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Abstract

Laser powder bed fusion (LPBF) enables the fabrication of geometrically complex metallic
components, but sharp-edged features remain susceptible to localized heat accumulation
because bidirectional meander scanning produces progressively shortened scanning vec-
tors near acute apices. The resulting imbalance between repeated energy input and lim-
ited heat dissipation destabilizes melt-pool behavior and degrades surface integrity, den-
sification and microstructural uniformity. In this study, a geometry-informed active en-
ergy modulation strategy was proposed for LPBF of Inconel 718 sharp-edged components.
A dimensionless Power Reduction Factor (PRF) was formulated to couple laser power
attenuation with scan-vector shortening. Coupled DEM-CFD simulations showed that
power reduction in heat-accumulation-prone regions decreased peak temperature and
suppressed excessive melt-pool expansion caused by adjacent-track thermal history. In
situ coaxial photodiode monitoring revealed that apical heat accumulation intensified
with i build height under insufficient power reduction, whereas increasing the PRF re-
duced the overheated zone. Among the tested conditions, PRF = 0.3 provided the most
favorable balance between overheating and energy deficiency, minimizing apical surface
roughness and maintaining a relatively uniform microhardness distribution above 290
HVO0.1. Lower PRF values resulted in swelling and hardness degradation, while higher
PRF values promoted track instability and lack-of-fusion defects. Microstructural charac-
terization revealed a persistent intra-track hierarchy in a cellular dendritic scale, while
location-dependent PDAS variations along the sharp-edged region were comparatively
modest. The observed trends indicate that spatially graded power attenuation modifies
local cellular-scale heterogeneity. These results demonstrate that PRF-based modulation
provides a quantitative route for mitigating scan-vector-shortening-induced heat accu-
mulation in sharp-edged geometries without additional cooling delays.

Keywords: laser powder bed fusion; Inconel 718; heat accumulation; scan-vector
shortening; active energy modulation; geometry-informed modulation
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1. Introduction

Laser powder bed fusion (LPBF) has become an enabling route for manufacturing high-
performance metallic components with complex geometries, owing to its layer-wise geomet-
ric flexibility and high material utilization [1,2]. Among printable nickel-based superalloys,
Inconel 718 is particularly attractive for aerospace, aviation and energy applications because
of its favorable processability and reliable mechanical performance under demanding service
conditions [2,3]. However, the geometric freedom offered by LPBF also introduces spatially
non-uniform thermal histories when local features become thin, sharp, or highly confined. In
such geometry-sensitive regions, the key challenge is not only to achieve full densification
within a nominal processing window, but also to maintain consistent melt-pool behavior, so-
lidification microstructure and mechanical response across the entire component [4,5].

This issue becomes particularly pronounced in sharp-edged geometries processed by bi-
directional meander scanning. As the laser approaches an acute apex, the scanning vectors are
progressively shortened, which reduces the temporal interval available for heat dissipation
between neighboring tracks. The resulting mismatch between continuous energy input and
limited local heat removal promotes cumulative heat accumulation and drives the melt pool
away from its stable processing state [6-8]. When the local thermal input exceeds the dissipa-
tion capacity of the surrounding material, the melt pool may undergo excessive enlargement,
overmelting and surface swelling, accompanied by powder spatter, pore formation and rough
track morphologies [9-13]. In addition to these surface and densification defects, the altered
thermal gradients and cooling rates can further modify cellular solidification structures and
local hardness, thereby undermining microstructural and mechanical homogeneity within the
same component [3,7].

