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Laser beam shaping is a novel and relatively unexplored method for controlling the melt pool conditions during
metal additive manufacturing (MAM) processes, but even so it still holds good promise for achieving site-specific
tailored properties. In this work, a comprehensive numerical and experimental campaign is carried out to explore
this subject within metal laser powder bed fusion (LPBF). More specifically, a multiphysics numerical model is
implemented for simulating the heat and fluid flow conditions during LPBF of Ti6Al4V using arbitrary circular
beam shapes with various power distributions spanning from a pure Gaussian beam to a pure ring beam profile.
The model is subsequently coupled with cellular automata to describe the beam shape effects on the micro-
structure evolution. Model validation is carried out in a two-fold manner. First, we compare the predicted melt
pool cross-section with the one from ex-situ single track experiments, and we find a deviation of less than 9 % in
melt pool dimensions. Secondly, advanced in-situ X-ray monitoring is carried out to unravel the melt pool dy-
namics and we find that the predicted morphology closely matches the in-situ X-ray results. Moreover, it is shown
that at lower laser power, a bulge of liquid metal forms at the center of the melt pool when employing ring
profiles, and this is ascribed to the absence of recoil pressure at the center of the ring beam. Furthermore,
increasing the laser power seems to destabilize the melt pool regime, as the central bulge transforms into a liquid
metal jet that periodically collapses and breaks up into hot spatter. Based on the results, we believe that our
multiphysics modelling methodology, opens up new pathways for predicting how laser beam shaping influences
porosity, surface roughness as well as microstructure formation in LPBF processes.

1. Introduction shaping (BS), an emerging technology that allows for controlling the

laser’s spatio-temporal intensity variation. As BS allows for localized

Variation of input process parameters for achieving a part with sound
quality has been widely investigated over the past couple of years in
MAM processes [1-3]. Laser power, scanning speed, scanning pattern,
laser beam diameter and powder layer thickness are on top of the list
when it comes to process optimization targeting maximum part density,
which is most frequently defined as the primary quality criterion in
MAM. Comparatively, fairly little attention has been paid to beam

control of the laser’s power intensity during manufacturing, it is
potentially the most suitable choice for triggering site-specific micro-
structural manipulation or density control of a part [4].

BS can be carried out and applied to MAM processes both temporally
and spatially. Temporal BS (T-BS) refers to time-wise modulation of the
laser beam intensity over the course of manufacturing. This is typically
done in two ways, point-wise control, or continuous modulation of the
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laser power. In point-wise control, two input parameters, namely the
point-wise distance and the on-time duration or the dwelling time are
defined, dictating in essence how far the laser is allowed to move within
each step and for how long the laser is supposed to irradiate the target
surface. Numerical simulations are one of the most useful tools for
studying the influence of process conditions in LPBF. Among the three
major modelling types introduced in [5], namely micro-scale, deposi-
tion-scale and part-scale models, deposition-scale simulations are the
most suitable option for studying the detailed melt pool behavior within
the deposition site i.e. the laser irradiation zone in LPBF. Zheng et al. [6]
did a computational fluid dynamics (CFD) simulation at deposition-scale
of the point-wise modulated LPBF process of the In625 alloy. They
noticed that fish-fin-like meso-features form at the wake of the melt pool
due to repeated variation in the recoil pressure caused by successive
on-and-off cycles of the laser beam. Plotkowski et al. [7] and Raghavan
et al. [8] implemented a relatively similar strategy to control the input
power in LPBF and electron beam PBF, and they simulated the melt pool
using pure conduction heat transfer models. In the latter type of T-BS, i.
e. continuous modulation, sequential on-and-off cycles of the moving
laser beam take place over a cycle period — a time period over which an
entire on-and-off cycle takes place. This parameter together with the
duty cycle determines the melt pool shape. The duty cycle is given in
percentage and it specifies the fraction of the laser’s on-time duration to
the entire cycle period [9]. Along this line, Bayat et al. [10] studied the
impact of cycle period as well as duty cycle on the melt pool conditions
along with the solidified track’s surface morphology for LPBF of stain-
less steel 316-L and they noted significant congestion of fish-fin surface
topologies at lower cycle periods. As of now, the bulk of the simulation
efforts in LPBF have been dedicated to ordinary process parameter
variation, hence simulation of T-BS is quite scarce in the literature
devoted to modelling of LPBF.

BS has several unique advantages, one of which is that the more
widely used Gaussian beam profile (GBP), due to the very high laser heat
flux concentration, could lead to excessive evaporation or unwanted
ablation of the material, leading to hot spatter formation and this can be
alleviated via employing BS. Further melt pool control and manipulation
of the resultant microstructure in MAM is another major proven
advantage of BS [11,12]. In the case of wire-based directed energy
deposition (DED), any shadowing of the feedstock material could pre-
vent the baseplate from being properly warmed up [13] and this could
be a potential space for employing BS to go around the feedstock
shadowing effect. In two recent studies, it was demonstrated that the
spatter formation and the subsequent feedstock contamination in LPBF
are reduced substantially when switching the laser beam profile from
the GBP to an annular or ring beam shape [14,15]. It is also shown that
using ring beam shapes with wider coverage areas instead of the GBP
can result in boosted productivity in LPBF, but this is highly dependent
on other process parameters as well [16]. In this respect, variation of the
laser beam profile can be beneficial for achieving both productivity in-
crease and quality improvement. Spatial BS (S-BS), as its name implies,
can change the focused beam’s intensity distribution. Two widely-used
S-BS techniques are the adjustable ring mode (ARM) technique and
the implementation of adaptive optical elements (AOE). ARM exploits
the addition of multiple laser beam profiles e.g. a ring and a Gaussian
beam and in this way it induces a wide variety of beam profiles (BPs)
[17,18], whereas in the AOE method, one can modify the focused
beam’s intensity distribution by introducing an opposite aberration to
the focused beam’s phase aberration by utilizing AOEs right before the
optical lens [19,20].

Delving deeper, S-BS can be subdivided into uncontrolled and
controlled S-BS. A remarkable instance of the former type is when the
laser beam’s inclination angle deviates from the targeted vertical di-
rection. In this case, the spatial distribution of the laser beam will
automatically diverge from its circular Gaussian profile and conse-
quently form an elliptical shape. This would trigger a scenario in which
the beam intensity drops, as the laser’s footprint increases while the
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laser power remains constant. On the other hand, since the beam’s
projected area on the sample is elongated, the laser’s interaction time
with the part is partially prolonged and these two phenomena pose to be
working against each other with respect to the overall laser heat input
[21,22]. However, the precise impact of the beam’s inclination angle,
due to the aforementioned complex interplay of prolonged interaction
time and expanded projected area, is still unclear. Several research
works suggest that increasing the inclination angle could bring about
parts with lower density or increased surface roughness [23,24].
Fathi-Hafshejani [25] observed substantial beam profile elongation by
measuring the size of the laser’s footprint during static pulsed LPBF of
AlSi10Mg. They could furthermore notice a clear correlation between
the increase in the beam size and the drop in the melt pool depth as a
cause of the beam’s footprint expansion, for constant input power. They
estimated that the laser beam’s intensity drops by 6 % when the beam
inclination angle is 20°. Li et al. [26] developed a deposition-scale
simulation of the LPBF process of a titanium-based alloy and could
corroborate the decline of melt pool depth as a function of the laser
beam’s incidence angle as well.

