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Abstract

Additive manufacturing (AM) offers opportunities to produce complex part geometries not possible
with conventional processing and in some cases even improve part performance. However, adoption has
been slowed by difficulties assessing microstructure variability, and there is no straightforward approach
to relate processing to grain structure characteristics. In this study, we review grain structures and
textures of parts produced using laser powder bed fusion (LPBF) raster patterns, identifying three
texture regimes corresponding to melt pool overlap region geometry. The ability to accurately simulate
melt pool geometries and textures corresponding to each of these regimes in the absence of applied layer
rotations is shown with the scalable and efficient AM models AdditiveFOAM and ExaCA. From a large
ensemble of simulations enabled by these modeling tools, characteristic values of an angle governing
melt pool overlap region geometry are used to demarcate the transition between two of these regimes,
with good agreement with experimental data. Simulations with 90 degree rotation of the raster pattern
between layers display a complex effect on texture that depends on the melt pool overlap sizes and
geometries from each individual layer. EBSD data from a benchmark AM part is used to validate the
simulated mechanism of a layer rotation-induced texture strengthening effect. These results expand the
understanding of the mechanisms for texture selection in cubic alloys and offer an approach to easily
evaluate processing conditions. Additionally, these results showcase the abilities and limitations of a
cellular automata-based model’s texture predictions under complex thermal conditions. With this new
understanding, it will be possible to anticipate previously unexpected variations in grain structure and
target specific microstructures and properties.

1 Introduction

Metal additive manufacturing (AM) is a rapidly maturing class of processing methods for the production
of parts for various biomedical [1], aerospace [2], and automotive applications [3, 4]. Laser powder bed
fusion (LPBF) and electron beam melting (EBM) processes hold several advantages over conventional alloy
manufacturing such as the ability to produce complex geometries not otherwise possible and the ability
to change part design without producing additional tooling. However, component consistency remains an
issue as the microstructures and properties of AM parts often differ significantly from their conventional
counterparts due to the differences in processing conditions. The distribution of grain shapes and sizes in
AM microstructures can also vary significantly based on the feedstock material, specific AM manufacturing
method, and processing parameters [5, 6]. Even for fixed material and processing conditions, the complex-
ity of the relationships between processing and microstructure development yield a significant amount of
microstructure variability across parts and within a given part.

The most commonly used scan patterns in AM are bidirectional rasters of the heat source along a
given direction, with some offset between lines, along with various rotations of the raster direction between
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deposited layers. A wide range of beam power and scan speed for a given machine and feedstock material is
possible, but only a relatively small window of power and velocity will yield fully dense parts with minimal
defects [7, 8, 9]. Within this process printability window, studies on microstructure development often focus
on grain refinement as the highly anisotropic and strongly textured grain structures common to AM are
typically not desirable. Some studies have observed grain refinement through altering alloy chemistry or
inoculating melt pools to produce additional grain nucleation sites [10, 11], while others have attempted
to tune process conditions to trigger the columnar to equiaxed transition (CET) and the corresponding
reduction in grain size and anisotropy [12, 13]. However, for common part geometries and raster conditions
(particularly for LPBF), the large thermal gradients in the melt pool inhibit the formation of equiaxed grains.
The conditions instead favor anisotropic epitaxial growth of grains from previously deposited layers or from
nucleated particles [14, 15, 16, 17]. For the cubic crystal structure common to single phase solidification of
most AM materials, grains with h1 0 0i directions oriented near the thermal gradient direction will be favored
for epitaxial growth through multiple layers. This in turn introduces an implied dependence of grain size
and texture on the melt pool geometry. While there has been extensive experimental and modeling work
performed to parameterize the AM printability window, grain refinement, and the CET, trends relating melt
pool conditions within the processing window to grain size and texture selection for the commonly observed
epitaxial grain structures have not yet been codified into a larger framework.

Despite wide ranges of possible alloy chemistry and processing conditions, many AM alloys show similar
grain structure features. For LPBF without layer rotation, the most commonly observed grain structures
consist of columnar grains with preferred h1 1 0i parallel to (//) the build direction (Z), sometimes separated
by narrower columnar h1 0 0i//Z grains [18, 19, 20, 21, 22, 23, 24]. The h1 1 0i//Z grains advance in a zig-
zag fashion from the melt pool overlap boundaries, which tend to be inclined around 45° from Z, while the
h1 0 0i//Z grains advance in Z through the melt pool centerlines of successive layers [20, 25]. Chevron-shaped
grains with h1 0 0i aligned with the beam transverse and build directions may also be present the melt pool
overlap regions [20, 26], potentially from branching of the h1 0 0i//Z centerline grains into the overlap regions
[27]. When considering rotation of the scan pattern between layers (67° and 90° being the most commonly
employed), the size and frequency of the h1 1 0i//Z grains is typically reduced, resulting in weaker textures
[28, 21, 24]. Grain structures produced from EBM often consist nearly entirely of columnar h1 0 0i//Z grains
[29], though the melt pools are often much larger than those produced through LPBF and the CET has been
observed under some conditions [30]. It has been hypothesized that these particular textures are related to
the melt pool shape, with narrow or wide melt pool cross-sections promoting orientations with h1 0 0i aligned
with the cardinal directions, and more semicircular melt pool cross-sections promoting grains with h1 1 0i//Z
[31].

