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Abstract: One of the technological hurdles in the widespread application of additive manufacturing
is the formation of undesired microstructure and defects, e.g., the formation of columnar grains in
Ti-6Al-4V—the columnar microstructure results in anisotropic mechanical properties, a reduction
in ductility, and a decrease in the endurance limit. Here, we present the potential implementation
of a hexagonal array of synchronized lasers to alter the microstructure of Ti–6Al–4V toward the
formation of preferable equiaxed grains. An anisotropic heat transfer model is employed to obtain
the temporal/spatial temperature distributions and construct the solidification map for various
process parameters, i.e., laser power, scanning speed, and the internal distance among lasers in the
array. Approximately 55% of the volume fraction of equiaxed grains is obtained using a laser power
of P = 500 W and a scanning speed of v = 100 mm/s. The volume fraction of the equiaxed grains
decreases with increasing scanning velocity; it drops to 38% for v = 1000 mm/s. This reduction is
attributed to the decrease in absorbed heat and thermal crosstalk among lasers, i.e., the absorbed heat
is higher at low scanning speeds, promoting thermal crosstalk between melt pools and subsequently
forming a large volume fraction of equiaxed grains. Additionally, a degree of overlap between lasers
in the array is required for high scanning speeds (v = 1000 mm/s) to form a coherent melt pool,
although this is unnecessary for low scanning speeds (v = 100 mm/s).

Keywords: laser powder bed fusion; equiaxed microstructure; multi-beam laser; melt pool; process
variables; Ti–6Al–4V

1. Introduction

Laser powder bed fusion (LPBF) additive manufacturing techniques can fabricate
complex 3D parts on demand using localized networks [1,2], drastically changing the
landscape of future manufacturing. However, its current application is limited by defect
formation (e.g., pores, spatter, and cracks), dimensional inaccuracy, and undesired mi-
crostructures that result in the final part’s poor material properties (e.g., lower yield stress,
anisotropic mechanical properties, and fatigue endurance limit [3]). Among all the issues
above, the formation of undesirable microstructures and the consequent degradation of
mechanical properties pose a significant hurdle to the full adoption of this technology. For
instance, the laser powder bed fusion (LPBF) of Ti–6Al–4V is prone to forming a columnar
microstructure aligned with the built direction [4], which reduces the endurance limit.
Note that these microstructural issues are more process-dependent (due to a fast heating
and cooling rate in the LPBF process) than material-dependent and have been observed
in the LPBF manufacturing of a wide range of materials, such as high-entropy alloys [5],
high-strength aluminum alloys [6], 316L steel [7], Invar [8], and Ni-based superalloys [9].
Therefore, any proposed method to control the microstructure has a significant impact on
the field.

Previous studies [10,11] show that the thermal gradient and solidification rate are
two parameters that can control the microstructure (equiaxed vs. columnar). One novel
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method to tune the microstructure by controlling the thermal gradient and cooling rate is
beam shaping [12–15], which utilizes a non-traditional beam shape instead of the Gaussian
beam profile, e.g., ring, top-hat, and elliptical beams. The temperature profile is more
uniform than that of Gaussian beams, which leads to a higher percentage of equiaxed
grains. This objective can also be achieved by employing the synchronized multi-beam
additive manufacturing technique, which can combine numerous Gaussian beams to form
a wide range of beam shapes [16,17]. The synchronized multi-beam can be used in various
configurations, such as hexagonal, circular, square, and linear, making it a versatile beam-
shaping approach [17]. However, few studies have investigated the relationship between
synchronized multi-laser-based additive manufacturing and microstructure. For instance,
a multi-beam Rosenthal solution and a semi-analytical approach were used to model the
thermal gradients of two coordinated laser beams for Ti-6Al-4V [18]. The results showed
that this technique could not alter the microstructure, and the material still comprised
columnar grains.