In contradistinction to such uncontrolled S-BS, where the beam
shape is increasingly deformed towards the farther corners of the base
plate in LPBF, in controlled S-BS it is possible to manipulate the beam
profile’s intensity distribution without changing the inclination angle. In
this vein, several studies have been performed at the Lawrence Liver-
more National Laboratory on the role of elliptical beam shapes with two
different orientations (transverse and longitudinal) on the metallurgical
or morphological conditions of parts printed with LPBF. Matthews et al.
[27,28] compared the influence of GBPs and elliptical profiles on the
resulting microstructure and concluded that the latter leads to increased
levels of equiaxed grains — forging the path for tailored microstructural
or morphological conditions. Shi et al. [29] from the same research
institute carried out an advanced numerical simulation of the micro-
structural growth and nucleation with the cellular automata method
coupled with their in-house deposition-scale model ALE3D. They found
out that depending on the orientation of the elliptical beam, one can
obtain totally different grain morphologies than the ones achieved with
GBPs. Thereby if the elliptical beam is transversely oriented (with the
longer axis perpendicular to the scanning direction), the frequency of
appearance of equiaxed grains is promoted - mainly due to lower tem-
perature gradients which are beneficial to nucleation. Roehling et al. [4,
30] concluded that via using a transversely elliptical beam, it is possible
to reduce the average grain size up to 50 % as compared to GBPs and this
is very advantageous for producing parts without mechanical anisotropy
caused by directional grain growth.

Apart from GBPs and elliptical beam shapes or similar closed mani-
folds (with one single continuous surface area), there exist several beam
shapes with open manifolds such as ring-spot beam profiles (RSBP), ring
beam profile (RBP), and multiple dots or parallelized beams. Fig. 1
shows different beam shapes with open and closed manifold topologies
along with some irregular beam shapes.

Fig. 1(a) and (b) show two instances of typical beam shapes of GBP
and RSBP, where the former is categorized as a closed manifold and the
latter is an open manifold. Fig. 1(c) and (d) depict beam profiles
generated with the CIVAN laser system that is employing coherent beam
combination (CBC) [31,32].

Several recent research works have been dedicated to the topic of
controlled S-BS and its impact on the build rate, build quality, the build’s
microstructure and the melt pool’s conditions in both laser welding and
LPBF. Li et al. [33] simulated two different combinations of ring and
circular beams and they showed that a core-to-ring ratio of 5:5 led to a
substantially lower keyhole porosity as compared to a pure GBP with a
10:0 ratio and this was above all else ascribed to a larger keyhole
opening due to applying a wide ring laser allowing for better bubble
escape. Similar observations were reported in [34] where it was shown
that the number of keyhole collapses and thus the number of porosities is
reduced in laser welding of aluminium 1060 by implementing square or
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Fig. 1. Some examples of different beam shapes. (a) close manifold: shows the laser heat flux distribution for the GBP. (b) open manifold: shows the RSBP. (a) and (b)
are made by the nLight AFX laser system. (c) and (d) are arbitrary beam shapes made with the CIVAN laser system that is based on coherent beam combination (CBC).

elliptical beams shapes. Ebrahimi et al. [35] and Rahimabadi et al. [36]
modelled the melt pool dynamics in conduction laser welding with
different beam profiles and they could see substantial influence on the
melt pool conditions. Rasch et al. [37] studied the effect of ring and line
beams on the surface conditions during laser welding of aluminium
copper alloys and it was revealed that one can improve the surface
roughness value while using RBP. Van Munster et al. [38] printed cubic
stainless steel 316-L specimens with three distinct beam profiles of GBP,
RBP and mixed beam profile (or RSBP) using the multi-core fiber laser
system in their LPBF setup. They showed that even though the RBP
improves productivity by 73 %, surface roughness rises by 50 % as
compared to GBP. Galbusera et al. [39] tried several combinations of
core-to-ring power ratios in LPBF of AlSi7Mg0.6 in the range from
10:0-1:9 and noticed that there was a direct correlation between the
ring power’s contribution and internal porosities’ volume fraction (due
to the formation of lack of fusion pores).

Since the beam shaping topic is relatively new within LPBF, only a
handful of simulation studies have been specifically directed toward this
subject. For instance, Moore et al. [40] recently made an effort to
develop a microstructural simulation of the LPBF process of stainless
steel 316-L with RBP, RSBP and GBP using the Monte Carlo method. It
was reported that smaller and at the same time more equiaxed grains
were predicted under RSBP as compared to GBP. However, the thermal
model was a simple conduction-based simulation and as concluded in
the review paper by Bayat et al. [41] and in the work by Sundqvist [42],
a conduction model is far too simplistic for simulating the thermal
conditions in LPBF, as several fluid dynamics related physical phe-
nomena occur while running the process. According to [5], the
state-of-the-art in the field of LPBF simulations is currently capable of
modeling coupled powder and melt pool dynamics conditions [43],
multi-material printing [44-46] and even spatter formation [47-50].
However, despite the considerable advancement of deposition-scale
simulations, a multiphysics model of the LPBF process with circular
core-ring S-BS is currently missing in the literature as pure conduction
simulations are not proper representatives of the process physics in LPBF
and specifically when accounting for BS [42]. As noted by Tumkur et al.
[51], there are very limited efforts done on this subject.

Therefore, in the present work, it is our intention to bridge this gap in
the literature and present a multiphysics model validated with experi-
ments carried out both ex-situ and in-situ to unravel how different cir-
cular core-ring beam shapes/modes at different laser power and
scanning speeds can affect the melt pool and the subsequent micro-
structural conditions in LPBF. The rest of the paper is organized as fol-
lows; in the next two sections, details of the experimental setups for
printing the specimens and description of the numerical model are
given. The former also gives an overview of the in-situ experiments for
monitoring the melt pool under a RBP. The validation of the model is

presented in Section 4 where the input process parameters are listed
along with the beam profile’s specifications. In the following Section 5,
results and discussions are given and the focus is on three pivotal points;
(i) the impact of beam shaping with different core-to-ring ratios, (ii) an
in-depth analysis of the RBP-induced melt pools predicted by the mul-
tiphysics model and (iii) the same captured by the in-situ X-ray moni-
toring setup. The final section of the paper is focused on drawing
conclusions and outlining future directions.

2. Experiments
2.1. Single-track experiments

The single weld tracks for validation were created by use of an
AFX1000 (nLight, USA) laser integrated into an SLM280hl (Nikon SLM
Solutions, Germany) LPBF-machine. The NIR laser has a wavelength of
around 1070 nm and is capable of emitting a standard single-mode
Gaussian beam profile as well as several multimode beam shapes
which are a combination of a ring and a Gaussian beam with different
ratios of power distribution. Fig. 2 shows the schematic of the ex-situ
experiments.