The process-dependence of grain structure and texture present in AM parts, among other features such
as porosity, render quality testing and part certification particularly time consuming and expensive. Mod-
eling tools can reduce this cost through clarification of the process-microstructure relationships, effectively
augmenting component design and process optimization through selection of processing conditions likely
to produce consistent and desirable microstructures. As modeling texture development in large multilayer
domains across the extensive AM parameter space requires a large number of simulations, common solidi-
fication modeling methods like Phase Field (PF) are too computationally expensive for this purpose. The
probability-based kinetic Monte Carlo (kMC) method has been able to quantitatively and qualitatively re-
produce grain shape distributions and texture for builds with various melt pool geometries [32]. Another
kMC study showed a transition between columnar h1 1 0i//Z-dominated solidification to chevron-shaped
h1 0 0i//Z-dominated solidification with increasing hatch spacing and layer thickness [33]. While the sim-
plicity of kMC allows for much faster microstructure simulation than PF, the kMC method also requires the
tuning of probabilities to reproduce the correct solidification behavior as it does not contain any of the solidi-
fication physics. The cellular automata (CA) method offers a balance of the computational efficiency of kMC
and the physical accuracy of PF by using a geometry-based algorithm to model the solidification of grains
with cubic crystal structures, making the method well-suited for larger scale studies of grain structure. Sev-
eral CA studies have also reproduced the characteristic h1 0 0i//Z chevron-shaped grains and the h1 1 0i//Z
columnar grains [34, 35, 36, 25, 37, 38]. Similar to the finding of [33], a CA study also observed a transition
from solidification dominated by columnar h1 1 0i//Z grains to chevron-shaped h1 0 0i//Z-dominated grains
with increasing hatch spacing [37]. CA simulations have also shown the expected size reduction for the
h1 1 0i//Z grains upon application of scan pattern rotation between layers [35, 36, 25], and the presence
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of tall columnar h1 0 0i//Z grains for simulations of EBM [34, 39, 40]. However, these previous kMC and
CA studies considered relatively few simulations, rarely considered the effect of heterogeneous grain nucle-
ation on the predicted microstructure, and did not seek to quantify the transition between microstructure
regimes. Additionally, given the length scale of AM microstructure development and the nearly-infinite
range of possible processing conditions, even kMC and CA models require long run times and large resource
utilization.

The goal of the present work is to understand AM grain structure evolution and texture development
mechanisms as functions of melt pool geometry and layer rotation. ExaCA is uniquely suited for this work as
it utilizes pre-Exascale and Exascale computing resources at the Oak Ridge Leadership Computing Facility
(OLCF) to quickly perform large simulations, such as the 3.8 billion cell calculation performed in just 8.5
hours on four nodes of the Summit supercomputer that was recently validated against EBSD data [41].
Results from a large ensemble of solidification simulations with variation in layer height, hatch spacing,
spot size, nucleation density, and scan pattern rotation are analyzed to explain AM microstructure trends
observed in the literature as functions of melt pool overlap geometry and grain competition. The three
common texture regimes resulting from different melt pool geometries are modeled and identified, as are
the effects of 90° layer rotation on microstructure development. The mechanism of texture selection is also
used to understand ExaCA’s successful simulation of the microstructure from a benchmark experiment.
This understanding of texture regimes and trends observed in the literature will aid future work designing
processing conditions to minimize variability of microstructures, which is a key step in the quality control of
AM parts and accelerated adoption of AM processes for industrial use. While the results in the present work
are for a specific FCC alloy, Inconel 625, the mechanisms and trends observed are valid for AM processing of
any material with cubic crystal symmetry that solidifies in the commonly observed dendritic mode. These
modeling results will also set the stage for future work modeling more complex deposition, which will in turn
aid in the design of processing conditions to produce desired textures.

2 Theory

It has previously been hypothesized that there are three characteristic AM melt pool cross-sectional shapes
that tend to yield three characteristic grain shapes and textures from epitaxial growth [31]. However,
consideration of individual melt pools neglects the effect of hatch spacing and layer thickness. We extend
this hypothesis to parameterize melt pool overlap regions using the texture selection angle �s: the orientation
with respect to the build direction for a select portion of the melt pool overlap edge, projected onto a 2D
plane perpendicular to the scan direction. As shown schematically in Figure 1a-c, the orientation of the melt
pool edges in the overlap region govern which grains advance (yellow outline) and which are impinged and
remelt (red outline). The gold highlighted portion of the melt pool in Figure 1d, enlarged in Figure 1e, is
the portion of the melt pool overlap in layer “n” that does not undergo remelting in layer “n+1” - any grains
that appear in this region will also appear in the final microstructure. In turn, �s governs grain selection
during the final solidification of the highlighted region, approximated in Figure 1e as the orientation of the
line segment AC with respect to the build direction. Points A and B are the bottom of the melt pool overlap
regions in layer “n” and layer “n+1”, respectively, and point C is selected such that the segment BC is
perpendicular to the melt pool boundary.

Three characteristic melt pool overlap geometries based on �s are shown schematically in Figure 2.
Regime I melt pool overlaps occur as �s approaches zero (Figure 2a), and the narrow melt pool overlap
regions support grains with h1 0 0i parallel to (//) the beam transverse (Y) direction as well as the build (Z)
direction. These grains tend to take on chevron shapes due to the direction of the thermal gradient near
the top of the melt pool. Regime II overlap regions (Figure 2b) at intermediate �s are the most commonly
encountered in LPBF, and the orientation of h1 0 0i along the diagonal directions in turn favors h1 1 0i//Z
and h1 0 0i in the scan (X) direction. Grains with h1 0 0i//Z orientations from the melt pool centers may
appear in either Regime I or Regime II depending on the shape of the melt pool bottom and the distance
between the overlap region and the centerlines. In Regime III overlap regions (Figure 2c), �s approaches 90
degrees and the h1 0 0i//Z centerline grains become indistinguishable from the h1 0 0i//Z grains growing from
the relatively flat overlap regions. Regime III overlap regions are primarily encountered in EBM processes,
which tend to have larger and flatter melt pools than those common to LPBF. These three regimes will be
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Figure 1: The solidification of a melt pool overlap region in a plane perpendicular to beam motion. (a)
shows the original baseplate microstructure, while (b) and (c) show the microstructure after the melting
and solidification of the first and second melt pools, respectively. The grains highlighted in red in (a) and
(b) were unable to survive both remelting and resolidification events, and were blocked from advancing
by those highlighted in yellow. (d) highlights the potion of the melt pool overlap region that will not melt
again on the next layer (i.e., will appear in the final microstructure), along with the portion of the melt
pool boundary that will control the final solidification of said region. (e) shows the definition of the tex-
ture selection angle �s, where points A and B are the bottom of the melt pool overlap regions in layer “n”
and layer “n+1”, respectively, and point C is selected such that the segment BC is perpendicular to the
melt pool boundary.
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Figure 2: 2D schematics of the three representative melt pool overlap regimes in relation to �s. The red
arrows indicate the favored orientation of the h1 0 0i directions, while the dashed red arrows from the
melt pool centers in (a) and (b) indicate the h1 0 0i//Z grains that may or may not form depending on
the width of the melt pool bottom and the space between adjacent overlap regions. In Regime I, grains
with h1 0 0i//Y (as well as h1 0 0i//Z) will be favored in the overlap region, while in Regimes II and III,
h1 1 0i//Z and h1 0 0i//Z textures are favored, respectively.