Considerable efforts have therefore been devoted to regulating LPBF thermal history
through scan-path design and temporal control. Scan-vector arrangement, hatch organization,
rotation angle and scanning sequence have been shown to influence residual stress, porosity,
microstructure and crystallographic texture in LPBF parts [14-17]. For geometries containing
short scan lines, non-laser delay paths and thermally optimized scan sequences can extend the
local cooling interval and reduce overheating-induced surface deterioration [7,18,19]. Analyt-
ical, numerical and experimental studies have further confirmed that scan-path geometry,
scanning length and layer-wise time strongly affect the transient temperature field, melt-track
morphology and heat accumulation behavior [20-22]. Although these approaches improve
thermal uniformity by redistributing or extending local cooling time, they usually rely on
more complex path planning or additional temporal compensation. More importantly, they
do not directly regulate the laser energy input according to the progressively shortened vector
length at a sharp apex, leaving the geometry-induced thermal imbalance only indirectly ad-
dressed.

A more direct route for mitigating heat accumulation is to regulate the laser energy input
itself. Analytical studies have shown that heat accumulation in laser-based additive manufac-
turing is strongly governed by the balance between repeated energy deposition and heat dis-
sipation, indicating the importance of laser power as a controllable variable [23]. Accordingly,
feedforward and feedback control strategies have been developed to tailor LPBF thermal his-
tory by adjusting process parameters before or during fabrication, including model-driven
parameter optimization, online melt-pool temperature control and layer-wise correction for
feature-dependent overheating [24-26]. Closed-loop laser-power control and layer-to-layer
feedback have also been implemented to stabilize melt-pool behavior and interlayer temper-
ature during LPBF [27-29]. In parallel, in situ pyrometry, infrared radiation, photodiode and
acoustic signals have been exploited to correlate process signatures with melt-pool geometry,
microstructural features, parameter optimization and overheating-related defect detection
[30-33]. Despite these advances, most existing variable-power strategies are designed for
global thermal-history stabilization, overhang correction, or defect detection rather than for
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the specific thermal imbalance caused by progressively shortened scanning vectors in sharp
corners. Consequently, the way in which a prescribed spatial gradient of laser-power reduc-
tion affects surface formation, cellular-scale heterogeneity, and local mechanical uniformity
within the same component remains insufficiently clarified.

2. Numerical Feasibility Assessment of Active Energy Modulation
2.1. DEM—CFD Model for Adjacent-Track Thermal Interaction

To fundamentally evaluate the feasibility of the active energy modulation strategy in mit-
igating localized heat accumulation, a coupled Discrete Element Method (DEM) and Compu-
tational Fluid Dynamics (CFD) model was established to simulate the transient temperature
distribution and melt pool dynamics during the LPBF process. The solid substrate and single-
layer powder bed were virtually reconstructed using the DEM simulation software EDEM,
with a defined computational domain of 1000 pm x 400 pm x 200 pm, as illustrated in Figure
1. To account for the discrete characteristics of the powder bed, spherical Inconel 718 powder
particles were generated according to the measured particle-size distribution, with a nominal
particle-size range of 10-53 um. The corresponding characteristic particle diameters were D1o
=17.5 um, Dso = 30.8 um, and D = 53.5 um, respectively. After gravitational deposition and
stabilization, the volumetric packing fraction of the reconstructed powder bed was calculated
as the ratio of the total solid volume of the deposited particles to the nominal powder-bed
volume, and the obtained value was 43.12%. The resulting particle-resolved powder-bed ge-
ometry, including the actual particle arrangement and inter-particle voids, was then trans-
ferred into the CFD model for subsequent melting and solidification simulation.

Laser ON Laser OFF
(constant power) (power = 0) (power reduced)

— Laser ON

»
Figure 1. Schematic of the multiphysics thermal simulation: (a) control group utilizing constant laser
power for both consecutive tracks; (b) optimized group implementing active energy modulation with

reduced laser power for the second adjacent track.

Subsequently, the highly transient LPBF melting and solidification processes were simu-
lated using the Finite Volume Method (FVM) within FLOW 3D. To guarantee numerical fi-
delity, a fine grid size of 4 pum was adopted across the computational domain. The tempera-
ture-dependent thermophysical properties of Inconel 718 employed in the simulations are de-
tailed in Table 1.

