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The shape variation of the laser beam is evidently observed in the laser powder bed fusion (LPBF) process because
of changes in laser incidence angle and misalignment between the build plate and the laser focus plane. This issue
is particularly relevant in large-scale LPBF systems where the laser beam needs to scan a large build area. How-
ever, most LPBF modeling studies assume vertical laser radiation. The heat transfer, melt pool, and solidification
evolution due to the laser shape variation have not been well addressed and quantified. In the present study, the
temperature distribution, melt pool geometry and flow dynamics are captured via numerical modelling, and the
grain morphology is characterized under various laser incidence angles. The results show that the melt pool depth
becomes shallower, and the width is near the beam size as the laser beam becomes more elongated. The beam
shape variation can affect the liquid flow pattern with increasing incidence angle, resulting in a larger vortex
at the front of the melt pool and a smaller vortex at the rear of the melt pool. The thermal gradient increases
and the solidification rate decreases as the laser incident angle becomes larger. The present study enhances the

understanding of multi-physics in the LPBF process.

1. Introduction

Laser powder bed fusion (LPBF) fabricates parts layer-upon-layer us-
ing laser beams to fuse powder, which is a promising additive manufac-
turing (AM) technology for metallic production [1,2]. This technology
involves a high volume of process parameters [3-5], including laser-
related, scanning-related, and powder-related parameters that can af-
fect the microstructure and mechanical properties of the printed prod-
ucts. Understanding the underlying mechanisms behind these parame-
ters allows for better process control and easier parameter optimization
to achieve favorable properties in LPBF production. Many studies have
been conducted experimentally [6-9] and numerically [10-15] to un-
derstand process physics and investigate the effects of various process
parameters on the quality of the final parts.

Among various LPBF process parameters, the laser incidence angle
has recently attracted great interest since it can lead to quality varia-
tions in printed parts [16-18]. The position-dependent laser radiation
under different laser incidence angles results in varied power densities
for powder melting and further microstructure evolution. For example,
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the laser beam has a round shape as it is perpendicular to the building
platform (usually at the center of the platform), but it becomes oblique
at the borders of the platform with elongated elliptical radiation known
as laser shape elongation. Because of the distortion of the circle and the
varied spot sizes, a position-dependent laser density distribution is pro-
duced, resulting in variations in the melt pool. This further can affect
the thermal gradient and solidification rate, which can, in turn, affect
the solidification microstructure and mechanical properties of the final
part.

Optical solutions such as using the F-Theta lens have been applied
in state-of-the-art LPBF systems to reduce the shape variation at differ-
ent building positions. However, a telecentricity error could also create
laser distortion and variation of smaller incidence angles on the build-
ing plane [18,19]. The beam quality may be compromised to cover a
larger printing area, particularly in large-scale machines that push the
limit of commercial F-Theta lenses. Another source of laser beam shape
variation is the misalignment between the ideal laser focus plane and
the actual build plate surface. This issue becomes significant when it
is difficult to machine a perfectly flat plate and align it with the fo-
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cus plane of the F-theta lens, which is particularly relevant in large-
scale LPBF systems. The investigation of the laser incidence angle could
provide a better understanding of the printing process for such LPBF
machines.

The previous studies have attributed the position-dependent sur-
face roughness of printed components due to the laser incidence angles
[16-18,20]. For instance, Kleszczynski et al. [18] assumed that the ge-
ometrical situation of laser incidence angles causes surface deviations.
These different laser incidence angles result from the small inaccuracies
of the F-Theta optic. Sendino et al. [17] observed that the surface rough-
ness increases as the test parts’ printing positions move from the center
to the edge of the building platform. As the distance to the zero-point
position (i.e., the incident angle transforms from vertical to inclined)
increases, both the surface roughness and porosity increase due to the
apparent beam shape change from a circular to an elliptical spot. The
latest research has shown that the melt pool dimension and pore defect
are related to the laser incidence angle [21-23]. For example, the melt
pool width becomes wider, and the depth becomes shallower as the laser
moves from the center to the edge, with the laser elongation direction
and scan direction being perpendicular [21]. The porosity increases for
printed parts with elongated beams due to the decreased laser power in-
tensity [21,22]. Pores are observed at deeper positions in parts that are
printed with the more focused laser beam at smaller incidence angles
[23].