used to classify modeled grain structure throughout this study. As these regimes are only 2D representations
of 3D overlap shapes, the melt pool tail length also plays a role in texture selection; while this is not a major
focus of the present study, the topic will be revisited in the discussion of the “sub-regimes” in Subsection
5.1 and in Appendix B.

The simulations performed in Section 4 consider the variation of two parameters from AdditiveFOAM
simulations: the spot size D4� and substrate temperature TS used to generate single line temperature data.
Additionally, the construction of the multiline, multilayer temperature fields consider variations in hatch
spacing h and layer thickness H. As shown in Figure 3, variation in any of these inputs will have an effect
on �s that in turn is expected to affect the ExaCA-predicted microstructure. Increasing h or H will decrease
�s; however, increasing h decreases the size of the overlap region while increasing H increases the portion
of the overlap region that avoids remelting on successive layers. Increasing D4� or TS will increase �s as
a wider spread in heat input or a preheated baseplate (in the absence of transient effects) results in wider
melt pools, as well as larger melt pool overlap regions. It should be noted that while larger TS resulted
in smaller thermal gradient magnitudes in the melt pools, the difference did not have a significant impact
on the nucleation behavior in the simulations as the thermal gradients in all cases were sufficiently large to
support columnar solidification over equaixed solidification.
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Figure 3: Schematic showing the effect on �s (in turn dependent on points A, B, and C defined in Figure
1) resulting from variation of the four input parameters governing the melt pool overlap geometry: hatch
spacing h, layer thickness H, spot size D4� and substrate temperature TS .

3 Methods

In this section, the methods and software used to obtain melt pool data with various possible values of the
texture selection angle �s are described. First, the heat transport model used to generate single line time-
temperature history data is described in Subsection 3.1, and the microstructure model used to model grain
structure is described in Subsection 3.2. The input parameter space for hatch spacing h, layer thickness H,
spot size D4� and substrate temperature TS (all of which are used to control �s) and the model coupling
procedure are described in Subsection 3.3.

3.1 Heat transport model

The thermal conditions in the melt pool were simulated using AdditiveFOAM [42], a custom solver imple-
mented within the OpenFOAM finite volume platform. The conservation of energy is defined as

�c
@T

@t
= r � (krT ) + �Lf

@fs
@t

+ Q̇ (1)

where � is density, c is specific heat, T is temperature, t is time, k is thermal conductivity, Lf is latent

heat of fusion, fs is the solid mass fraction, and Q̇ is a volumetric heating rate due to a moving heat
source. The first source term in Eq.(1) accounts for latent heat evolution during solidification and melting,
where the temperature-solid fraction relationship is simplified as a linear function between the equilibrium
liquidus temperature Tl and the eutectic temperature Te. The second source term in Eq.(2) accounts for the
transient heat input to the system by the moving laser, which is modeled as an ellipsoid with a super-Gaussian
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where � is the effective absorption, P is the heat source power, ∆x, ∆y, and ∆z are the relative distances from
the laser center, and s is the shape factor of the super-Gaussian distribution. rx, ry, and rz are the half-widths
of the distribution, defined here as ri = D4�=2 s

p
2 where D4� is the ISO international standard definition

for beam width. The values of the effective absorption � and the heat source depth were calibrated against
observed melt pool dimensions from the AM benchmark experiment series AMB2018-02 for representative
spot sizes D4�= 80, 100, 122,2, and 166.7 �m [43]. The thermophysical properties used for Inconel 625
were collected using JMatPro and are summarized in Table 1 [44]. Density and heat capacity were constant
properties evaluated at the alloy liquidus temperature for both phases. While this approach may lead to some
errors, it is sufficient for the analysis of trends for grain structure evolution explored here. The calibrated
parameters for each spot size are also reported in Table 1 and a quantitative comparison of the predicted
and experimental melt pool dimensions is provided in Figure 4. The model prediction of the solidus and
liquidus isotherms generally bounds the measured melt pool measurements, with a slight underprediction of
melt pool depth at D4� = 80.0 �m. Given the large spread in the experimental measurements, this error
was considered acceptable for the purposes of this study.