The arrangement of the weld tracks and the corresponding cuts for
the cross sections are shown in Fig. 2. Two different power levels of
250 W and 500 W are considered for validation in this work (the tracks
marked as “power-capped” were not included in the study). The single
track experiments were done with two different beam shapes of GBP and
RSBP on two different Ti6Al4V substrates. The scanning speed was fixed
to 1 m/s and the approximate beam size for the GBP and RSBP was
100 pm and 350 um, respectively. The substrate dimensions are 280 mm
by 280 mm and the tracks’ length is 225 mm. The focal distance of the
lase beam is precisely positioned at the surface of the substrate and the
distance is 485 mm. To consider time-dependent effects on weld tracks,
five lines with the same line energy were created. All lines were cut,
grinded and polished at the same location.

2.2. In-situ online monitoring

The in-situ X-ray imaging experiment was conducted in cooperation
with Helmholtz-Zentrum Hereon at the German synchrotron facility
DESY PETRA III Beamline PO7. A fiber laser with adjustable ring mode
(Coherent HighLight FL-ARM, Coherent Corp. (USA)) emitting at a
central wavelength of 1070 nm was used. The laser system combines
two individually controllable laser beams that are coaxially super-
imposed on the surface of the metal sheet. The laser radiation from both
profiles is focused through a lens system consisting of a collimation lens
(fc = 70 mm) and a focal lens (ff = 163 mm) on the substrate surface. A
metal sheet of 1.4404 (100 x30 x 1,5 mm®) is moved underneath the
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Fig. 2. Schematic top view of the Ti6Al4V substrate plates, which were used for the single weld track experiments. Two identical substrates were used for the single
track experiments employing the GBP and RSBP at two laser powers of 250 W and 500 W. “Power-capped” tracks were excluded from the study.

focused laser radiation by means of a linear axis system with a constant
velocity of 500 mm.s™!. To examine the influence of a pure ring in-
tensity distribution, the laser power in the core is set to 0 W and the weld
seam track is set to 80 mm.

During the laser beam melting experiment a monochromatic X-ray
beam with a photon energy of 73 keV and an approximate diameter of
3 mm transilluminated the metal sample. The X-ray beam is locally
attenuated depending on the thickness of the sample. To convert the
transmitted X-ray beam to visible light, a scintillator was used which is
positioned in front of a high-speed imaging camera operated with a
frequency rate of 5 kHz.

3. Numerical models
3.1. The deposition-scale model

The multiphysics simulation is developed based on the finite volume
method (FVM) and the following conservation equations are solved
together to obtain the required field variables in the commercial soft-
ware package Flow-3D AM module. Detailed descriptions of the physics
and equations are given in the previous works of the author group [5,52,
53].
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Egs. (1) - (3) stand for mass, linear momentum and energy balance
within the computational domain. « (-) in Eq. (1) is the phase indicator
in the volume of fluid (VOF) method and varies between zero and unity
expressing void and dense phases, respectively. p (kg.m™°) is the den-
sity, u; (m.s’l) is the velocity vector field and p (Pa), u (Pa.s) are the
pressure field and dynamic viscosity of the dense phase. The third term
on the right hand side of Eq. (2) is buoyancy and S (K’l) is the bulk
thermal expansion coefficient and the fourth term is related to the so-
lidification drag force. fiiq (-) in Eq. (2) is the liquid fraction function and
the other two constants in this term are defined in such a way that the
fluid flow is frozen or freed when solidification and melting happens,
respectively. Su (N.m’3) is the source term that contains interfacial
forces. T (K), h (J.kg’l) and k (W.m LK) are temperature field,
enthalpy and thermal conductivity, respectively. Enthalpy is a function
of temperature as well as the liquid fraction function fj;q (-), and this

function, in the solidification interval, is assumed to linearly increase
from zero at Ty (solidus temperature) and rise to unity at Ty;q (liquidus
temperature).

T
MD:m+/%ﬂ4mMm @
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Here hy (J .kg’l) is reference enthalpy and AHg (J .kg’l) is the latent
heat of fusion. The last terms on the right-hand side of Egs. (1) — (3)
express the involved additional physical phenomena in terms of source
terms and the implemented source terms are described in Egs. (5) - (7),
respectively [5].
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Egs. (4) — (6) are the implemented source terms for the mass, linear
momentum and energy equations, respectively. Eq. (5) stands for the
evaporative mass loss. Here 6, (-) is the accommodation coefficient, AHp,
(J.kg’l) is the latent heat of evaporation, Teyqy (K) is the evaporation
temperature, M (kg.Mole_l) is the molar mass and R (J.kg_l.K_l) is the
gas constant. Eq. (6) is the source term related to interfacial forces.
These three terms in Eq. (6) are only active over a sufficiently thin sub-
layer (caused by |Va| ) next to the interface between the dense and
gaseous phases. The exponential term expresses the recoil pressure,
which acts normally towards the exposed surface of liquid metal, and the
middle term expresses thermo-capillarity, while the last term stands for
capillarity where (m_l) is the curvature of the surface. Here ¢ (N.m_l)
is surface tension which linearly declines with temperature with the
temperature sensitivity coefficient y (N.m’l.K’l). The interfacial forces
are converted into volumetric forces by means of the continuum surface
force (CSF) technique. The two terms D, (-) and Dr (-) in CSF are
damping terms which are supposed to put more weight on the dense
phase for source distribution over the interface regions. These two terms

are described by the following expressions D, = —2—— and Dy =

Pdense TPgaseous

257
P dense TP gaseous
of-the-art works within LPBF simulation, we explicitly describe the
recoil pressure. However, some few works tried a sophisticated model-
ling strategy with a compressible fluid flow assumption to account for
the impact of the dense phase’s evaporation and expansion and

Furthermore, in our work, similar to almost all other state-
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subsequently its influence on the dense phase’s dynamics. Nevertheless,
this modelling strategy, even though very accurate and representative of
the actual phenomenon, is quite computationally heavy and the results
obtained via this method are in very good agreement with the ones
determined via implementing the explicit recoil pressure description as
an interfacial force [54,55].

The energy source term S7 (W.m™%) expressed in Eq. (7) involves
thermal contributions in the following order; ZQ"’grrk (W.m~2) is sum of
all heat flux contributions of every individual discretized laser ray using
the ray-tracing method, q;,m, (W.m™2) which expresses convection heat
flux i.e. Newton’s law of cooling, q};d (W.m~?) is the radiation heat flux
and finally, S, AHy, (W.m2) is the evaporation heat flux, respectively.
The laser heat flux distribution in our study is expressed by Eq. (8) [38].
Ray-tracing (see Eq. (9)) with multiple reflections is implemented to
model the laser and material interaction to discretize the heat flux in Eq.