Additionally, an analytical solution was used in [19] to optimize the multi-beam laser
configurations (five laser beams) to investigate the lasers’ configuration on the microstruc-
ture of Inconel. The computational results showed that one could increase the percentage
of equiaxed grains by precise control over laser positioning, increasing the probability of
equiaxed grain formation to 99.8%. Notably, the analytical solutions are overly simpli-
fied and only provide a steady-state solution, cannot predict complex beam paths, and
ignore the effects of latent heat, radiation, and convection [20]. A dual laser configuration
was implemented in [21], in which the secondary laser acts as a post-treatment process.
This dual configuration created a more uniform microstructure; however, the grains were
still columnar. A similar configuration was implemented for Inconel, which showed that
having a secondary laser beam near the melt pool significantly alters the microstructure,
density, and surface roughness [22]. Finally, a comprehensive computational model, in-
cluding temperature dependency of material properties, Marangoni effects, radiation, and
convection, was developed for two synchronized lasers with various configurations, i.e.,
layer-wise and spatially synchronized [23]. However, the impact of laser configuration on
the microstructure was not investigated. Other studies on multi-beam lasers focused on
reducing residual stress by using a laser to preheat the powder bed [24–27], increasing pro-
ductivity [28], and variation in mechanical properties (microhardness and tensile strength)
of the overlapped region in a dual laser configuration [29–31]. In short, there is no study
on the effect of a synchronized hexagonal laser configuration on the microstructure, and a
basic understanding of the underlying physics is still lacking. Note that the hexagonal laser
configuration is selected here because of its potential to change the thermal distribution
around the melt pool and its complexity compared to linear configurations.

It is worth noting that the main focus of this work is on grain structure, and other mi-
crostructural issues, such as the martensitic phase transition, were ignored. The martensitic
phases reduce the ductility of Ti–6Al–4V; however, it can be limited through alloying [32],
post-treatments [33], changes in border design [34], and optimization of process parame-
ters [35]. It can also be refined through high-energy pulsed laser surface re-melting, which
increases the corrosion resistivity of the material compared to as-cast components [36].
Finally, note that the thermal gradient and solidification rates are not the only available
methods to control the grain structure, and a wealth of other approaches, such as grain
boundary modification, optimization of process control, and alloy compositions, have been
actively pursued to attain the desired microstructure in as-built fabricated parts [37]. A
seminal review of the correlation between melt pool characteristics and microstructure can
be found in [38].

2. Governing Equations and Model Verification

The MOOSE (Multi-Physics Object-Oriented Simulation Environment) software is
used to solve the heat conduction equation and predict melt pool dimensions. The powder
bed dimensions are 1 × 1 × 0.5 mm for a single laser and 5 × 1.5 × 1.5 mm for the multi-
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laser configuration. Eight-node hexahedral elements with dimensions of 10 × 10 × 7.5 µm
are employed to mesh the simulation domain; note that the powder diameter is typically
around 30–50 µm. Additionally, a finer mesh, 5 × 5 × 5 µm, was utilized to check the
sensitivity of the results to the mesh size, and it was found that the melt pool dimension
only changed by 0.1%. Therefore, the 10 × 10 × 7.5 µm mesh is used to reduce the
computational time and cost for all simulations. The size of the simulation domain is
adequate for transient thermal analysis since it is at least ten times larger than the thermal
diffusion length based on the laser velocity range, lth =

√
Dr0/v = 0.036–0.025 mm [39],

where v is the scanning velocity, D is thermal diffusivity, and r0 is laser beam radius. The
laser power and velocity range (see Table 1) are selected to ensure that melting occurs
predominantly in the conduction regime [40]; see Figure S1 in the Supplementary Material.
All lasers in the hexagonal configuration have the same power, scanning speed, and beam
radius. The distance between the lasers in the hexagonal configuration is constant during
scanning, and the powder bed is scanned simultaneously by all lasers in the array.

Table 1. Model and laser parameters for LPB-AM of Ti–6Al–4V [41].

Parameter Notation Value

Solidus temperature (K) TS 1878

Liquidus temperature (K) TL 1993

Melting temperature (K) Tm 1923

Absorption coefficient A 0.25

Laser beam radius (µm) ro 75

Laser power (W) P 50, 300, 500

Laser speed (mm/s) v 100–1000

Melting enthalpy (kJ/kg) Hf 370

Thermal conductivity enhancement
factors λx, λy, λz 10, 10, 15

Heat transfer convection (W/m2K) hc 50

Heat transfer radiation (W/m2K) hr 1

Governing Equations: The transient temperature distribution is obtained using the
anisotropic thermal conductivity model.

cpρ
∂T
∂t

=
∂

∂x

(
λxk

∂T
∂x

)
+

∂

∂y

(
λyk

∂T
∂y

)
+

∂

∂z

(
λzk

∂T
∂z

)
− ρH f

∂α

∂t
. (1)

where cp is the specific heat capacity, ρ is density, λn is the thermal conductivity enhance-
ment factor, kn is the thermal conductivity, Hf is the melting enthalpy, α is the melt fraction
(α = 1 indicates the liquid (melt) and α = 0 represents the solid phase), T is the powder bed
temperature, and t represents time. The melt fraction parameter can be defined as follows:

α =


0, T < TS

(T − TS)/(TL − TS), TS < T < TL
1, T > TL

(2)

where TS is the solidus temperature, and TL is the liquidus temperature. This simplified
model mimics the effect of Marangoni convection in the melt pool and considers heat
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absorption during melting. Additionally, the Gaussian heat flux was used to model a
moving laser heating the top surface.

q(x, y) =
2PA
πr2

o
exp

−
2
(
(x − vt)2 − y2

r2
o

. (3)

where A is the laser absorption coefficient, and v, P, and ro are the laser beam velocity (scan-
ning speed), power, and spot radius, respectively. Additionally, convection and radiation
boundary conditions were added to all surfaces except the bottom of the powder bed.