To the best of the authors’ knowledge, a fundamental process un-
derstanding of the laser incidence angle through numerical approaches
has not been conducted so far in LPBF. Important physics such as how
the incidence angle affects the heat transfer, temperature distribution,
metallic powder melting, and melt pool dynamics is still unclear. In ad-
dition, how the solidification microstructure, which is determined by the
thermal gradient and solidification rate, evolves under various laser in-
cidence angles has not been answered. Therefore, a CFD-based model is
employed in this work to investigate the influence of the laser incidence
angle on heat transfer, powder melting and solidification. The tempera-
ture field, melt pool geometry and dynamics are captured under various
laser incidence angles. Additionally, the spatial and temporal variation
of the thermal gradient and solidification rate is traced. Finally, the im-
pact of the laser incidence angle on the solidification microstructure is
addressed. This laser shape variation study can lead to improved con-
trol of the microstructure and mechanical properties of LPBF-produced
parts.

2. Modelling methodologies
2.1. Model description

In the present work, the discrete element method (DEM) is applied
for powder layer spreading first. Then, particle details (e.g., powder size
and position) from the previous step are adopted by the CFD method to
investigate the laser-powder interaction and subsequent physics of melt-
ing and solidification. Details on the powder layer spreading modeling
can be found in our previous publications [24,25]. Here, the key fea-
tures of the CFD model are introduced, which include the Volume of
Fluid (VOF), continuity, momentum, and energy equations, as shown in
Table 1. For instance, the phases of metal solid, molten liquid, and inert
gas are tracked in grid cells by VOF. Key force terms acting on the lig-
uid are considered, such as surface tension, Marangoni force, and recoil
pressure. The laser energy, which is usually simplified as the surface or
volume heat source in the literature, is represented by the more accu-
rate ray-tracing model with multiple reflections and absorptions. More
details about the explanation for equations and model parameters can
be found in [26,27]. Compared with our previous studies, the model
has been further developed by considering the temperature-dependent
physical properties of the material in the present work.
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Table 1
Governing equations employed in the modeling melting and solidification
of LPBF.

VOF equations:

Liquid phase:

0a) /0t +V - (U) + V - (0, U ) + V - (0, U ) = (i — i)/ py
Solid phase:

da, /ot +V - (a,U) + V - (U ) + V - (a,,U ) = (g — i)/ ps

oa
Gas phase: (ng +V (00 + V- (a0, U ) + V- (a0,U ) = 0
Continuity equation: V - U = (11, — i, )(1/p, — 1/py)
Momentum equation:
(U)ot +V - (pUU) = =Vp+ pg + V - (u(VU + VUT))
+C(l—0t,)2 LMT-T)

do
U+oxVa+ E(VT —n(n-VT))|Va| +0.54Pyexp RIT,

o +a
Energy equation:
A(pC,T) [0t +V - (pC,TU) = V - (kVT) = L (1, — iy, )+
+Staser

2.2. Simulation conditions

The dimensions of the computational domain at the X, Y and Z axes
are 1000 pm, 440 pm and 370 pm, respectively. The powder layer is
filled with titanium alloy (Ti-6Al-4V) particles at a thickness of 70 um.
The laser scans a single track along the centerline (Y = 220 pm) with a
length of 800 um. The temperature-dependent material properties of Ti-
6Al1-4V [28,29], such as density, thermal conductivity and heat capacity,
are listed in Table 2. The boundary conditions, sensitivity test of mesh
resolution, and algorithm to compute the model variables have been
discussed in detail in previous works [26]. The depth of the melt pool
is the averaged dimension along the Z axis. The melt pool width is the
averaged dimension along the Y axis. The scanned powder bed regions
in all cases are the same in this work.