(8).
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As seen from Eq. (8), the laser heat flux involves two parts, the first
part, which describes the Gaussian beam distribution in the center and
the second one which accounts for the ring profile. I (-) in Eq. (8) defines
the portion of the laser power on the central Gaussian profile and as
expected, 1-I (-) consequently expresses the ring contribution. It must be
noted that the maximum value for I (-) is unity. The rest of the param-
eters including R (m), a (m), rp (m) and w (-) are ring radius, Gaussian
beam radius, radius of the Gaussian distribution of the ring profile and
the parameter for the ring profile, respectively. The two parameters ry
(m) (see Fig. 3(a)) and w (-) are obtained in such a way that the power is
conserved for both RBP and GBP. w (-) is in essence a scaling parameter
for the heat flux to ensure that identical laser powers are achieved when
I is zero (RBP) and unity (GBP), respectively, so that the total power for
any linear combinations i.e. RSBP is also conserved. In addition, @ (-)
ensures that the maximum heat flux values for the RBP and GBP are
equal. In Eq. (8), n (-) and P (W) are laser absorptivity and power,
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respectively and we set the former to 0.4 in this study. Fig. 3(a) shows
the plot and contours of dimensionless laser heat flux intensity for a
number of beam modes. Furthermore, the laser-material interaction
follows the cosine function rule, meaning that the absorptivity of the
laser is geometry-dependent, and the readers can refer to the previous
works of the author group for further information [56]. Vij; ()
expressed in Eq. (9) is the laser ray’s incident/departure vector and the
two indices i and j are the ray’s identity and iteration numbers and n (-)
is the normal vector to the target surface, [52,57,58]. Time-step size is
selected to be adaptive and controlled by stability and convergence with
a minimum timestep size of 10™® s. The pressure solver type is GMRES
and implicit and the VOF algorithm is based on the splic Lagrangian
advection method.

The necessary inputs for describing the laser heat flux distribution in
Eq. (8) are shown in Fig. 3(a). Here, seven different beam modes ranging
from pure GBP to RBP are displayed. The ratio between the core and ring
contribution is represented with (C:R), where the overall sum of C and R
must be 6. Thus the GBP is described as (6:0) and RBP as (0:6). There-
fore, any other combination of these two beam shapes forms a so-called
ring spot beam profile (RSBP). Values for RSBP span from (5:1) to (1:5),
as shown in Fig. 3(a). The computational domain used for this study is
similar to the previous works of the author group [52,53] and a sym-
metric boundary condition has been applied on the x-z plane, see Fig. 3
(b). According to this, the overall height of the computational domain is
550 pm of which 400 um is filled with the dense phase and the rest of it
with the gaseous phase. It must be, nevertheless, underlined that in
Flow-3D, the VOF algorithm does not track two phases in the laser AM
module and the algorithm tracks the free surface of the dense phase
instead. However, a precise description of both phases, namely the dense
and the gaseous phase, is not required as long as more special physics
such as the mutual coupling between the powder particles’ movement
and the plume generation are not included in the model. We refer the
readers to the comprehensive review paper by the author group for
better understanding of different types of deposition-scale modelling
strategies [5]. Moreover, a uniform cell size is used in the model and
based on earlier research works done by the author group [53], a value
of 5 um is chosen to both ensure proper resolution of the laser beam as
well as grid-independence. It must, however, be mentioned that the
model can predict liquid break-up for droplets smaller than the cell size

(b)
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Fig. 3. (a) shows the overall laser beam intensity distribution for seven different beam modes ranging from GBP to RBP. Parameters a (m), R (m) and rp (m) stand for
the Gaussian radius of the center of the beam, the ring radius and the Gaussian radius of the ring, respectively. The contours and the plot show the dimensionless laser

heat flux distribution. (b) a 3D view of the computational domain.
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as the software has a minimum threshold value of 5 % fill ratio of a cell.
However, it is worthwhile to mention that these predictions cannot be
fully trusted in case the cell fill ratio is that low i.e. 5—10 % and in such
a case finer mesh sizes would be needed The material is selected to be
Ti6Al4V and the thermophysical properties are extracted from
Flow-3D’s material database in addition to some other parameters used
in the previous works of the author group [52,59].

3.2. The microstructural model

To describe the beam shaping effects on the microstructure evolution
during solidification, we coupled grain-scale cellular automata (CA)
[60-62] with the multiphysics deposition model discussed in Section 3.1
through the temperature field and phase distribution (void, liquid,
solid). The CA model accounts for epitaxial nucleation and
orientation-dependent growth of prior B grains. For the sake of
simplicity, heterogeneous nucleation ahead of the solidification front
during laser processing and solid-state transformation were omitted
from the considerations. To clarify on the former assumption, hetero-
geneous nucleation ahead of the solidification front during LPBF of
Ti6Al4V is often disregarded in simulations [63-66]. This assumption is
based on the inherent steep thermal gradients in LPBF, which inhibit
such nucleation. In castings, equiaxed grains can form from the
detachment of secondary dendrite arms within a mushy zone. However,
in LPBF conditions, this mushy zone is extremely narrow due to steep
thermal gradients, making the detachment mechanism unlikely. More-
over, in Ti6Al4V alloy, the high partition coefficients of the primary
alloying elements (close to one [67,68]) reduce the degree of constitu-
tional undercooling ahead of the solidification front, resulting in a low
likelihood of grain nucleation.

As the CA algorithm has been detailed in our previous studies
[60-62], in this section we will briefly overview only its basic principles.
The CA model evolves in time, tracking the states of individual CA cells
(voxels) and the local environment of cells (neighborhood, temperature
field, phase distribution field). Each voxel can exist in one of four states:
liquid, undercooled liquid where T < T, the interface, or solid. Here T,
(K) is the liquidus temperature. The transition between these states
follows specific rules set out in our earlier publications (see Table 5 in
[60]). The first-order Moore neighborhood is considered.

First, the microstructure of the initial setup is generated via nucle-
ation and growth of grains. The seeds are randomly distributed in the
domain, with their number determined based on the average grain size
reported in the literature. The method we previously introduced was
employed to determine the crystallographic orientations of the crystals,
aiming to produce a material without texture. Each growing CA cell is
associated with a so-called grain envelope shaped as a regular octahe-
dron in 3D. The octahedron connects the preferred growth directions of
a crystal, (100) in cubic crystals. The expansion of this octahedron,
which happens by the growth of its diagonals aligned with the crystal’s
preferred growth directions, is governed through temporal integration
of the growth kinetics. The growth kinetics relates the grain growth
velocity v (m.s 1) with the undercooling AT (K) as v = AAT?. Here A
represents the material dependant constant calculated to fit the pre-
dictions of lower-scale models and in this work is set to 5.85x10° (m.
s’l.K’z) [62]. To address the challenge of artificial anisotropy intro-
duced by the voxel mesh — a common issue in CA modeling — we
implemented a modified decentred octahedron algorithm [69]. The
centre of the octahedron in the i CA voxel is defined at the moment
when the i voxel gets nucleated or captured by a growing crystal, at the
location where it was captured. As the grain expands, the octahedron
reaches out to neighboring ‘undercooled liquid’ voxels, incorporating
them into the growing crystal and transferring the crystallographic
orientation and grain index (unique integer value for each grain). This
process continues until all neighboring CA cells are classified as either
‘solid’ or ‘growing’, at which point the grain envelope solidifies
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completely, no longer participating in the solidification front. After the
microstructure of the initial setup was generated, we subjected it to
virtual laser irradiation using the multiphysics deposition model. The
CA simulations coupled with the thermal field resulting from the mul-
tiphysics CFD model were performed on Gadi, the peak supercomputer
of the National Computational Infrastructure (NCI, Australia).