Table 1: AdditiveFOAM model inputs for Inconel 625 used in the present work
Parameter Symbol Value
Density � 7569.92 kg/m-3

Specific heat capacity cp 750.65 J/(kg � K)
Solid thermal conductivity ks 8.441 + 0.0147 � T J/(m � s � K)
Liquid thermal conductivity kl 5.1182 + 0.0148 � T J/(m � s � K)
Latent heat of fusion Lf 2.9 � 105 J/kg
Liquidus temperature TL 1620 K
Eutectic temperature TE 1410 K
Substrate preheat temperature TS Varied
Spot size D4� Varied
Laser power P 195 W
Scan speed V 0.8 m/s
Laser absorptivity,
D4� = 80.0, 100.0, 122.2, 166.7 �m � [0.72, 0.66, 0.37, 0.32]
Laser depth,
D4� = 80.0, 100.0, 122.2, 166.7 �m rz [107.69, 91.26, 61.34, 39.41] �m

3.2 Grain structure model

ExaCA, a cellular-automata (CA) based model developed as part of the Exascale Computing Project’s ad-
ditive manufacturing modeling initiative (ExaAM), is used to predict the as-solidified grain structure using
time-temperature history data from AdditiveFOAM. A complete description of the model is provided in
Rolchigo et al. [41]. ExaCA considers the key physics that lead to grain structure evolution and texture
development in dendritic solidification of AM metals: the heterogeneous nucleation of new grains in the
undercooled liquid ahead of the solidification front, and the solidification kinetics of said grains. An approx-
imate relationship known as the interfacial response function governs the local solidification velocity of a
grain, V , as a polynomial function of the local undercooling in a cell, ∆T , normalized by the cell size ∆x
and time step ∆t such that

V (∆T ) =
∆t

∆x
� (A(∆T )3 +B(∆T )2 + C(∆T )); (3)

where A, B, and C are fitting parameters. ExaCA uses the decentered octahedron method of Gandin
and Rappaz [45] to approximate the grain envelope anisotropy, where the center-to-vertex directions of the
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Figure 4: Comparison of the melt pool dimensions measured from the AMB2018-02 experiments for each
of the four spot sizes of interest against the predicted melt pool dimensions from calibrated Additive-
FOAM simulations [43]. The model prediction of the mushy zone, indicated by the blue fill, straddles the
average behavior of the experiments for each spot size.

octahedral grain envelopes tracked within the CA cells represent the six crystallographic h1 0 0i directions of
a given grain. These are the favored directions for dendritic solidification of a crystal structure with four-fold
symmetry, such as the FCC structure of the Ni-based Inconel 625 modeled in the current work. To account
for the wider range of melt pool shapes investigated in this work, a series of changes to the AdditiveFOAM
time-temperature history format and to ExaCA itself were made in v1.1 to extend the ExaCA algorithm
previously described in [41]. These are given in more detail in Appendix A.

The ExaCA input parameters used in the present work are shown in Table 2. Here, ∆x and ∆t were
conservatively chosen based on a previous convergence study [46]. The interfacial response function fitting
parameters A, B, and C from another CA study on a Ni-based alloy [47] are used. There is significant
variability in the chosen values of mean nucleation undercooling ∆TN and standard deviation of nucleation
undercooling ∆T� in the CA literature, with some studies not considering heterogeneous nucleation at all.
Reasonable estimates of these nucleation undercooling distribution parameters were selected from near the
center of the ranges used in the literature. The heterogeneous nucleation density N0, the parameter on
which there appears to be the most uncertainty in the CA modeling literature, will be varied throughout to
investigate its role on grain structure development. The roles of nucleation undercooling distribution and
the interfacial response function on texture selection will be investigated in future work.

3.3 Problem Statement

The simulations performed in this study aim to relate the predicted grain structure to the size and orientation
of melt pool overlap regions characteristic of LPBF processing, quantified with the texture selection angle
�s. This is first done by considering microstructure simulations without layer rotation in Subsection 4.1.
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Table 2: ExaCA model inputs used in the present work
Parameter Symbol Value
Cell size ∆x 1.25 �m
Time step ∆t 0.0625 �s
Interfacial response function third
order fitting parameter

A -1.0302 � 10-7 m s-1 K-3

Interfacial response function sec-
ond order fitting parameter

B 1.0533 � 10-4 m s-1 K-2

Interfacial response function first
order fitting parameter

C 2.2196 � 10-3 m s-1 K-1

Mean substrate grain size S0 12.3 �m
Heterogeneous nucleation density N0 Varied
Mean nucleation undercooling ∆TN 10 K
Standard deviation of nucleation
undercooling

∆T� 0.5 K

AdditiveFOAM simulations of line scans were performed at a substrate temperature TS of 300 K and four
spot size D4� values from the AMB2018-01 calibration: 80.0 �m, 100.0 �m, 122.2 �m, and 166.7 �m.
Figure 5a shows steady-state portions of these melt pools; while the melt pools have similar widths, the
tail lengths and particularly the cross-section aspect ratios are notably different. To ensure that �s is fixed
across melt pool overlaps in a given layer, we implemented a simple approach using 1 mm segments of
these steady-state melt pool predictions to generate time-temperature history data for ExaCA. As shown in
Figure 5b, a 1 mm by 1 mm raster pad can be created by translating the 1 mm temperature data segments
in the beam transverse direction by increments of the hatch spacing h, mirroring the segments such that
the scan directions alternated between +/- X, and offsetting the melting and solidification times such that
the segments melt and solidify in order. Offsetting these pads in the build direction by increments of layer
height H as shown in Figure 5c allows construction of multilayer time-temperature history data fields. Using
h between 60 and 100 �m and H between 15 and 55 �m for each of the four D4�, ExaCA simulations
were performed over a wide range of �s. This was first done for purely epitaxial solidification in Subsection
4.1.1 to examine grain competition from the baseplate grains, then for competitive growth between epitaxial
solidification and heterogeneous nucleation in Subsection 4.1.2.

The second half of the results, shown in Subsection 4.2, consider the effect of rotating the scan direction by
90° on every even numbered layer (i.e, the layer stacking shown in Figure 5d). This is first done in Subsection
4.2.1 using D4�, h, and H selected from the results in Subsection 4.1. The more complex scenario where
the melt pools in the odd and even numbered layers have different sizes (and different �s) is then examined
in Subsection 4.2.2. These raster pads used a fixed D4� of 100 �m, h of 100 �m, and H of 20 �m, but TS
was varied between 300 and 1100 K to create melt pool overlaps of different sizes and �s. An example of
a 3D ExaCA-simulated grain structure with 90° scan rotation and competitive solidification from epitaxial
baseplate grains and nucleated grains in shown in Figure 5e. The importance of nucleation despite large ~G
supporting columnar grains is clearly shown, as about half of the XY cross-section at Z = 1 mm is occupied
by nucleated grains. As a result, the simulations in Subsection 4.2 all consider heterogeneous nucleation.