.
q = hc(T − T0) + hr

(
T4 − T

4
0

)
(4)

.
q = q(x, y) + hc(T − T0) + hr

(
T4 − T4

0

)
(5)

where hc and hr are the convective and radiation heat transfer coefficients, respectively,
and T0 is room temperature. The symmetric boundary condition was applied to reduce
computational cost. All model parameters are summarized in Table 1, and the Ti–6Al–4V
alloy’s thermo-physical properties are included in Table S1 in the Supplementary Materials.

Model Verification for Single LPBF: Due to the lack of experimental results on the melt
pool dimensions of multi-laser synchronized LPBF, the single laser scenario is modeled
first, and its melt pool width/height is compared to its experimental counterparts of Ti–
6Al–4V [10] (Figure 1c). The rationale behind this verification approach is based on the
validity of the superposition principle for the heat equation, i.e., the thermal distribution
of multiple heat sources can be written as the sum of the solutions of each heat source
in conduction mode. Therefore, if a computational model correctly predicts the thermal
distribution of a single heat source (common LPBF with one laser), it should also be able to
predict the solution of multiple heat sources correctly based on the superposition principle.
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Figure 1. The melt pool dimensions for a single laser beam. (a) Scanning direction, the overall shape
of the melt pool, and solidus/liquidus contours. (b) Temperature distribution and definition of depth
and width of the melt pool based on melting temperature. (c) Comparison between experimental
and numerical simulations for melt pool dimensions (Reproduced with permission from Ref. [16].
Copyright 2022, Springer Nature).

The model agrees well with experiments, considering all uncertainties in modeling
and physical parameters, e.g., the temperature dependence of the laser absorption co-
efficient [42], various mathematical models for laser-beam heat sources [43,44], and the
temperature dependence of density and thermal conductivity with powder porosity [45].
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Additionally, note that the dependency of the anisotropic thermal conductivity on laser
power and speed [44] was ignored to reduce computational modeling expenses. Finally,
the overall shape of the melt pool agrees with other numerical studies, i.e., it constitutes a
long tail in the form of a comet [46].

Solidification Map: The thermal gradient (
∣∣∣∣→G∣∣∣∣) and solidification rate (R) are calculated

to construct the solidification map and consequently analyze the microstructure:

∣∣∣∣→G∣∣∣∣ =
√(

∂T
∂x

)2
+

(
∂T
∂y

)2
+

(
∂T
∂z

)2
, R = v

Gx

|G| . (6)

The calculated solidification map for a single laser with various scanning speeds is
depicted in Figure 2b. The R values are calculated for the cooling zone of the melt pool,

R > 0; Figure 2a shows the contour of R and
∣∣∣∣→G∣∣∣∣ in the cooling zone. The local values are

used to provide a better picture of solidification due to the significant variation of R and∣∣∣∣→G∣∣∣∣ along the liquidus surface, i.e., the temperature gradient at the bottom is two times

larger than the values at the top [20,47]. Generally, the solidification rate increases as it
moves toward the tail of the melt pool (Figure 2a). Therefore, the columnar grain appears at
the bottom of the melt (point B in Figure 2b), and the mixed microstructure appears at the
tail (point S in Figure 2b). Increasing scanning speed leads to an increase in the R × G value
(constant grain size), representing a reduction in grain size [11,48]. In general, an increase in
R accompanied by a reduction in G causes larger undercooling and, consequently, promotes
the equiaxed microstructure [49]. These trends agree well with the observed experimental
microstructures in the literature [48].
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Figure 2. The melt pool shape and solidification map of a laser beam. (a) The G and R contours on
the liquidus surface for a 300-W laser beam with a scanning velocity of 500 mm/s. (b) Solidification
map for a 300-W laser beam with various scanning velocities.