4. Model validation

In this section, the validation of the developed multiphysics model is
presented. Several single tracks were manufactured using the LPBF
machine detailed in Section 2. The single-track specimens were manu-
factured using two laser modes, RSBP and GBP at two different powers
250 W and 500 W power at 1000 mm.s~ ! scanning speed. In order to
have a closer agreement between the multiphysics model and the ex-
periments in terms of process conditions, the parameters in Eq. (8) are
selected in such a way that they resemble the actual measured laser heat
flux. This would then enable us to systematically change the beam
indices in the subsequent sections for detailed investigations. Fig. 4(a)
and (c) show the 2D view as well as the distribution of the heat flux for
RSBP in the simulation. Fig. 4(b) and (d) show the experimentally-
measured profiles of the RSBP using a profilometer.

According to Fig. 4, there are a number of minor discrepancies be-
tween the simulated and the experimentally-measured beam profiles
and these could be ascribed to instantaneous laser power fluctuations as
well as imperfect laser heat flux distribution that in reality could deviate
from the idealized distribution described with the analytical function in
Eq. (8). The predicted three-dimensional temperature contours along
with the spatial laser heat flux distribution over the melt pool using
RSBP shown in Fig. 4 are displayed in Fig. 5. According to the blowup
images, it is noted that an RSBP leads to a distinct depression zone
composed of a core depression and an annular depression, in contrast to
the single depression forming in regular LPBF processes with single-
mode GBPs [70-72]. Locating the positions of these two depression
points and matching them with the laser distribution reveals that the
depression zones are directly caused by the local peak values of the core
(central) and the annular (ring) parts of the laser heat flux distribution,
based on Fig. 5. The deposition-scale simulations were run on 64-core
workstations with AMD Ryzen Threadripper PRO 5995WX @4.5 GHz
system with 256 GB RAM and it took about 7 hours and 40 minutes on
average to run the single track validation case.

The detailed predicted and observed melt tracks’ dimensions for four
different cases are shown in Fig. 6.

The comparison between the predicted and observed track cross-
sections for four single tracks is shown in Fig. 6. For the RSBP, at both
laser powers of 250 W and 500 W, the melt pool is at conduction mode
without any keyhole depression zone formation [73,74]. Furthermore, it
is noticed that due to the collective impact of the two depression zones
caused by the core and ring part of RSBP, a significant portion of the
melted material is redeposited to the center of the track while leaving
two line-indentations along the path of the laser coinciding with the
footprints of the ring part of the laser. This would eventually result in the
track morphology shown in Fig. 6 for RSBP 500 W and the underlying
physics can be explained by the physics of hump formation in LPBF
using the GBP [75].

The simulated melt pool width for RSBP 500 W is found to be 348 ym
which is only 1.46 % larger than the experimental melt pool width of
343 pm. The predicted melt pool depth is found to be slightly larger than
the experimental value and this led to an error of 8.77 %. The larger
deviation in terms of predicted melt pool depth could arise from the fact
that in the simulations, as we are using analytical expressions, the laser
heat flux is marginally larger than that in reality, and this was visible
from Fig. 4(a) — (d). For the GBP with 500 W, the predicted melt pool
width and depth are 234 ym and 180 um, respectively — leading to a
width-to-depth ratio of 1.3. The width-to-depth ratio for the melt pool
with RSBP is found to be 5.61 which is significantly larger than the ratio
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Fig. 4. Details of the RSBP for validation. (a) 2D view of the implemented RSBP in the simulation, (b) experimental laser beam profile contour and (c) and (d) show
the modelled and experimentally-measured laser heat flux for RSBP, respectively. It is worth noting that the comparison is made for a static laser at 200 W laser

power. The German word Querschnitt stands for cross-section.
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Fig. 5. 3D temperature contour and laser heat flux distribution using RSBP 500 W at two different times of 0.0004 and 0.0018 seconds. The black isoline shows the

border of the melt pool.

for GBP which is typically in the range of unity or below that depending
on the melt pool regime [76,77]. Therefore, it is believed that RSBP
could potentially boost the build rate with fewer tracks, but this comes
with the downside of having improper cross-layer bounding or sintering
that could plausibly lead to internal porosities due to lack of sintering. In
conclusion, the results presented in this section show a very good
agreement between the predicted and experimental single-track profiles
and the subtle error percentage of less than 9 % supports the validation
of the multiphysics simulation of LPBF with a RSBP laser.

5. Results and discussions

This section is divided into two subsections; in the first subsection,
we delve into the impact of different beam modes on the predicted heat
and fluid flow and microstructural conditions during LPBF of a titanium
alloy using four different modes ranging from GBP to RBP. The next
subsection is focused on the role of RBP in LPBF and here, numerical and
in-situ online experimental data are presented, discussed and compared.
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Fig. 6. Comparison between the predicted and experimentally observed track dimensions for four single track experiments; RSBP with 250 W and 500 W and GBP

with 250 W and 500 W.

5.1. The impact of beam modes

The beam shapes range from a GBP with a core-to-ring ratio of 6:0 to
an RBP with a core-to-ring ratio of 0:6. Two intermediate core-to-ring
ratios of 4:2 and 2:4 with an RSBP are considered in between the GBP
and RBP. Table 1 gives an overview of the implemented process
parameters.

Fig. 7 shows the dimensionless laser heat flux distribution for the
four beam shapes listed in Table 1.

According to Fig. 7 and Table 1, all of the laser power is concentrated
in the center or core of the GBP. Conversely, 100 % of the laser power is
distributed over the ring in the RBP and for RSBP1 and RSBP2, 66.6 %
and 33.3 % of the laser power are concentrated at the center of the laser
beam. Fig. 8 shows a three-dimensional view of the calculated temper-
ature contours along with the implemented laser heat flux distribution
for the four cases with low laser power introduced in Table 1.

Based on Fig. 8, it is noted that lowering the core/ring ratio leads to
shallower and at the same time wider melt pools. Even though the laser

Table 1
Process details for beam mode parametric study. Note that L stands for low and
H stands for high.

PW) v(mm. R a Tag Description Core:
) (um)  (pm) ring
140 700 100 42 L-GBP Gaussian beam 6:0
profile — low power
L- Ring spot beam 4:2
RSBP1 profile — low power
L- 2:4
RSBP2
L-RBP Ring beam profile -  0:6
low power
250 700 100 42 H-GBP Gaussian beam 6:0
profile — high power
H Ring spot beam 4:2
-RSBP1 profile — high power
H 2:4
-RSBP2
H -RBP Ring beam profile—  0:6

high power

power is identical in all cases, the melt pool depth is the largest in the
GBP case. Details regarding the melt pool dimensions using the process
parameters listed in Table 1, are given in Table 2.