For multilayer CA simulations, cells in each new powder layer were not assigned GrainID values, en-
suring that all grains appearing in the final microstructure are from either the baseplate or a nucleation
event. Matlab and the MTEX toolbox were used to generate all inverse pole figures and inverse pole figure
colored cross-sections; for each simulation, XY cross-sections were taken Z = 1 mm above the baseplate
top (perpendicular to the build direction), and YZ cross-sections at X = 0.5 mm (bisecting the simulation
domain parallel to the build direction). A sufficient number of layers was simulated to obtain at least 1.1 mm
of microstructure extending in the build direction, ensuring that the Z = 1 mm cross-section was not part
of the last simulated layer’s final transient microstructure. These simulations were performed on Crusher, a
pre-Exascale supercomputer at the Oak Ridge Leadership Computing Facility (OLCF), with each simulation
utilizing 1 node and all 8 available GPUs per node. As a code designed to leverage pre-Exascale and Exas-
cale hardware, ExaCA completed each simulation (each of which consisted of 500 to 600 million CA cells) in

9



Figure 5: (a) Schematic showing the melt pool tail shape modeled by AdditiveFOAM with varied spot size
D4� and initial simulation temperature TS = 300 K. (b) Construction of a raster pad time-temperature
history (colored by the time at which locations go below the liquidus for the final time in the layer, tl)
through translating segments by increments of h, offsetting the melting and solidification times such that
segments solidify in order, and mirroring every other segment across the central YZ plane to produce a
bidirectional raster scan pad. (c) Construction of a multilayer time-temperature history in the absence of
layer rotation through offsetting raster pads by increments of H. (d) Construction of a multilayer time-
temperature history with 90° rotation of every other layer. (e) An example of an ExaCA simulated mi-
crostructure using the layer stacking from (d). The white arrows in (c) and (d) indicate the scan direc-
tion(s).
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between 2 and 6 hours - orders of magnitude faster than CPU-only coupled heat transport and solidification
simulations in the literature for similar size problems.

4 Results

4.1 Microstructure development without layer rotation

4.1.1 Epitaxial growth

Distinct texture regimes are observed in the XY cross-sections of Figure 6, generated from simulations
using permutations of D4�, h, and H and colored using the IPF-Z (build) direction map. Permutations of
D4�, h, and H where the melt pools did not fully interpenetrate (i.e., regions of unmelted material were
present between layers) and simulations where more than two lines overlapped in the same location within a
layer were discarded to focus on melt pool profiles more commonly encountered in AM processing (marked
with “Inc. melt” or “3x melt” in Figure 6, respectively). For the valid permutations, the textures include
various fractions of h1 0 0i//Z (red in the Figure 6 cross-sections, characteristic of Regime I or III overlap
regions) and h1 1 0i//Z (green in the Figure 6 cross-sections, characteristic of Regime II overlap regions).
Other adjacent orientations are present as well, as indicated by the shades of orange and magenta present
in many of the cross-sections featuring h1 0 0i//Z grains and the shades of yellow and blue in many of the
cross-sections favoring h1 1 0i//Z grains. Boundaries separating Regimes I and II (solid) and Regimes II
and III (dashed) based on the characteristic textures are also annotated in Figure 6. As expected based on
Figure 3, the Regime II to I transition can occur with decreasing D4�, increasing h, or increasing H, each of
which resulted in smaller �s. Additionally, the lone microstructure to exhibit the columnar h1 0 0i//Z grains
characteristic of Regime III occurred at the smallest h, smallest H, and largest D4�.

Figure 6: Simulated XY cross-sections (perpendicular to the build direction, colored with respect to the
build direction) with various spot size D4�, layer height H, and hatch spacing h for bidirectional raster
solidification without layer rotation. Solid and dashed lines denote transitions between h1 0 0i//Z and
h1 1 0i//Z dominated texture regimes. Simulations where the permutation of D4�, H, and h resulted in
incomplete overlap between successive layers (“Inc. melt”) or the overlap of three of more melt tracks in a
given layer (“3x melt”) were not performed.

To more closely examine trends in texture with respect to �s across various D4�, h, and H, a subset of
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Figure 7: Microstructures corresponding to the three texture regimes, reproduced from selected permuta-
tions of D4�, H, and h from Figure 6. YZ cross-sections (perpendicular to the scan direction), XY cross-
sections (perpendicular to the build direction), and inverse pole figures from the XY cross-sections relative
to each cardinal direction are shown.

the microstructures that exhibited Regime I, II, and III texture behavior is reproduced in Figure 7, ordered
by increasing values of �s. XY and YZ cross-sections are given using IPF-X, IPF-Y, and IPF-Z coloring and
are shown alongside the inverse pole figures for the XY cross-section relative to the X, Y, and Z directions.
A sharp transition between texture regimes I and II from Figure 6 occurs for �s values between 20 and 22.8°,
roughly midway between 0° and 45°. At smaller �s, the microstructure exhibited textures characteristic of
Regime I, and those with �s closer to 45° than 0° exhibited textures characteristic of Regime II. Additionally,
the simulation with the largest �s, approaching 45°, showed a texture characteristic of Regime III. Note that
while the YZ cross-sections make it appear as though new grains are forming during the build, all grains in
these simulations came from the baseplate; the grains that appear towards the top of the build are growing
from out of the plane perpendicular to the scan direction (X). This effect is also shown via the grain shapes
in the XY cross-sections, which are elongated in the X direction. The inverse pole figures show that for
the Regime I microstructures, in addition to the alignment of h1 0 0i with Z, there is often an even stronger
alignment of h1 0 0i with the beam transverse direction (Y) as expected from Figure 2a. The inverse pole
figures for the Regime II microstructures show that in addition to the alignment of a h1 1 0i direction with
Z, these microstructures also exhibit an alignment of a h1 0 0i direction with X and directions near X (as
evidenced by the red and magenta in the IPF-X colored cross-sections) and a h1 1 1i direction with Y (as
evidenced by the blue in the IPF-Y colored cross-sections).
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4.1.2 Competitive epitaxial and nucleated growth