3. Results and Discussion

The laser power in the hexagonal configuration varies between 50 and 500 W (low to
medium level), and the velocity range is 100 to 1000 mm/s. The distance between laser
beams, r, in the hexagonal array varies from 50 to 250 µm for all processing parameters
(Figure 3a). The solidification map for the 50-W laser is shown in Figure 3b, which predicts
the columnar and mixed microstructures for all process parameters, i.e., internal laser
distance and speed. However, an increase in scanning speed results in more refined grains
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(larger values of R × G). It also increases the fraction of the mixed region by increasing R
and, consequently, increasing the undercooling. It is worth noting that the equiaxed grain
morphology cannot be attained with this set of processing parameters. Figure 4c shows the
melt pool shape in the x-y and y-z planes at v = 100 mm/s as a representative case. The
melt pool shape becomes irregular at r ≥ 150 µm and loses its coherency for r ≥ 200 µm
with a scanning speed of 100 mm/s. The melt pool shape incoherency, i.e., multiple melt
pools, occurs for r > 75 µm for 500 mm/s and 1000 mm/s scanning speeds. Therefore,
the thermal gradients and solidification rates for incoherent melt pools were omitted from
Figures 3b and 4a,b.
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Figure 3. The hexagonal laser configuration and solidification map for the low-power laser beam.
(a) The schematic of the hexagonal laser array. The distance between laser spots inside the hexagonal
configuration is designated by r, and it is constant during scanning. (b) Solidification map for various
scanning velocities and laser configurations, i.e., various distances between laser spots.

The melt pool’s variation in width and depth for various internal laser spacings (i.e.,
the distance between two lasers in the hexagonal configuration as depicted in Figure 3a)
and scanning speeds is shown in Figure 4a,b. The width increases by increasing the distance
between lasers due to distributing heat flux over a larger area. The melt pool depth shows a
reverse trend stemming from overlapping heat sources at small r values and, consequently,
an increasing penetration depth; the depth decreases by increasing r. The shape of the melt
pools for P = 50 W and v = 100 mm/s is shown in Figure 4c,d. Figure 4d depicts the shape
of the melt pool at the top of the powder bed, i.e., the x-y plane. The laser beam profiles
overlap at r = 50 and 75 µm, forming a large and coherent melt pool. The melt pool at
200 µm laser spacing consists of two separate melt pools; the front laser forms its melt pool,
while the overlap between temperature fields of the other beams forms an irregular melt
pool shape (Figure 4d). It is worth noting that the width of the back laser melt pool is larger
than the others for r = 250 µm since the length of the pool is typically larger than the width
and depth. Therefore, there is a considerable thermal crosstalk between the temperature
fields of the rest of the beams and the back laser. Any further increase in inter-laser distance,
r, results in discrete melt pools due to an insufficient temperature field overlap, i.e., thermal
crosstalk. Generally, the discrete/incoherent melt pools can form defects such as pores and
are not desirable.
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Figure 5 depicts the temperature distribution at two scanning speeds (v = 100 and
1000 mm/s) for 50 W lasers at the top plane to better illustrate the thermal crosstalk among
lasers in the array. The formation of three melt pools at the back of the configuration for
v = 100 mm/s and r = 250 µm shows that one 50 W laser is not enough to melt the powder
at this speed; however, the thermal crosstalk among all lasers increases the temperature at
the tail and forms three distinct melt pools. These separated melt pools merge by reducing
the distance between lasers in the hexagonal array and eventually form a coherent melt
pool when laser profiles overlap with each other, i.e., r ≤ 75 µm.

In contrast to the low laser power scenario (P = 50 W), the laser power of 300-W leads
to the appearance of an equiaxed microstructure (see Figure 6. The equiaxed microstructure
is expected to appear at the surface and extend to the depth of the melt pool, and the
columnar microstructure will form at the deepest point of the melt pool. Figure 6b shows
the solidification map for a processing parameter set, P = 300 W and v = 100 mm/s, as
a representative case to investigate the effect of laser spacing. Increasing the scanning
velocity makes the microstructure finer and reduces the equiaxed grain volume fraction.
Figure 7 shows the melt pool dimensions and shape variations with velocity and laser
spacing. The results follow the trend of low laser power (P = 50 W) when overlapping lasers
cause a larger melt pool depth and a smaller width. Figure 7c,d shows the melt pool shape
on the x-y and x-z planes for v = 1000 mm/s; the melt pool shapes for v = 100–500 mm/s
are depicted in Figure S2 in the Supplementary Materials.

