J. Phys. Chem. Ref. Data 2 (3) (1973) 531–618.
00] A. Leicht, C. Pauzon, M. Rashidi, U. Klement, L. Nyborg, E. Hryha, Effect of part thickness on the microstructure and tensile properties of 316l parts produced 

by laser powder bed fusion, Adv. Ind. Manuf. Eng. 2 (2021) 100037.
01] S. Afkhami, M. Dabiri, H. Piili, T. Björk, Effects of manufacturing parameters and mechanical post-processing on stainless steel 316l processed by laser powder 

bed fusion, Mater. Sci. Eng. A 802 (2021) 140660.
02] L. Chen, B. Richter, X. Zhang, K.B. Bertsch, D.J. Thoma, F.E. Pfefferkorn, Effect of laser polishing on the microstructure and mechanical properties of stainless 

steel 316l fabricated by laser powder bed fusion, Mater. Sci. Eng. A 802 (2021) 140579.
03] A. Leicht, C.-H. Yu, V. Luzin, U. Klement, E. Hryha, Effect of scan rotation on the microstructure development and mechanical properties of 316l parts produced 

by laser powder bed fusion, Mater. Charact. 163 (2020) 110309.
04] M. Bonesso, P. Rebesan, C. Gennari, S. Mancin, R. Dima, A. Pepato, I. Calliari, Effect of particle size distribution on laser powder bed fusion manufacturability 

of copper, Berg- Huettenmaenn. Monatsh. 166 (2021) 256–262.
05] Y. Liu, J. Zhang, Q. Tan, Y. Yin, S. Liu, M. Li, M. Li, Q. Liu, Y. Zhou, T. Wu, et al., Additive manufacturing of high strength copper alloy with heterogeneous 

grain structure through laser powder bed fusion, Acta Mater. 220 (2021) 117311.
06] Z. Mao, X. An, X. Liao, J. Wang, Opposite grain size dependence of strain rate sensitivity of copper at low vs high strain rates, Mater. Sci. Eng. A 738 (2018) 
21

430–438.

http://refhub.elsevier.com/S2405-8440(23)10410-5/bib24F8F8831C11E3808285E6FC2A01F8DCs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2464C749B2FA1AC345439250BF4D8FC4s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib2464C749B2FA1AC345439250BF4D8FC4s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibCC9A8376A41B980EC5034B6C5EBC813Es1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB2C4D46FFA1B63EF1EE5A68E5C64241Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibB2C4D46FFA1B63EF1EE5A68E5C64241Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibCDC9FA26176EA6C4B9ACCD03D360E390s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibCDC9FA26176EA6C4B9ACCD03D360E390s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib5711BAA66F246C2D4A9FF23E3FE849E1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib5711BAA66F246C2D4A9FF23E3FE849E1s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0958293B5B556C86DB0C3D9393DC077Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib0958293B5B556C86DB0C3D9393DC077Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBEEB8D145BE8418426A4877BAB82F2F5s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bibBEEB8D145BE8418426A4877BAB82F2F5s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib39BD7472B4F9F8C14D33F68AB24FF77Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib39BD7472B4F9F8C14D33F68AB24FF77Cs1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib462D0136A18C96EF8DEE61530D0D2AC0s1
http://refhub.elsevier.com/S2405-8440(23)10410-5/bib462D0136A18C96EF8DEE61530D0D2AC0s1

	Fast-throughput simulations of laser-based additive manufacturing in metals to study the influence of processing parameters...
	1 Introduction
	2 Theory and methods
	2.1 Cellular automaton
	2.2 Polycrystal construction
	2.3 Laser temperature distribution
	2.4 Nucleation and growth
	2.5 Time integration and coupling of the microstructure evolution to laser rastering
	2.6 Crystal plasticity model
	2.7 Computational cost

	3 Results
	3.1 Influence of processing parameters on microstructural properties
	3.2 Grain size and aspect ratio
	3.2.1 Results for pure Cu
	3.2.2 Results for pure 316L

	3.3 Mechanical properties
	3.3.1 Results for pure stainless steel 316L
	3.3.2 Results for pure Cu

	3.4 Statistical importance analysis

	4 Discussion
	4.1 Discussion on evolution of microstructural and mechanical variables
	4.2 Discussion on model limitations

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Anisotropic elastic constants
	Appendix B Validation of dislocation mean free path approach for polycrystal strength calculations
	B.1 Dislocation mean free path
	B.2 Simulations of grain boundary strengthening

	Appendix C Supplementary material
	References