Although the previous results on epitaxial growth reveal specific trends in grain competition, it is well known
that nucleation of new grains can play a significant role in development of grain structure. Previous work has
shown analytically that the columnar-to-equiaxed transition (CET) is more sensitive to nucleation density
(N0) than to alloy composition [48]. Though a CET is not expected under the conditions examined in this
study, there is still a question to be answered on the sensitivity of grain size and texture strength to N0.
A subset of D4�, h, and H from each regime and regime transition in Subsection 4.1.1 are selected here to
explore the effect of N0 for a few characteristic melt pool overlap geometries. Parameters for these selected
conditions are given in Table 3.

Table 3: Raster pattern parameters governing representative examples of regime transitions for epitaxial
growth simulations
Case D4σ

(µm)
h
(µm)

H
(µm)

�s (°) Associated regime for epitaxial growth

A 80.0 100 35 13.6 I
B 80.0 80 35 22.8 II
C 80.0 100 15 17.1 I, near transition to II
D 166.7 60 15 42.9 III, near transition to II

Introducing heterogeneous nucleation to the present simulations resulted in a reduction in grain size, and
either a strengthening or weakening of texture based on the texture regime and the nucleation density used.
These trends are shown in Figure 8 for the four selected permutations of D4�, h, and H (Cases A, B, C, and
D from Table 3) and three different N0. A nucleation density of 1013 m-3 does not significantly change the
microstructures, only resulting in a marginal decrease in grain size. However, at the larger nucleation density
of 1015 m-3, the characteristic h1 0 0i // Y and Z texture of Regime I in Figure 8 Case A is significantly
weaker, and the characteristic h1 1 0i // Z texture of Regime II in Figure 8 Case B is slightly stronger. The
Case A microstructure in particular undergoes a large decrease in grain size. Case C from Figure 8 exhibited
a Regime I texture in the absence of nucleation, but also showed a weak secondary h1 1 0i alignment with the
Z direction characteristic of Regime II. At the largest nucleation density, the Case C texture transitioned into
a structure representative of Regime II, with a strong preferred h1 1 0i//Z orientation and few grains retaining
the original h1 0 0i alignment with Y. A similar situation occurs for Case D from Figure 8, which transitioned
from the characteristic h1 0 0i//Z texture of Regime III to the characteristic h1 1 0i//Z texture of Regime II
with increasing nucleation density. For the Case D microstructure, the preferred h1 0 0i alignment with Z
in the absence of nucleation did not completely disappear, but these grains were generally outcompeted by
Regime II’s preferred h1 1 0i//Z orientation. It should be noted that despite the grain refinement in these
simulations, the CET did not occur; the grains formed via nucleation events continued to take on columnar
shapes.
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Figure 8: YZ cross-sections (perpendicular to the scan direction, X) colored with respect to the transverse
(Y) and build (Z) directions, and inverse pole figures from the XY cross-sections with respect to Y and Z
for the four cases listed in Table 3 (labeled A, B, C, and D) and three different nucleation densities N0.
The regime associated with each microstructure is annotated, and depends on D4�, h, H, and N0.
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4.2 Microstructure development with layer rotation

4.2.1 E�ect of layer regimes for �xed melt pool sizes

Using the representative cases from Table 3 with N0 = 5 � 1014 m-3, simulations with scans in the +/- X
directions (“odd” scan pattern”), simulations with scans in the +/- Y directions (“even” scan pattern”),
and simulations with 90° rotation (layers using alternating odd and even scan patterns) were performed.
Cross-sections normal to the beam transverse direction plotted in Figure 9 show that the regimes associated
with the individual layers directly control the impact of layer rotation on the final microstructure. For Case
A (Figure 9a), the Regime I melt pool geometries without layer rotation were associated with h1 0 0i aligned
with the transverse and build directions. As a result, alternating odd and even scan patterns allowed grains
with h1 0 0i parallel to all three cardinal directions to advance through layers, and the microstructure with
layer rotation does not look significantly different than the microstructures simulated using only the odd
or only the even layers. For Case B (Figure 9b), the Regime II odd layer melt pool overlap geometries
supported h1 1 0i//Z and h1 0 0i//X while the even layers supported h1 1 0i//Z and h1 0 0i//Y. As grains
favored in one layer were not favored in the next, the microstructure with layer rotation showed significantly
fewer h1 1 0i//Z grains, a reduced grain size, and a weaker texture with notably more h1 1 1i//Z and h2 1 1i//Z
grains compared to microstructures without layer rotation. A similar effect is seen for Case C (Figure 9c)
near the Regime I-II boundary, as alternating odd and even layer scan patterns removed the h1 1 0i//Z grains.
Case D (Figure 9d) showed a strengthening of the h1 0 0i//Z texture with layer rotation, as this orientation
is favored in both odd and even layers while the h1 1 0i//Z variants are not.