The melt pool is continuous at the low-scanning speed regime; however, the shape
shows irregularity when r > 150 µm for v = 500–1000 mm/s (Figure 7d and Figure S2d), i.e.,
the lasers do not overlap. Note that the irregularity of the melt pool shape can affect the
surface quality and printing resolution. Figure 8 shows the temperature distribution for
lasers with P = 300 W, along with the appearance of the irregular melt pool shapes at high
scanning velocity (1000 mm/s) and large laser spacing (r > 150 µm). Additionally, the effect
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of thermal crosstalk becomes more pronounced in r > 150 µm cases when the continuous
back melt pool appears.
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Finally, Figure 9 illustrates the solidification map for a high-power laser, i.e., 500 W.
All velocities are plotted in the same graph for comparison. Increasing the velocity at
the same power level increases the R × G values and, consequently, it represents a more
refined microstructure that agrees with P = 300 W. Figure 9b shows the solidification map
for a processing parameter set, P = 500 W and v = 100 mm/s, as a representative case
to focus on the effect of laser spacing at the same scanning speed. The arc length of the
liquidus line can be used to roughly estimate the volume fraction of each microstructure
zone (equiaxed, mixed, and columnar); the Hunt criterion [49] was used to separate
these zones on the liquidus line, i.e., columnar: G1.91/R > 1.92 × 106 K1.91/cm2.91·s and
equiaxed: G1.91/R < 1.04 × 106 K1.91/cm2.91·s. Figure 10a,b shows the volume fraction of
equiaxed and columnar grains for P = 500 W and v = 100–1000 mm/s. In this scenario, a
significant portion of the microstructure will be equiaxed (about 55% for v = 100 mm/s).
The volume fraction of equiaxed grains will decrease as scanning velocity increases, i.e.,
the average volume fraction of equiaxed grain will decrease from ~55% for v = 100 mm/s
to ~37% for v = 1000 mm/s. Generally, the laser-matter interaction time is higher at lower
scanning speeds, which results in a larger melt pool and higher temperature that enhances
the thermal crosstalk as the hexagonal laser array moves. Any increase in velocity at the
same power level reduces absorbed heat and decreases the thermal crosstalk. Therefore,
the thermal spatial distribution becomes closer to the condition of a single laser beam,
and a reduction in the volume fraction of equiaxed grains is observed (see Figure 10a).
Additionally, the variation of equiaxed volume fraction with the internal laser distancing in
the array is slight at v = 100–500 mm/s. However, it drastically changes at v = 1000 mm/s,
i.e., it drops to 26% at r = 250 µm (see Figure 9a). The decrease in absorbed heat and thermal
cross-talk can be linked to the drastic reduction in the equiaxed volume fraction at high
scanning velocities. A similar trend is observed for P = 300 W in Figure 10c,d. However,
the average volume fraction of equiaxed grains is lower, i.e., it decreases from ~42% for
v = 100 mm/s to ~34% for v = 1000 mm/s.
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Figure 11 shows the melt pool geometry and shape variation with laser spacing and
speed for P = 500 W and v = 1000 mm/s. A similar irregularity in shape was observed in the
non-overlapping regime, consistent with low and intermediate laser powers. Additionally,
the melt pool dimensions follow the same trend, and the only difference is an increase in
overall width and depth compared to low (50 W) and intermediate powers (300 W). The
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increase in overall melt pool dimensions is due to higher laser powers and increased heat
flux. In addition, the melt pool shapes for P = 500 W and v = 100–500 mm/s are shown in
Figure S3 of the Supplementary Material.
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Figure 11. Melt pool dimensions and shape for high-power hexagonal configuration (P = 500 W,
v = 1000 mm/s). (a) Variation of the width of the melt pool for various velocities and laser spacings.
(b) Variation of the depth of the melt pool for various velocities and laser spacings. (c). The melt pool
shape on the symmetric plane (x-z). (d) The melt pool shape at the surface (x-y).

In general, using a hexagonal laser configuration increases the depth and width of the
melt pool compared to that of a single laser beam. Increasing depth can result in better
coherence between consecutive layers. Additionally, a power larger than 50 W is required
to form the equiaxed region in the current scanning speed range. A slow scanning speed,
e.g., v = 100 mm/s, can potentially form a small equiaxed region based on the data trend in
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Figure 3b. The results recommend using a high laser power with a low scanning speed to
maximize the equiaxed grain volume fraction. Finally, one should consider the potential
spatter in a high-power/low-velocity/small-laser-interspacing scenario (large degree of
laser overlap), which deteriorates part quality. However, one can avoid spatter by increasing
the laser interspacing while keeping a high percentage of equiaxed microstructures.