2.3. Laser shape variation

The laser shape variation can arise due to changes in the laser inci-
dence angle and the misalignment between the build plate and the laser
focus plane, as illustrated in Figs. 1(a) and (b). To explore the effects of
the laser beam variation, laser incidence angles ranging from 60° to 120°
were employed in this work. The projection of a circular beam on the
powder bed turns into an elliptic shape, as presented in Fig. 1(c), and the
direction of the shape elongation is parallel to the laser scan direction.
The laser beam length in elongation is calculated based on the diagram

of Fig. 1(a), where d, = LG It first falls and then grows as the laser
sin

incidence angle increases from 60° to 120° (see Table 3 for the specified
values of the laser length in elongation). This gives the maximum beam

d
aspect ratio to 1.15, where a = =L The laser spot area projected onto a

plane displays the same tendency as the laser elongation length during
the variation of laser incidence angles. The laser power density [30],

defined as the ratio of the laser power to the laser spot area (P, = Aﬁ),
I

drops by 13.40% as the laser rays at 90° incline to either 60° or 120°. The

laser interaction time here indicates the ratio of the laser length to the

d
scanning speed (¢, = =1y [31]. The laser angles of 60° and 120° present
1%

the longest laser interaction times due to shape distortion. Although the
laser incidence angles lead to variations in the powder density and inter-
action time, the total energy density (E;, = P;t;) [31] remains constant
for the five different laser incidence angles, as shown in Table 3. The an-
gle of incidence and the way it interacts with the sample are illustrated
in Fig. 1(d) in the simulation.

2.4. Solidification microstructure

The tail of the melt pool solidifies as the laser moves forwards as pre-
sented in Fig. 2(a), and the temperature of the rear melt pool decreases
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Table 2
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Material properties and process parameters employed in the present work [28,29].

Items

Values

Density of solid (p,, kgm ~ 3)
Density of liquid (p;, kg m ~ %)

Specific heat capacity of solid (C,,, J kg™ K~ 1)

s’

Specific heat capacity of liquid (C,;, J kg™ K~ 1)

Thermal conductivity of solid (k, Wm~-1K~-1)
Thermal conductivity of liquid (k, Wm~ 1K~ 1)

Dynamic viscosity of liquid (y,, kgm = 1s~ 1)
Latent heat of fusion (L, J kg™

4420 — 0.154(T — 298)
3920 — 0.68(T — 1923)
483.04 +0215T T < 1268K
{412.7 +0.1801T 1268K < T < 1923K
831.0
1.2595+0.0157T; T < 1268 K
{3.5127+0.0127T; 1268K < T <

1923K

—12.752 +0.024T

3.25x1073 (1923 K); 3.03x1073 (1973 K); 2.66x10~2 (2073 K); 2.36x1073 (2173 K)
2.86x10°

Latent heat of vaporization (L,, J kg™!) 9.83x10°
Surface tension (o, kg s = 2) 1.5

Surface tension gradient (do/dT,kgs~ 2K~ 1) -2.8x 1074
Solidus temperature (7, K) 1877
Liquidus temperature (7;, K) 1923
Boiling temperature (7, K) 3533

Laser power (P, W) 150

Scan speed (v, mm s ~ 1) 1000

Laser beam diameter (d, pm) 100

(@)

Beam size

Laser shape variation

Laser focus
plane -

Laser focus
_ plane
Build plate Build plate
(perfectly (misaligned) X
aligned)
= Scan direction

{ Melt pool Powder bed

Fig. 1. Schematic diagram of laser shape variation: (a) the interaction between inclined laser beams and the powder bed; (b) misalignment of the build plate plane;
(c) the projection of a circular beam on a plane with shape elongation; and (d) illustration of angle of incidence and the way it interacts with the sample (the laser

incidence angle of 60° presented here).

Table 3
Influence of laser incidence angle on beam energy deposition.