4.2.2 E�ect of layer regimes and melt pool size di�erences

Scan rotation with disparate odd (+/- X direction scans) and even (+/- Y direction scans) layer overlap
geometries can lead to a wider range of predicted grain structures compared to simulations in which odd
and even layers have the same melt pool geometry. To interrogate this effect, raster pattern datasets were
generated from AdditiveFOAM line scan simulations with fixed D4� = 100.0 �m, h = 100 �m, and H =
20 �m, using various initial simulation temperatures (TS). With TS of 300, 500, 700, 900, and 1100 K, this
yielded 25 possible permutations of odd and even layer melt pool geometries. The nucleation density used
by ExaCA was again fixed at N0 = 5 � 1014 m-3 for these simulations. Increasing TS in turn lead to raster
patterns with larger melt pool overlaps and larger �s, while a larger disparity between odd and even layer
TS affected the ratio between the odd and even layer melt pool sizes. The simulation results in Figure 10
are not given in terms of TS but rather in terms of �s;odd and �s;even. Additionally, we define Rsmall�large
as the ratio between the melt pool overlap area in the layer with smaller TS to the melt pool overlap area
of the layer with larger TS . Although increasing TS lead to smaller thermal gradients in the melt pool, this
difference was negligible with respect to any potential CET, and TS was merely a mechanism through which
�s;odd, �s;even, and Rsmall�large could be varied.

As expected, the aforementioned 25 permutations of odd and even layer melt pool geometry lead to a
wide range of grain shapes, sizes, and textures. XY cross-sections (colored using the IPF-Z map) for the
simulations are shown in Figure 10a, while Figure 10b lists the corresponding Rsmall�large values for each
permutation. The text colors in Figure 10b correspond to the dominant texture component with respect to
the build direction for each simulation in Figure 10a (red for h1 0 0i, green for h1 1 0i, or blue for h1 1 1i). For
simulations where Rsmall�large > 0.75, one of three behaviors is observed:

1. If �s of both layers were near or less than 22.5° (near the Regime I-II transition), a Regime I structure
with h1 0 0i aligned with the cardinal directions was predicted and h1 1 0i//Z grains from either layer
were suppressed, similar to the effect of rotation in Figure 9c.

2. If �s of both layers approaches 45° (near the Regime II-III transition), a Regime III structure with
h1 0 0i//Z grains from the melt pool centerline regions dominating the more weakly textured grains
from the overlap regions was predicted. Grains with h1 1 0i//Z orientations from either layer were
again suppressed, similar to the effect of rotation in Figure 9d.

3. For an intermediate range of �s between around 25 and 34°, an h1 1 1i//Z texture not favored by either
individual layer’s overlap region is predicted. This is similar to the effect of rotation in Figure 9b.
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Figure 9: Transverse cross-sections, colored using the IPF-Z colormap, resulting from simulations using
odd (+/- X direction), even (+/- Y direction), and alternating odd and even layer scan patterns. Each of
(a)-(d) correspond to simulations performed using the corresponding Case A, B, C, or D in Table 3.
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Figure 10: (a)XY cross-sections, colored using the IPF-Z colormap, resulting from simulations incorporat-
ing 90° layer rotation and various permutations of �s;odd and �s;even. (b) Ratios of the smaller to larger
overlap region size for the various permutations of odd and even layer melt pools (Rsmall�large), colored
by the dominant crystallographic orientation with respect to the build direction observed in (a).

When Rsmall�large is near 1, the grain cross-sections from the overlap regions are roughly square. How-
ever, as Rsmall�large skews towards 0, the grain cross-sections are elongated in the scan direction of the
layer with the larger melt pool overlaps (larger �s). Under these conditions, a h1 1 0i//Z texture tended
to develop from the layer with the larger melt pools. The strongest h1 1 0i//Z textures occurred at the
smallest Rsmall�large due to fewer grains with secondary h1 1 1i//Z or h2 2 1i//Z orientations compared to
the simulations without layer rotation in Subsection 4.1. These h1 1 0i//Z-dominated grain structures also
featured smaller grains from the melt pool centerlines; these predominantly have a h1 0 0i//Z alignment. The
h1 0 0i//Z grains from the centerlines of a given layer are more prominent with larger melt pools (larger �s).

5 Discussion

5.1 Regime selection

In the absence of layer rotation, the texture selection angle �s (in turn dependent on D4�, h, and H)
appeared to control which grain orientations dominated the final simulated microstructures. However, N0

played a role in texture selection as well, with increasing N0 more likely to strengthen the h1 1 0i//Z texture
characteristic of Regime II. Given that N0 is highly variable and not generally known during AM process-
ing, this creates a source of uncertainty in both the modeled and experimental transition between regimes.
Additionally, simulated overlap regions will have error bounds on �s as the overlap edge resolution is limited
by the temperature data resolution, and experimentally observed melt pool data will have a range of �s
due to stochastic variation across different melt pools. To quantitatively examine the texture transitions
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observed as a function of model inputs, �s is calculated for each permutation of D4�, h, and H previously
examined in Figure 6. Using inverse pole figures from the XY cross-sections, the multiples of uniform distri-
bution value for each texture component of interest (h1 0 0i//Y, h1 1 0i//Z, and h1 0 0i//Z) was calculated.
The simulated microstructures were then classified as Regime I, II, or III based on the strongest texture
component: h1 0 0i//Y for Regime I, h1 1 0i//Z for Regime II, or h1 0 0i//Z for Regime III. The simulations
from Figure 6 were then repeated using N0 = 5 � 1014 m-3 and the results again classified by regime. If
the simulations with and without nucleation supported different regimes, or if more than 1.5 multiples of
uniform distribution were present for more than one texture component, the microstructure was designated
as “mixed” rather than assigned one regime.

To show the relationship between �s and regimes with and without heterogeneous nucleation, the calcu-
lated �s for each previously examined permutation of D4�, h, and H is plotted in Figure 11a and colored
by the assigned regime: red for Regime I, green for Regime II, or brown for a regime transition. The error
bars are associated with the finite accuracy on �s due to grid resolution. As expected, a clear transition
is observed from Regime I to Regime II with increasing �s and finally to Regime III as �s becomes larger
than 45°. Based on the results without nucleation in Figure 7, it might be expected that the Regime I-II
transition occurs precisely at 22.5°, halfway between the 0° value representing the extreme case in Figure 2a
and the 45° value representing the extreme case in Figure 2b. However, in the model results, the “mixed”
regime cases appeared primarily at or below �s = 22.5° and at �s as low as 17.5°. This suggests that grain
nucleation has a tendency to disrupt grains with h1 0 0i aligned with the transverse direction even in a range
of �s where melt pool geometry theoretically favors these grains.