4. Conclusions

The solidification map of a synchronized hexagonal array of lasers was constructed
to predict the microstructure of Ti–6Al–4V with various processing parameters, such as
scanning speed, laser power, and laser spacing. The laser spacing changed the melt pool
shape and thermal gradients. It was shown that about 55% of the printed track has the
equiaxed structure in a high power and low scanning velocity regime (P = 500 W and
v = 100 mm/s). However, any increase in velocity reduces the equiaxed portion of the
track. Additionally, a degree of laser overlap (0 ≤ r ≤ 150 µm) is recommended to form a
continuous melt pool and coherent printed track. The proposed laser array can open a new
path in LPBF technology due to its control over microstructure, increased productivity, and
printing speed.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jmmp8060242/s1, Figure S1: Processing diagram of Ti-
6Al-4V for LPBF using dimensionless heat input (E*) and dimensionless laser velocity (v*) [50];
Figure S2: The melt pool shape on the x-z and y-z planes for P = 300 W and v = 100–500 mm/s.
(a,b) v = 100 mm/s, (c,d) v = 500 mm/s; Figure S3: The melt pool shape on the x-z and y-z planes for
P = 500 W and v = 100–500 mm/s. (a,b) v = 100 mm/s, (c,d) v = 500 mm/s; Table S1: Density, thermal
conductivity, and specific heat of the Ti-6Al-4V [40].

Author Contributions: Conceptualization, H.A.; methodology, H.A.; software, H.A. and S.R.P.;
validation, S.R.P. and A.M.N.; formal analysis, H.A. and S.R.P.; investigation, S.R.P.; data curation,
S.R.P. and A.M.N.; writing—original draft preparation, S.R.P.; writing—review and editing, H.A.;
visualization, S.R.P.; supervision, H.A.; project administration, H.A. All authors have read and agreed
to the published version of the manuscript.

Funding: The Ohio Super Computing (OSC) computational grant, Grant No. ECS-PWSU0463.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used or analyzed during the current study are partially
available from the corresponding author on reasonable request.

Acknowledgments: The support of Wright State University is gratefully acknowledged. Also, the
authors extend their special thanks to Mikhail Vorontsov for initial discussions.

Conflicts of Interest: The authors declare no competing interests.

References
1. Leung, C.L.A.; Marussi, S.; Atwood, R.C.; Towrie, M.; Withers, P.J.; Lee, P.D. In situ X-ray imaging of defect and molten pool

dynamics in laser additive manufacturing. Nat. Commun. 2018, 9, 1355. [CrossRef] [PubMed]
2. MacDonald, E.; Wicker, R. Multiprocess 3D printing for increasing component functionality. Science 2016, 353, aaf2093. [CrossRef]

[PubMed]
3. Lewandowski, J.J.; Seifi, M. Metal Additive Manufacturing: A Review of Mechanical Properties. Annu. Rev. Mater. Res. 2016,

46, 151–186. [CrossRef]
4. Wu, X.; Liang, J.; Mei, J.; Mitchell, C.; Goodwin, P.; Voice, W. Microstructures of laser-deposited Ti–6Al–4V. Mater. Des. 2004,

25, 137–144. [CrossRef]
5. Gu, X.-H.; Lu, T.; Zhang, T.; Guo, W.; Pan, Y.; Dai, T. Anisotropy of microstructures and mechanical properties in FeCoNiCr0.5

high-entropy alloy prepared via selective laser melting. Rare Met. 2022, 41, 2047–2054. [CrossRef]
6. Best, J.P.; Maeder, X.; Michler, J.; Spierings, A.B. Mechanical Anisotropy Investigated in the Complex SLM-Processed Sc- and

Zr-Modified Al–Mg Alloy Microstructure. Adv. Eng. Mater. 2019, 21, 1801113. [CrossRef]

https://www.mdpi.com/article/10.3390/jmmp8060242/s1
https://doi.org/10.1038/s41467-018-03734-7
https://www.ncbi.nlm.nih.gov/pubmed/29636443
https://doi.org/10.1126/science.aaf2093
https://www.ncbi.nlm.nih.gov/pubmed/27708075
https://doi.org/10.1146/annurev-matsci-070115-032024
https://doi.org/10.1016/j.matdes.2003.09.009
https://doi.org/10.1007/s12598-021-01922-x
https://doi.org/10.1002/adem.201801113


J. Manuf. Mater. Process. 2024, 8, 242 13 of 14

7. Kaya, A.C.; Salamci, M.U.; Fleck, C. Influence of anisotropy on the deformation behaviour in microtensile 316L steel specimens
fabricated by laser powder bed fusion (PBF-LB/M). Mater. Sci. Eng. A 2023, 863, 144521. [CrossRef]

8. Huang, G.; He, G.; Liu, Y.; Huang, K. Anisotropy of microstructure, mechanical properties and thermal expansion in Invar
36 alloy fabricated via laser powder bed fusion. Addit. Manuf. 2024, 82, 104025. [CrossRef]