Incidence angle Laser beam Beam aspect Laser spot area Power density Interaction time Energy density
,°) length' (d;, pm)  ratio (a) (A;, pm?) (P, kW/mm?) (), us) (E;, J/mm?)
60 115.47 1.15 9064.40 16.55 115.47 1.91

75 103.53 1.04 8126.92 18.46 103.53 1.91

90 100.00 1.00 7850.00 19.11 100.00 1.91

105 103.53 1.04 8126.92 18.46 103.53 1.91

120 115.47 1.15 9064.40 16.55 115.47 1.91

T Laser beam diameter is kept constant at 100 pm.

towards the solidification front at the solid-liquid interface. First, the
temperature field of the trailing solid-liquid interface is extracted, as
shown in Fig. 2(b). Then, the thermal gradient and solidification rate at
the solidifying interface are calculated to evaluate the solidification mi-
crostructure. Specifically, the thermal gradient, which is the magnitude
of the temperature field gradient [32,33], is expressed as follows:

G=|VT|=\/( >2+<

where G is the thermal gradient and T is the temperature.

aT
ox

oT

B

oT )2
ay

oz

The solidification rate is expressed as [32,33]

|0T /x|

G
where R and v are the thermal gradient and laser scan speed, respec-
tively.

The grain morphology regions are based on an analytical model de-
veloped by Hunt [34]. The extracted G and R values at the solidify-
ing interface are plotted on a reference Ti-6Al-4V solidification map to
characterize the grain structures. This solidification map of Ti-6Al-4V
was experimentally established by Kobryn et al. [35] and has been ap-
plied in numerical studies [36]. In the solidification map, the prior-beta

R=v 2)
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Table 4
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Simulation of average melt pool width and depth compared to experimental results.

Process parameters Melt pool width (um)

Melt pool depth (um)

Experiment Simulation Error (%) Experiment Simulation Error (%)
200 W, 1200 mm/s 111 119 7.21 - - -
300 W, 1000 mm/s 172 150 -12.79 155 169 9.03
300 W, 1200 mm/s 153 137 —-10.46 120 135 12.5

(a)d J{L%

M‘g*??ffng

N aser scannln@
»4y=220 pm&

Solid ‘\

b4 Solidifying: trailing solid-liquid interface
X
Fig. 2. (a) Melting and solidifying process and (b) schematic diagram of the

solidification interface, indicated by the yellow line, for computing the solidifi-
cation rate and thermal gradient.

grain morphology can be characterized as fully equiaxed, mixed, or fully
columnar based on the G and R values. Therefore, the influence of laser
incidence angles on the solidification microstructure can be predicted
in the present work.

2.5. Model validation

The model used in the present work has been well-validated by ex-
perimental data in our previous work [26,27,37]. For instance, the sim-
ulated melt pool dimensions and part surface roughness agree well with
experimental results [26]. In addition, the melt pool flow dynamics ob-
tained from the simulation is consistent with the experimental observa-
tions [27]. Additionally, the keyhole depth and morphologies match the
experimental data well [37]. The model is further validated in this study
since the temperature-dependent thermal properties are introduced. In
this study, the simulated melt pool width and depth are further com-
pared with the experimental results. Note that the melt pool depth here
is measured from the substrate surface to the deepest rim along the Z
axis. The comparison results, as presented in Table 4, show that the sim-
ulated width and depth have good agreement with experimental points
[38] with a maximum error of —12.79%. The tendency of melt pool di-
mensions after laser elongation will be explained in Section 3.1, where a
comparison between simulation and experiments will be made. Overall,
these results demonstrate the reliability of this model in simulating the
heat diffusion, temperature field, melt pool dynamics and solidification.

3. Results and discussion
3.1. Melt pool temperature and geometry
Since the total energy density is constant in varied incidence angles

(discussed in Section 2.3), how the absorptivity performs under these
conditions determines the powder melting and melt pool temperature.

Therefore, the effect of incidence angle on the laser absorptivity is exam-
ined. The simulation cases are carried out under the conditions as shown
in Fig. 1(d), where the laser interacts with the powder and melt pool
under different laser incidence angles. Here, the absorptivity ratio (i.e.
the ratio of absorptivity at any incidence angle to that under 90-degree
case) is adopted to compare the varied laser absorptivity, as shown in
Fig. 3(a). The absorptivity is found to be comparable and shows a slight
increase as the 90-degree laser beams become inclined to the build plate
plane. This is consistent with literature data [39]. It indicates that both
the deposited and distributed heat source on the powder bed is close
under the conditions of 60° to 120°. In the present study, the keyhole
or vapor depression is ignored. The generation of a vapor cavity can af-
fect the dynamics of the laser-material interaction as multi-reflections of
the laser beam occur in the depression zone. This can enhance the laser
energy adsorption and further affect the temperature, melt pool dynam-
ics, and microstructure. Further work should be carried out to analyze to
what extent the laser angle affects the laser-material interaction under
the depression conditions.