To support these findings from the modeled microstructures, a similar analysis was performed on available
microscopy data in the literature for builds without layer rotation. For these datasets, �s values were approx-
imated from melt pool outlines and regime selection was evaluated based on EBSD data where available. A
significant margin of error in the measurement of �s is present due to the lack of consistency in the number of
melt pools present in the images, the fact that the EBSD data was not always taken from the same location
as the optical images, and variation �s even for adjacent melt pools. Despite these relatively large error
bars, the experimental trends in Figure 11b are very similar to those predicted by ExaCA. For �s > 22.5°,
the texture was nearly always dominated by h1 1 0i//Z grains, and EBSD data with a significant number
of h1 0 0i//Y or Z grains nearly always fell inside the 17.5-22.5° range observed from the modeled results as
the Regime I-II transition. Interestingly, while significant amounts of Regime I grains appeared in several of
the experimental grain structures, h1 0 0i//Y or Z was never the dominant texture component; Regime II’s
h1 1 0i//Z texture was always present in the experimental data. It is likely that melt pool overlap regions
where �s values are consistently less than 17.5° are difficult to achieve for common operating conditions in
AM, and would risk lack of fusion defects due to the small associated overlap regions. The experimental data
used in Figure 11b included SLM of various FCC and BCC metals and alloys, showing that the �s criteria
for regime selection appears to be independent of material (other than the nucleation density’s dependence
on the feedstock) or process conditions.

While the dominant texture components in the absence of layer rotation (scans in +/- X directions) were
h1 0 0i//Y and h1 1 0i//Z for Regime I and II overlap geometries, respectively, ranges of secondary preferred
orientations were consistently present in the data from Figure 6, Figure 7, and Figure 8. The strengths of the
dominant texture components also varied. A few observations regarding these “subregimes” from the model
results and the literature are given here, with additional detail regarding these features discussed further in
Appendix B.

• Within Regime I, the strongest h1 0 0i//Y textures tended to appear near the Regime I - II transition,
associated with larger overlap regions. This was also observed by [28], as the strongest h1 0 0i alignment
with the cardinal directions was observed at the largest energy densities. At �s far from the transition,
secondary orientations such as h3 1 0i and h3 1 1i//Y and Z became more common. These were not
observed in any EBSD data, likely due to the fact that the associated �s values rarely are sufficiently
and consistently small during real builds.

• Within Regime II at small D4�, small H, and small h, prominent h2 2 1i//Z and h1 1 1i//Z texture
components competed with the h1 1 0i//Z grains, leading to a weak texture overall. These parameters
correspond to larger ratios of overlap region size to H, leading to more melt-solidification events per
cell in the overlap regions during the build. These secondary preferred orientations were also observed
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Figure 11: Dominant texture components, where red is h1 0 0i parallel to the transverse direction, green is
h1 1 0i parallel to the build direction, and brown is a mix of the two, for (a) simulated microstructures and
(b) EBSD data from the literature [19, 20, 27, 22, 49, 26, 24, 21, 23]. �s was calculated for the CA simu-
lations and measured from optical microscopy images for the experimental data. The transition between
regimes occurs at similar �s values in the simulated and experimental microstructures.

in the literature [22, 49, 21, 26, 19] and appeared to be slightly more common with larger energy
absorption [49, 26] or smaller H [19], which also lead to larger ratios of overlap region size to H.
However, the model prediction overestimates the prominence of these secondary favored orientations.

• Within Regime II at large D4�, large H, and large h, prominent h2 1 0i//Z and h2 1 1i//Z texture
components competed with the h1 1 0i//Z grains, leading to a weak texture overall. These correspond
to the opposite set of conditions that promote h2 2 1i//Z and h1 1 1i//Z orientations, i.e., fewer melt-
solidification events per cell in the overlap regions during the build. These h2 1 0i//Z orientations were
observed experimentally at larger H, which also leads to smaller ratios of overlap region size to H
[49, 27, 26, 19]. However, the model prediction again overestimates the prominence of these secondary
favored orientations.

5.2 Texture selection with 90° scan rotation

The underlying origins of the texture regimes as discussed in Subsection 5.1 are the key to understanding
texture development when incorporating scan rotation. Experimentally, when the melt pools of the even
numbered layers are rotated 90° from the odd numbered layers and the melt pools of both layers are of similar
sizes, h1 0 0i//Y and Z grains either from nucleation events or inward branching of the melt pool centerline
grains tend to be favored [22, 28, 27, 24]. However, this is only predicted by ExaCA in Figure 10 when �s
of the layers puts the overlap geometry near the Regime I-II transition or near the Regime II-III transition.
At intermediate �s values in Figure 10, ExaCA correctly predicts grain refinement and suppression of the
Regime II h1 1 0i//Z grains but incorrectly predicts a h1 1 1i//Z texture. This is possibly due to the CA
algorithm underestimating the advance of h1 0 0i grains from the melt pool centerlines and branching inward
to the overlap regions, blocking h1 1 1i//Z grains in cases where the odd and even layers do not support
the same h1 1 0i//Z variant. This in turn may be related to the CA model’s octahedral envelopes poorly
approximating the side-branching kinetics during dendritic solidification under these conditions. Supporting
this hypothesis is the prediction of dominant h1 1 1i//Z orientations under various layer rotation by CA
models in the literature [50, 36, 35], all of which use the decentered octahedron method to handle evolution
of the grain envelope shape.

When the overlap region in one layer is significantly larger than that of the other, such as the cases in
Figure 10 where Rsmall�large < 0.75, the simulated texture from the larger melt pools dominates the final
grain shape. This is supported by the observation of Thijs et al that the preferred crystallographic orientation
skews towards the preferred orientation in layers where more impingement occurs [51]. The model results
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