According to Table 2, the width/depth ratio increases from 0.8
(typically observed for LPBF with the GBP [77-79]) to 3.3 when using
the GBP and RBP, respectively. This is as expected because the entire
laser power in the GBP is concentrated within a circle with a radius of
42 um, as compared to the other extreme case, the RBP, where the power
is distributed over a ring with a radius of 100 ym. Based on Table 2, it is
also noted that the length/depth ratio increases while raising the ring
contribution. This ratio is 3.94 for L-GBP and is less than 40 % of the one
for RBP, which is 10.93. This is because for the L-GBP, the recoil pressure
is quite high, and this leads to the movement of the entire melt pool
downwards. For the melt pool using RSBP beams, as the irradiated zone
is larger due to the existence of the ring part, the melt pool will be wider.
Thus the Marangoni number will be larger as well, since Ma = (|y|e(AT)
Lcy)/(aeu). Also, according to [53], ordinary alloys and metals with
negative y will induce radially outward flows that tend to widen the melt
pool as the Marangoni effect advects hot liquid metal to the rims of the
melt region. Fig. 9 shows a closeup of the melt pool temperature under
L-GBP and L-RBP, respectively.

The localized heating caused by using the GBP leads to high surface
temperatures at the center of the melt pool in contrast to the relatively
colder surface temperature at the center of the melt pool when using the
RBP. This is a consequence of the energy being far less localized or
concentrated in the RBP case.

Fig. 10 shows the temperature contours for the last four beam modes
described in Table 1 at the high laser power of 250 W. Details of the melt
pool dimensions are listed in Table 3.

Similarly to the first four cases with 140 W laser power, the melt pool
depth is seen to be decreasing with an increase in the ratio of the ring
profile’s contribution. It is observed in Fig. 10 (b) that the deepest point
in the melt pool forming under the RBP occurs over the melt pool rims
where the laser heat flux is highest — unlike melt pools forming under the
influence of the GBP. Whereas, for the rest of the cases, which are a pure
GBP or a combination of a GBP and a RBP, the deepest point of the melt
pool coincides with the center of the laser beam, see Fig. 10 (d), (f) and

(h).
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Fig. 8. Three-dimensional temperature contours along with the laser heat flux distribution at t = 0.0016 s for (a) GBP-L, (c) RSBP1-L, (e) RSBP2-L and (g) RBP-L. (b),
(d), (/) and (h) show the corresponding cross-sections of the melt region at the center of the scan track for these four beam profiles.

According to Table 3, the width/depth ratio of the melt pool with the
GBP laser is 0.54, which is close to the keyhole melt pool morphology
[76] while the width/depth ratio for the rest of the cases is larger than

Table 2
Calculated melt pool dimensions for 140 W and 700 mm.s ! scanning speed.

Beam Width / 2 Length Depth Width/ Length/ one.

index (um) (um) (um) depth () depth (- As noted in Fig. 10 (a), the melt pool becomes highly unstable and
L-GBP 56.2 555.0 140.9 0.8 3.94 enters a splashy regime for the RBP at 250 W, whereas the melt pool
L-RSBP1  131.2 635.5 96.6 27 6.58 under the same beam profile but at a lower laser power of 140 W is
L-RSBP2 115.2 698.2 69.3 3.3 10.08

relatively stable and is in the conduction regime, as previously observed
in Fig. 8(a). To have a clearer insight into the melt pool’s regime tran-
sition due to the laser power increase under the L-RBP, two snapshots of
the temperature contour at t = 10" and 6 x 10~* seconds are shown in
Fig. 11 (a) and (b).

L-RBP 122.3 806.2 73.8 3.3 10.93
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Fig. 9. A zoomed view of the temperature contour and depression zones for (a) L-GBP and (b) L-RBP at t = 0.0015 s.
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Fig. 10. Three-dimensional temperature contours of temperature along with the laser heat flux distribution at t = 0.0016 s for (a) H-GBP, (c) H-RSBP1, (e) H-RSBP2
and (g) H-RBP. (b), (d), (f) and (h) show the corresponding cross-sections of the melt region at the center of the scan track for these four beam profiles.

It is evident from Fig. 11 (a) that the melt pool starts growing from a
ring-shaped profile at the very start of the scanning process and that the
temperature is high enough such that an annular depression zone is
instantly formed even at this very early stage of the process. The melt
pool remains stable until the end of the process and conserves its surface
morphology as it reaches the quasi-steady state condition - a

10

characteristic of stable melt pools in LPBF [80]. The active annular
depression zone leads to a bulge in the center of the front part of the melt
pool as the core part of the laser beam is absent under the RBP. The bulge
formation is, therefore, only specific to RBPs, as for other beam shapes
with GBP elements, the contribution of the core part of the laser beam
balances the bulge and evens it out as the central recoil pressure
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Table 3

Calculated melt pool dimensions for 250 W and 700 mm.s ! scanning speed.
Beam Width / 2 Length Depth Width/ Length/
index (um) (um) (um) depth (-) depth (-)
H-GBP 60.63 780.84 225.72 0.54 3.46
H-RSBP1 128.61 1203.74 171.92 1.50 7.00
H-RSBP2 125.20 1313.88 162.20 1.54 8.10
H-RBP 133.33 1238.99 129.40 2.06 9.58

becomes more substantial.

Looking deeper into this, according to Fig. 11 (d), the annular
depression zone causes the relocation of the liquid metal to the center of
the track as the material is incompressible. Furthermore, one can also
see that, close to the bulge location, the Marangoni-driven lines are
pointing to the center of the melt pool - opposite to what is typically
observed in LPBF or melting-based processes where thermo-capillarity
induces an outward flow of liquid metal [53,81] and this originates
from lower center temperatures for melt pools when using the RBP.
Nevertheless, on the melt pool scale level, the Marangoni-induced ve-
locity vector field shown in Fig. 11 (c) causes a typical flow direction
towards the tail of the melt pool.

The predicted temperature contour for the higher laser power of
250 W applying the RBP is shown in Fig. 12 (a) and (b) at the two in-
stants in time of 10™* and 6x10~* seconds, respectively. The melt pool
formed at 10~* seconds has a more noticeable depression zone as
compared to the one at the same instant in time with 140 W laser power,
see Fig. 11 (a) and (c). This, as shown in Fig. 12 (a), would naturally
result in a larger liquid metal displacement as the recoil pressure is more
pronounced. The more significant liquid metal displacement, even at the
very early stage of the scanning process, leads to an apparent elongation
of the bulge forming in the center of the laser beam, see Fig. 12 (a). As
the process continues, the central bulge transforms into a jet-like flow
that is directed upwards and opposite to the direction of the recoil
pressure. The formation of this central jet is even more clearly displayed
in Fig. 12 (c) and (d) and the height of the jet reaches about 150 um from

(a) le4s
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the depression zone.

Fig. 13 shows a side view of the sequence of the melt pool trans-
formation at 250 W laser power taken at four different times. One can
see that the melt pool instability can be explained by the four distinct
stages: (I) early-stage breakup of the liquid jet, (II) total breakup of the
jet, (III) material remelting and redistribution, and (IV) reformation of
the liquid metal jet. According to Fig. 13 (a), the central liquid metal jet
grows up to a certain level during which the surface tension of the liquid
metal is not able to keep the jet together any longer and therefore, it
collapses and subsequently breaks up and forms liquid spatters, similar
to the form of spatter in [81,82].