Next, the melt pool temperature at different laser incidence angles is
presented in Fig. 3(b). Noted that the laser scans from the same location
in all simulated cases, and the temperature curve starts from different
positions due to the variation in the laser incidence angle. The tempera-
ture curve along the scan path displays a trend that increases gradually
and finally falls slightly. The peak point of the temperature should be at
the laser beam center, and therefore, the temperature declines in front
of the laser center. Regarding the effect of laser shape variation, the
maximum value decreases as the laser beam turns from the angle of 60°
to the vertical position. The temperature curves are similar for larger
incidence angles. When the laser beam is applied to heat the molten
liquid at an angle of 60°, it presents the highest temperature. For larger
incidence angles, the laser energy is diffused to the cold powder parti-
cles. Therefore, the maximum temperature point is lower than that at
the angle of 60°.

Then, the influence of laser shape variation on the melt pool width
and depth is explored and presented in Fig. 3(c). The melt pool width
decreases slightly first and then increases as the laser incidence angle
varies from 60° to 120° The laser beam diameter perpendicular to the
scan direction is equivalent for all five cases. Hence, the heat diffusion
along the melt pool width direction is similar, which contributes to the
similar melt pool widths. This trend of the melt pool width is consistent
with that was observed in the experiment [22], where the shape elon-
gation direction is parallel to the scan direction, despite the different
materials employed. The melt pool depth falls from 162 pm to 152 pm
as the laser incidence angle changes from 60° to 120°. Note that the
depth here refers to the average maximum dimension along the Z-axis,
where the depth of the melted powder layer and the depth of the melted
solid layer are both included. In addition to the heat diffusion along the
Z-axis of the computational domain, the energy also accelerates to the
high-temperature liquid (particles that have been melted) along the neg-
ative X-axis at the shape elongations of 60° and 75°. This kind of head
diffusion is opposite to the scan direction, which is along the positive
X-axis. The heat spreads forwards to the frozen solid along the positive
X-axis under the shape elongations of 105° and 120°. This leads to melt
pool depth difference where the melt pool depth decreases continuously.

The melt pool shape, defined as the ratio of the width to the depth
of the melt pool, is presented in Fig. 3(d). The melt pool width-to-depth
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(b) Laser incidence angle
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Fig. 3. The effects of laser incidence angle on (a) laser absorptivity ratio; (b) temperature distribution along the laser scan path (at Y = 220 pm and t = 430 ps); (c)
melt pool width and depth; and (d) melt pool shape. The process parameters are laser power 150 W, scanning speed 1000 mm/s and laser spot 100 pm.

ratio is almost the same, approximately 0.79, under the operating con-
ditions where the laser shape incidence angle is less than or equal to 90°,
and the laser beam is perpendicular to the building platform. It increases
to 0.86 as the laser incidence angle grows to 120°, indicating that the
melt pool shape is flatter at the higher laser incidence angle due to the
decreased melt pool depth.

3.2. Melt pool flow dynamics

When the laser beam is projected at small incidence angles (i.e., 60°
and 75°), heat diffusion takes priority along the negative X-axis, which
is opposite to the scan path. The high-temperature region is almost sym-
metrical to the cooling area shown in Fig. 4(a), where regions are distin-
guished by the dashed white line. As the laser shape elongation moves
from 60° to 120°, the deposited laser energy accelerates the heat spread-
ing in the same direction of the scan path (i.e., along the positive X-
axis). Therefore, the front high-temperature region becomes larger, and
a more inclined melt pool is generated (see Figs. 4(a)-(e)). The maxi-
mum depth of the melt pool shifts from the middle to the front part due
to the spatial laser density distribution. Additionally, the solidification
interface becomes longer as the laser incident angle increases.