9. Prost, M.; Köster, A.; Missoum-Benziane, D.; Dépinoy, S.; Ferhat, L.; Rambaudon, M.; Maurel, V. Anisotropy in cyclic behavior
and fatigue crack growth of IN718 processed by laser powder bed fusion. Addit. Manuf. 2023, 61, 103301. [CrossRef]

10. Yin, J.; Peng, G.; Chen, C.; Yang, J.; Zhu, H.; Ke, L.; Wang, Z.; Wang, D.; Ma, M.; Wang, G.; et al. Thermal behavior and grain
growth orientation during selective laser melting of Ti-6Al-4V alloy. J. Mech. Work. Technol. 2018, 260, 57–65. [CrossRef]

11. Bontha, S.; Klingbeil, N.W.; Kobryn, P.A.; Fraser, H.L. Effects of process variables and size-scale on solidification microstructure in
beam-based fabrication of bulky 3D structures. Mater. Sci. Eng. A 2009, 513–514, 311–318. [CrossRef]

12. Cloots, M.; Uggowitzer, P.J.; Wegener, K. Investigations on the microstructure and crack formation of IN738LC samples processed
by selective laser melting using Gaussian and doughnut profiles. Mater. Des. 2016, 89, 770–784. [CrossRef]

13. Hadibeik, S.; Ghasemi-Tabasi, H.; Burn, A.; Lani, S.; Spieckermann, F.; Eckert, J. Controlling the Glassy State toward Structural
and Mechanical Enhancement: Additive Manufacturing of Bulk Metallic Glass Using Advanced Laser Beam Shaping Technology.
Adv. Funct. Mater. 2024, 34, 2311118. [CrossRef]

14. Bayat, M.; Rothfelder, R.; Schwarzkopf, K.; Zinoviev, A.; Zinovieva, O.; Spurk, C.; Hummel, M.; Olowinsky, A.; Beckmann, F.;
Moosmann, J.; et al. Exploring spatial beam shaping in laser powder bed fusion: High-fidelity simulation and in-situ monitoring.
Addit. Manuf. 2024, 93, 104420. [CrossRef]

15. Roehling, T.T.; Shi, R.; Khairallah, S.A.; Roehling, J.D.; Guss, G.M.; McKeown, J.T.; Matthews, M.J. Controlling grain nucleation
and morphology by laser beam shaping in metal additive manufacturing. Mater. Des. 2020, 195, 109071. [CrossRef]

16. Attariani, H.; Petitjean, S.R.; Dousti, M. A digital twin of synchronized circular laser array for powder bed fusion additive
manufacturing. Int. J. Adv. Manuf. Technol. 2022, 123, 1433–1440. [CrossRef]

17. Vorontsov, M.A. Additive Manufacturing in Metals with a Fiber Array Laser Source and Adaptive Multi-Beam Shaping. U.S.
Patent No. 11117218B2, 18 May 2024. Available online: https://patents.google.com/patent/US11117218B2/en (accessed on 18
October 2024).

18. Evans, R.; Gockel, J. Modeling the effects of coordinated multi-beam additive manufacturing. Int. J. Adv. Manuf. Technol. 2021,
115, 1075–1087. [CrossRef]

19. Lewandowski, G. Engineering of Temperature Profiles for Location-Specific Control of Material Micro-Structure in Laser Powder
Bed Fusion Additive Manufacturing. Master’s Thesis, University of Dayton, Dayton, OH, USA, 2020.

20. Promoppatum, P.; Yao, S.-C.; Pistorius, P.C.; Rollett, A.D. A Comprehensive Comparison of the Analytical and Numerical
Prediction of the Thermal History and Solidification Microstructure of Inconel 718 Products Made by Laser Powder-Bed Fusion.
Engineering 2017, 3, 685–694. [CrossRef]

21. Dezfoli, A.R.A.; Hwang, W.-S.; Huang, W.-C.; Tsai, T.-W. Determination and controlling of grain structure of metals after laser
incidence: Theoretical approach. Sci. Rep. 2017, 7, srep41527. [CrossRef]

22. Heeling, T.; Wegener, K. The effect of multi-beam strategies on selective laser melting of stainless steel 316L. Addit. Manuf. 2018,
22, 334–342. [CrossRef]

23. Heeling, T.; Wegener, K. Computational Investigation of Synchronized Multibeam Strategies for the Selective Laser Melting
Process. Phys. Procedia 2016, 83, 899–908. [CrossRef]

24. Wilkes, J.; Hagedorn, Y.; Meiners, W.; Wissenbach, K. Additive manufacturing of ZrO2-Al2O3 ceramic components by selective
laser melting. Rapid Prototyp. J. 2013, 19, 51–57. [CrossRef]