The breakup of the central liquid metal jet shown in Fig. 13 (a) is
caused by the collective impact of two phenomena: first, the lowered
surface tension at the center due to laser heating and this automatically
reduces the capability of the material to contain the liquid metal jet and
second, the high speed of the central jet, which makes it even more
difficult for the already-lowered surface tension to keep the bulge
together. As a consequence, the liquid jet breaks up into smaller droplets
with such high velocities that some even get deposited on the work piece
again, hence increasing the risk of unwanted and higher levels of surface
roughness compared to when employing a GBP, as reported by [38].
After the collapse of the liquid metal jet, the laser starts melting the
material again and this in turn increases the volume of the liquid phase,
see Fig. 13 (c). In a matter of 0.2 ms, it is observed that the liquid metal
jet re-establishes itself and reaches a height of ca. 100 um, see Fig. 13
(d). The four-stage loop repeats during the course of the process and this
leads to significant spatter formation and instability of the melt pool.

In conclusion, one can say that the RBP could potentially increase
productivity as it covers wider regions, compared to the more concen-
trated GBP. Thus, the use of RBPs requires lower numbers of hatches, but
as a downside, the melt pool that forms under the use of RBPs becomes
highly unstable at higher laser powers due to the formation of the
mentioned liquid metal jet at the center of the melt pool. This means that
the RBP has a fairly limited process window, since such instabilities
might arise when the power is increased. A solution to this drawback of
RBPs is using lower laser power - hence keeping the melt pool regime in
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Fig. 11. Temperature contours for the RBP at 140 W (L-RBP) at; (a) t = 10 *sand (b) 6 x 10™*s, respectively. (c) and (d) show cross-sectional views of the melt pool
att =6 x 10~ s from (c) side view in the x-z plane and (d) front view in the y-z plane. The y-z plane is precisely at the location of the center of the RBP laser.
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Fig. 12. Temperature contours for the RBP at 250 W (H-RBP) at; (a) t = 10*and (b) 6x107* s, respectively. (c) and (d) show cross-sectional views of the melt pool
att = 6x10* s from (c) side view in the x-z plane and (d) front view in the y-z plane. The y-z plane is precisely at the location of the center of the RBP laser.
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Fig. 13. Side view of the predicted melt pool temperature employing RBP at 250 W laser power at: (a) 8x10™*s, (b) 9x10™*s, (¢) 10x10™* s and (d) 12x10™*s.

the conduction mode [76]. However, the shortcoming of this strategy is
insufficient melt pool depth which can potentially cause lack of bonding
between two neighboring powder layers.

After obtaining the temperature field at the deposition-scale, we did
the CA calculations at the micro-scale where we applied an initial grain
size of 2 um. The computational domains considered for the H-GBP and
H-RBP (with 250 W power and 700 mm.s~! scanning speed) modes
were of size 179 x 2029 x 273 pm® and 296 x 2146 x 179 um® (y x x x
z), respectively, with the CA cell size of 1 pm. These simulations took 52
and 79 min, respectively, on 2 x 52 core Sapphire Rapids of NCI Gadi.

Note that the comparison in this subsection is more of a qualitative
nature and focuses on identifying trends.

Fig. 14 demonstrates the central y-z cross-sections of the model
samples depicting the grain structures observed in single tracks using H-
GBP (a) and ring H-RBP beams (b). The microstructure of a single track,
particularly the shape and orientation of grains, is shaped by the thermal
conditions within the melt pool. During solidification, the ‘ease’ with
which a grain grows depends on the alignment of its preferred growth
directions with the steepest thermal gradient. For cubic alloys, the
preferred growth direction is typically <100>, which has been shown to



M. Bayat et al.

00e+00 10

(2 (b)

Misorientation angle between CSs

Additive Manufacturing 93 (2024) 104420

20 30 4 5.5e+01

Fig. 14. Model-predicted grain structures in the central y-z cross-sections for (a) H-GBP and (b) H-RBP. The initial average grain size of the base plate is 2 ym. The
colour depicts the misorientation angle between the z-axis of the sample coordinate system and the closest <100> direction of the crystal coordinate system; CS in

the scale title stands for the coordinate system.

yield the highest growth rates for body-centered cubic and face-centered
cubic grains [83]. According to the solidification theory, grains with
growth directions that align well with the thermal gradient grow pref-
erentially over those misaligned with the heat flow. The result is
competitive growth. In both cases studied, the grain growth orientations
are approximately perpendicular to the liquidus isotherm at each local
point.

In both cases, the grain growth orientations are approximately
perpendicular to the fusion line. The H-GBP mode mainly produces long
columnar grains along with a smaller number of short-range columnar
grains and some quasi-equiaxed grains (Fig. 14 a). These columnar
grains grow from the boundary of the melt pool to its centerline. They
grow slightly upwards at an angle, aligning with the maximum thermal
gradient. This gradient depends on the melt pool shape. The H-GBP
mode produces a deep and narrow melt pool, with its centerline (Fig. 14
a) solidifying last. This solidification behavior causes grains to converge
on one another along this centerline. Close to the root of the single track,
where the melt pool becomes teardrop-shaped, the angle between the
longest direction of a columnar grain and the melt pool centerline is
larger than in the upper part of the melt pool, where it becomes ~ 90°.
This behaviour is characteristic of the deep, cup-shaped melt pools [84,
85]. Close to the root, the misorientation between the z-axis of the
sample coordinate system and the closest <100> direction of the crystal
coordinate system is predominantly larger than 40°, forming a region
characterised by the prevalent crystallographic orientation of grains.
The latter is well observed in the x-z cross-section parallel to the laser
motion (Fig. 15 a). The fact that grains converge at the centerline of a

melt pool results in their appearance as equiaxed grains in the central x-z
cross-section.

In the H-RBP mode, the microstructure does not follow a charac-
teristic two-fold shape observed in the y-z cross-section (Fig. 10 b),
opposite to the results reported in [86]. The reason for this is the large
liquid metal displacement towards the central part of the melt pool due
to more pronounced recoil pressure (Fig. 12 c). Primarily, the H-RBP
mode results in the formation of long columnar grains, accompanied by
some short-range columnar grains and a few quasi-equiaxed grains
(Fig. 14 b). The bottom of the melt pool near the root region is planar,
which results in columnar grains growing upwards from the melt pool
boundary at its center and approximately parallel to the z direction
(Fig. 14 b; Fig. 15 b). Growing upwards, these grains demonstrate
columnar appearance in the central x-z cross-section, opposite to the
equiaxed microstructure pattern observed in the H-GBP mode (Fig. 15).
These grains are characterized by the less than 20° misorientation angle
between the sample and crystal coordinate systems, forming a different
predominant crystallographic orientation than in the GBP mode
(Fig. 15). On the lateral sides of the melt pool, columnar grains of ~ 40°
misorientation angle are observed, which grow at the same angle to-
wards the top central point of the melt pool (Fig. 14 b). In the top view
(x-y cross section), the morphology of these grains will appear as equi-
axed, which agrees with [86].