At a low incidence angle, one large anticlockwise vortex and one
small clockwise vortex are developed, as shown in Fig. 4(a). Since the
heat diffusion is mainly directed backwards, the high temperature gra-
dient largely occurs at the rear of the laser beam. Hence, the Marangoni
force caused by the thermal gradient drives the hot liquid to the low-
temperature region at the interface. It further flows forwards inside the
molten liquid, and a large vortex is thus produced. The thermal gra-
dient at the front of the melt pool results in the formation of a small
vortex. The comparable size of one anticlockwise and one clockwise

vortex occurs at the circular beam, which has been revealed in previous
work [40]. The region of the front clockwise becomes larger and the
anticlockwise decreases as the laser incidence angle increases. This is
because the forwards heat diffusion dominates the energy deposition,
contributing to the distinct thermal gradient at the front of the melt
pool. As a result, a relatively large clockwise vortex is developed (see
Fig. 4(e)). In summary, the variation distribution of the laser intensity
on the projection plane leads to the variation of the temperature field
and temperature gradient (i.e., Marangoni force), which further con-
tributes to different flow patterns. The flow dynamics will further affect
the temperature and melt pool characteristics, which has been well dis-
cussed in the literature [41-43]. In the present work, the effects of laser
incidence angle are investigated. For instance, the large anticlockwise
vortex at the rear region of the melt pool at an incidence angle of 60°
carries the low-temperature liquid to the high-temperature region. This
leads to a wider melt pool and more uniform temperature distribution at
the solidification interface. The dominant flow transfers from anticlock-
wise to clockwise with increasing incidence angle, which contributes to
the higher thermal gradient at the trailing solid-liquid interface.

3.3. Microstructure morphology

The values of the temperature gradient and solidification rate at the
solidification interface of the melt pool were calculated based on the
methods described in Section 2.4. Note that the thermal gradient and
solidification rate vary spatially within the melt pool, and their distri-
bution is presented in Fig. 5(a). The thermal gradient increases from
the center to the border, which is in the order of 10® K/m. Since the
edge molten liquid is close to the cool solid, a high thermal gradient ex-
ists in these regions. The solidification rate displays the opposite trend
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Fig. 4. Temperature field, melt pool geometry and flow patterns versus laser shape variation, (a)-(e) correspond to laser incidence angles of 60°, 75°, 90°, 105° and
120°, respectively. The cross-section is obtained along the laser scan path at Y = 220 um at t = 430 ps.
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Fig. 5. (a) Spatial distribution of the temperature gradient and solidification rate under 90-degree laser radiation; (b) and (c) are temporal temperature gradient and
solidification rate at the cross section of the melt pool, respectively (the vector arrow and length indicate the direction and magnitude, respectively). The specific
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various incidence angles. The average spatial and temporal temperature gradient and solidification rate are adapted here.
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to the thermal gradient, which decreases from the center to the edge
of the melt pool. The value of the solidification rate is in the order of
107! m/s. The spatial variation of thermal gradient and solidification
rate at the solidification interface could lead to the grain structure or
size difference in the solidified microstructure. This results in the change
of mechanical properties at different positions in printed components.

In addition to the spatial difference, the temporal distribution of tem-
perature gradient and solidification rate also varies. Here, data points
at four time series are adopted to capture their changes. The tempera-
ture gradient decreases dramatically from the edge to the center as the
molten liquid gradually solidifies, as displayed in Fig. 5(b). Besides, the
side presents a higher value of temperature gradient than that at the bot-
tom of the solidifying interface. The solidification rate drops quickly at
the primary stage of solidification (i.e., 500 to 600 us) while it remains
close at the final period (700 to 800 ps), as shown in Fig. 5(c).

As the temperature gradient and solidification rate vary in space and
time, the average spatial and temporal values are calculated. The re-
sult of the effect of laser incidence angle on prior-beta grain morphol-
ogy is presented in Fig. 5(d). The solidification microstructure for all
laser incidence angles falls in the fully columnar region. However, the
G-R points move to the top upper area as the laser incident angle be-
comes larger, which indicates that the thermal gradient increases and
the solidification rate decreases. For instance, the value of G varies from
5.96x10° K/m to 7.36x10°% K/m as the angle increases from 60° to 120°.
The R points range from 0.35 m/s to 0.28 m/s at the observed laser in-
cidence angles.