25. Abe, F.; Osakada, K.; Shiomi, M.; Uematsu, K.; Matsumoto, M. The manufacturing of hard tools from metallic powders by
selective laser melting. J. Mech. Work. Technol. 2001, 111, 210–213. [CrossRef]

26. Zhang, W.; Tong, M.; Harrison, N.M. Scanning strategies effect on temperature, residual stress and deformation by multi-laser
beam powder bed fusion manufacturing. Addit. Manuf. 2020, 36, 101507. [CrossRef]

27. Gerstgrasser, M.; Cloots, M.; Stirnimann, J.; Wegener, K. Residual stress reduction of LPBF-processed CM247LC samples via multi
laser beam strategies. Int. J. Adv. Manuf. Technol. 2021, 117, 2093–2103. [CrossRef]

28. Tsai, C.-Y.; Cheng, C.-W.; Lee, A.-C.; Tsai, M.-C. Synchronized multi-spot scanning strategies for the laser powder bed fusion
process. Addit. Manuf. 2019, 27, 1–7. [CrossRef]

29. Li, Z.; Kuai, Z.; Bai, P.; Nie, Y.; Fu, G.; Liu, W.; Yang, S. Microstructure and Tensile Properties of AlSi10Mg Alloy Manufactured by
Multi-Laser Beam Selective Laser Melting (SLM). Metals 2019, 9, 1337. [CrossRef]

30. Zhang, C.; Zhu, H.; Hu, Z.; Zhang, L.; Zeng, X. A comparative study on single-laser and multi-laser selective laser melting
AlSi10Mg: Defects, microstructure and mechanical properties. Mater. Sci. Eng. A 2019, 746, 416–423. [CrossRef]

31. Graf, G.; Nouri, N.; Dietrich, S.; Zanger, F.; Schulze, V. Dual-Laser PBF-LB Processing of a High-Performance Maraging Tool Steel
FeNiCoMoVTiAl. Materials 2021, 14, 4251. [CrossRef]

32. Wang, L.; Song, Z.; Zhang, X.; Park, J.-S.; Almer, J.; Zhu, G.; Chen, Y.; Li, Q.; Zeng, X.; Li, Y. Developing ductile and isotropic Ti
alloy with tailored composition for laser powder bed fusion. Addit. Manuf. 2022, 52, 102656. [CrossRef]

33. Jimenez, E.H.; Kreitcberg, A.; Moquin, E.; Brailovski, V. Influence of Post-Processing Conditions on the Microstructure, Static, and
Fatigue Resistance of Laser Powder Bed Fused Ti-6Al-4V Components. J. Manuf. Mater. Process. 2022, 6, 85. [CrossRef]

https://doi.org/10.1016/j.msea.2022.144521
https://doi.org/10.1016/j.addma.2024.104025
https://doi.org/10.1016/j.addma.2022.103301
https://doi.org/10.1016/j.jmatprotec.2018.04.035
https://doi.org/10.1016/j.msea.2009.02.019
https://doi.org/10.1016/j.matdes.2015.10.027
https://doi.org/10.1002/adfm.202311118
https://doi.org/10.1016/j.addma.2024.104420
https://doi.org/10.1016/j.matdes.2020.109071
https://doi.org/10.1007/s00170-022-10223-1
https://patents.google.com/patent/US11117218B2/en
https://doi.org/10.1007/s00170-021-07279-w
https://doi.org/10.1016/J.ENG.2017.05.023
https://doi.org/10.1038/srep41527
https://doi.org/10.1016/j.addma.2018.05.026
https://doi.org/10.1016/j.phpro.2016.08.094
https://doi.org/10.1108/13552541311292736
https://doi.org/10.1016/S0924-0136(01)00522-2
https://doi.org/10.1016/j.addma.2020.101507
https://doi.org/10.1007/s00170-021-07083-6
https://doi.org/10.1016/j.addma.2019.02.009
https://doi.org/10.3390/met9121337
https://doi.org/10.1016/j.msea.2019.01.024
https://doi.org/10.3390/ma14154251
https://doi.org/10.1016/j.addma.2022.102656
https://doi.org/10.3390/jmmp6040085


J. Manuf. Mater. Process. 2024, 8, 242 14 of 14

34. Farhang, B.; Tanrikulu, A.A.; Ganesh-Ram, A.; Durlov, S.H.; Moghaddam, N.S. Innovative Fabrication Design for In Situ
Martensite Decomposition and Enhanced Mechanical Properties in Laser Powder Bed Fused Ti6Al4V Alloy. J. Manuf. Mater.
Process. 2023, 7, 226. [CrossRef]
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