5.2. In-situ comparison with X-ray monitoring data

In this subsection, the results from the numerical model are

(b)

yA Misorientation angle between CSs
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[ |

Fig. 15. Model-predicted grain structures in the central x-z cross-sections for (a) H-GBP and (b) H-RBP. The initial average grain size of the base plate is 2 pm. The
colour depicts the misorientation angle between the z-axis of the sample coordinate system and the closest <100> direction of the crystal coordinate system; CS in

the scale title stands for the coordinate system.
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compared with the data and images captured via X-ray in-situ moni-
toring setup described in Section 2.2. It must be emphasized that the
comparison in this subsection is more of a qualitative nature than a
detailed 1:1 comparison. Therefore, the process parameters are slightly
changed to resemble the process conditions under which the single-track
specimens for the in-situ X-ray CT imaging were manufactured. As the in-
situ experiments are only done on the annular beam shape mode, we
focus on the RBP models discussed in 3.1. In this respect, the scanning
speed of the L- and H-RBP and models were modified to 500 mm.s ! to
match the experimental conditions used in the in-situ imaging tests.

Fig. 16 compares the simulated and experimental melt pool cross-
section from a side-view parallel to the scanning direction. According
to Fig. 16 (a), the depression zone is formed right beneath the location
where the laser heat flux is at its maximum for the RBP. This, as
mentioned earlier, causes a bulge to form right beneath the laser beam.
According to the numerical and experimental results shown in Fig. 16,
the melt pool regime is stable without any signs of temporal changes in
the shape and morphology — confirming reaching a quasi-steady state
condition.

Fig. 16 (c) and (d) show in-situ images of the melt pool profiles which
are quite similar to the ones predicted by the multiphysics simulation
shown in Fig. 16 (a) and (b). The depression zones’ morphology noticed
in the experimental images in Fig. 16 (c) and (d) agree quite well with
the predicted depression zone in the model and the morphology of the
depression zone, affirms the impact of the annular-like depression zone
as noticed in the simulated results shown earlier.

A similar comparison is made in Fig. 17 for the melt pool forming at
higher laser power. According to Fig. 17 (a) and (e), a more noticeable
bulge is formed right below the laser beam. As the recoil pressure at
higher laser power is more pronounced, this leads to a more significant
material re-distribution in the form of a vertically elongated bulge or
metallic jet below the laser beam position, see Fig. 17 (a) and (e). The
low surface tension caused by the elevated temperature is not able to
contain the growing liquid metal jet and as outlined in Section 5.1, this
brings about an early-stage breakup of the liquid metal jet, see Fig. 17
(b) and (f). One can clearly observe the generation of fast-moving hot
spatters at liquid state in Fig. 17 (b) and (f). It is furthermore noted that
the spatter particles are highly inclined to the back of the melt pool
along the displayed directions in Fig. 17 (c) and (g). Moreover, as a
follow-up step to the early-stage breakup of the liquid jet, the entire
column collapses, leading to multiple hot spatter particles, see Fig. 17 (c)

Peak heat flux 4 Co
intensity ;

(@)

Stable bulge formation
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and (g). Subsequently, one can see that after the collapse of the liquid
metal jet, remelting brings more material to the center of the melt pool
and this ultimately triggers the regeneration of the bulge and as
mentioned in the previous subsection, these stages of the jet collapse and
regeneration repeat during the course of the process. The reason behind
the significant hump formation seen in Fig. 17 (h) could be due to a high
recoil pressure due to rapid fluctuation in the laser power or the gas
plume (affecting effective laser absorptivity), and such rapid fluctua-
tions typically occur in LPBF [87,88].

6. Conclusion

In this work, a combined numerical and experimental investigation
was carried out to uncover the impact of BS in LPBF of Ti6Al4V. More
specifically, a multiphysics numerical model at the deposition scale,
capable of simulating laser beams with varying intensity profiles was
implemented. The model is developed in the commercial FVM solver,
Flow-3D. To validate the multiphysics model, detailed experiments were
performed where an RSBP was used to print single-track Ti6Al4V
specimens. Comparing model results and ex-situ experiments showed a
deviation of less than 10 % in predicted and measured melt pool di-
mensions for four cases with different process parameters.

To further investigate the impact of spatial beam shaping, several
parametric studies were subsequently carried out. Firstly, four different
beam shapes were studied in which the laser beam profiles spanned from
a GBP to an RSBP and an RBP. Here, the power distribution ratio be-
tween the central and annular parts of the GBP and RBP, being the two
extreme cases, were 6:0 and 0:6, respectively. The numerical results
suggest that the deepest melt pool forms under the GBP, as expected. In
contrast, the RBP results in the largest width-to-depth ratio, as the laser
heat flux is quite delocalized as compared to the more concentrated laser
profile in GBP.

Next, the detailed melt pool behavior during the RBP was explored
and it was found that a liquid metal bulge forms at the center of the melt
pool due to material relocation. The primary mechanism behind this was
identified to be the annular-shape recoil pressure zone, which pressed
the liquid to the center. The Marangoni effect was identified as a sec-
ondary reason, which, in the case of the RBP, transports liquid metal
from the hotter rims of the melt pool to the relatively colder center
where the laser heat flux is absent. This is unlikely to happen when using
the standard GBP as the central bulge of the melt pool is wholly

(b)

Annular recoil pressure
zone

Fig. 16. Comparison between the simulated and in-situ experimental melt pool profile in the central plane parallel to the scanning direction for the low-power RBP
case. (a) and (b) show the predicted melt pool’s liquid fraction in the x-z plane at two different times when the melt pool has reached its quasi-steady state. (c) and (d)

show in-situ images of the melt pool profile from a side view.
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Fig. 17. Comparison between the simulated and in-situ experimental melt pool profile in the central plane parallel to the scanning direction for the high power case.
(a) and (b) show the predicted melt pool’s liquid fraction in the x-z plane at two different times. (c) and (d) show in-situ images of the melt pool profile from side view.

suppressed.

A further examination of the simulated results reveals that, at higher
laser power, the central bulge undergoes a very unstable and undulating
regime due to the significant recoil pressure along with the lowered
surface tension. Here, the bulge transforms into a liquid metal jet
pointing upwards which subsequently breaks up into liquid spatters
splashing in various directions, however, mostly backwards opposite to
the scanning direction.

To further validate the model, the simulated melt pool behavior was
compared with in-situ X-ray images taken when using the RBP, and a
good agreement was found. It was specifically noted that the melt pool
undergoes a very unstable regime at high laser power, whereas at lower
power, it is quite stable, with a bulge forming at the center.

Finally, CA simulations were carried out based on the model devel-
oped by the author group to predict the final grain morphology using the
GBP and RBP. We found that during the former, the grains primarily
grow to the centerline of the track, whereas during the latter, they tend
to converge to a single point at the top of the melt pool.

In conclusion, it is evident that one can manipulate the melt pool
dimensions to a large extent by tuning or modulating the spatial beam
profile. As opposed to traditional process parameter variation consisting
mostly of laser power and scanning speed variations, BS potentially
entails more considerable flexibility, as confirmed via employing RBPs
or RSBPs, obtaining width-to-depth ratios in the order of 5 and 6. Such
substantial width-to-depth ratios are quite useful in terms of
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productivity increase, as a lower number of hatches per layer would be
needed. One potential downside, however, is the lower melt pool depth
obtained by RSBPs or RBPs, which can be problematic when high layer
thicknesses are targeted. Future research should address multi-track and
multi-layer LPBF with RSBPs and RBPs and even temporally-modulated
beam shaping to tailor the part’s microstructure alongside the spatial
modulation, as investigated here.
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