3.4. Discussion

The inclined laser produces an elongated elliptical beam profile on
the projection plane. As a result, the increased laser spot area leads to the
decreased powder density, e.g., a 13.40% reduction at laser incidence
angles of 60° or 120° compared to the 90-degree laser rays. Addition-
ally, in this study, when the direction of the laser shape elongation is
parallel to the scan direction, the energy density remains constant due
to the simultaneously increased interaction time. Besides, the absorptiv-
ity among various used laser incidence angles is comparable. Therefore,
the melt pool width is close under various angles. However, the sub-
ordinate heat diffusion directs to the high-temperature molten liquid
under angles of 60° and 75°, which deepens the melt pool dimension. In
contrast, the heat is partially diffused to the cold solid powders at the
melting front at laser incidence angles of 105° and 120°, which causes
a shallower melt pool depth. Consequently, the maximum temperature
of the melt pool decreases as the laser beam turns from the angle of 60°
to vertical.

Backward laser irradiation (i.e., the small laser incidence angle of
60°) generates a large anticlockwise vortex at the rear region of the
melt pool, which carries a larger amount of low-temperature liquid to
the high-temperature region. This kind of flow dynamics leads to a more
uniform temperature distribution at the solidification interface. Hence,
a low thermal gradient is generated, as shown in Fig. 5(d). On the other
hand, the forward laser projection (i.e., large laser incidence angle of
120°) forms a small anticlockwise vortex at the rear melt pool, indicat-
ing week heat exchange at the back of the melt pool. In addition, the
front large clockwise vortex only stirs the high-temperature liquid. As a
result, a higher thermal gradient at the trailing solid-liquid interface is
produced compared to the backward laser radiation.

A strong columnar grain structure of Ti-6Al-4V is fabricated by laser
powder bed fusion in this study, which agrees well with experimental
observations and knowledge [44-46]. The spatial and temporal varia-
tions in the thermal gradient and solidification rate are both related to
thermal physics. Although the center of the melt pool is radiated directly
by the laser beams, the temperature gradient is low as the heat has been
fully diffused through the melt pool. In contrast, the edge of the melt
pool is close to the cold solid, which produces a high thermal gradient.
The columnar grains are usually coarse, and this columnar macrostruc-
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ture leads to anisotropic material properties, such as tensile strength
[47-49]. For a large-scale LPBF printer, a low thermal gradient and a
high solidification rate could be achieved by selecting small incidence
angles.

4. Conclusions

In this work, the influence of laser shape variation caused by the laser
incidence angle on heat transfer, melt pool geometry and dynamics, and
solidification microstructure are revealed by numerical modeling. The
key findings are concluded as follows:

(1) The power density decreases by up to 13.40% as the 90-degree laser
rays incline to 60° or 120°. The energy density remains constant un-
der various incidence angles due to the simultaneously increased
interaction time. The absorptivity is comparable for the employed
laser incidence angles.

(2) The melt pool width is close, while the depth becomes shallower as

the laser incidence angle increases from 60° to 120°. The increase

in the laser incidence angle enlarges the melt pool width-to-depth
ratio. The maximum value of the melt pool temperature decreases
as the laser beam turns from the angle of 60° to the vertical position.

The front high-temperature region becomes larger, and a more in-

clined melt pool is generated at the angle of 120°. With increasing

incidence angles, the anticlockwise vortex at the rear of the melt
pool decreases, and the front clockwise vortex becomes larger due
to the different directions of laser radiation and heat diffusion.

(4) The thermal gradient increases, and the solidification rate decreases
from the center to the border of the melt pool, and both decline as the
melt pool gradually solidifies. A strong columnar grain structure is
achieved under the five different laser incidence angles. The thermal
gradient increases, and the solidification rate decreases as the laser
incident angle becomes larger.

@3
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It is worth noting that this study ignores the vapor cavity. The tem-
perature, melt pool geometry, flow pattern and microstructure evolution
under the keyhole condition will be explored in the future, as the va-
por depression could affect the results significantly. Additionally, in this
work, the laser shape elongation direction is parallel to the scan direc-
tion. The perpendicular cases should also be simulated in the future to
cover the full picture of thebuilding platform.
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