Table 1. Material properties of Inconel 718 and coefficients used in the simulation.

Parameters Values Units
Solidus temperature 1493 K
Liquidus temperature 1609 K
Evaporation temperature 3186 K
Latent heat of melting 270 kJ/kg
Latent heat of evaporation 6300 kJ/kg
Surface tension 1.89 N/m
Thermal induced surface tension gradient -1.1 x 10+ N/m/K
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In addition, the density, thermal conductivity, and specific heat capacity were treated
as temperature-dependent thermophysical properties rather than constant values. Their
corresponding temperature-dependent values are listed separately in Table 2 and were
introduced into the numerical model to describe the thermal response of Inconel 718 dur-
ing the rapid heating, melting, and solidification stages of the LPBF process.

Table 2. Temperature-dependent thermophysical properties of Inconel 718 used in the numerical

simulation.

T (K) p (kg/m?%) k (w/m/K) ¢, J/kg/k)

298 8240 8.9 435

573 8105 15.2 497

873 7962 20.8 558
1173 7845 25.8 640
1443 7727 29.3 650
1609 7400 444 720
1673 7340 444 720
1873 7160 444 720

In this study, two different groups of numerical simulations were designed as shown
in Figure 1a,b. The process parameters in these numerical simulations are detailed in Ta-
ble 3. The initial temperature of both the substrate and the powder bed was uniformly set
to 300 K. Both Group 1 (Figure 1a) and Group 2 (Figure 1b) simulated the formation of an
800 um melt track utilizing a standard continuous laser power of 300 W as the first track.
Group 1 served as the constant-power control and is equivalent to PRF = 0 in the frame-
work subsequently defined in Section 3, because the laser power remained P, = 300 W
irrespective of scan-vector length. This group aimed to elucidate the underlying mecha-
nism of heat accumulation induced by the thermal history of the pre-scanned track. Group
2, designated as the optimized group, implemented a geometry-informed active energy
modulation strategy. In this group, the laser power for the second adjacent track was ac-
tively reduced to 250 W, a representative reduced-power condition used to evaluate the
feasibility of power attenuation.

Table 3. Process parameters used for calculations.

Process Parameters Values Units
Laser power 300 W

Scanning speed 1000 mm/s
Hatch spacing 120 um
Layer thickness 40 pm
Beam diameter 80 pm

During the simulations, the molten metal within the melt pool was assumed to be an
incompressible, Newtonian laminar fluid. Its dynamic behavior was governed by the
standard conservation equations for mass, momentum, and energy, described by the fol-
lowing:

https://doi.org/10.3390/met16070784


https://doi.org/10.3390/met16070784

Metals 2026, 16, 784 5 of 24

aa—/;+V-(p;)=0
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where VY

is the fluid velocity vector, 7 is the stress tensor, p is the material density, ¢
is the time, p is the pressure, g is the gravitational acceleration, H is the enthalpy, and K is
the thermal conductivity. The momentum source term, Smom, explicitly accounts for buoy-
ancy and the viscous drag exerted within the mushy zone, while the energy source term,
Sn, represents the moving laser heat input.

To precisely track the dynamically evolving interface between the molten metal and
the protective gas environment, the Volume of Fluid (VOF) method was implemented.
The governing equation for the VOF method is expressed as:

a—F+V-(§F)=o @)
ot
where F denotes the fluid volume fraction.

The laser heat source was modeled utilizing a volumetric Gaussian distribution,
where the heat flux density, q(r), varies radially according to the following Gaussian func-
tion:

(r)=gq,ex —g 3
q _qm p Dz ()

where g denotes the maximum heat flux at the center of the laser spot, r denotes the radial
distance from any given point to the center of the laser spot, and D denotes the laser spot
diameter.

As the laser moves across the predefined powder bed plane, with coordinates x and
y denoting any arbitrary point originating from the spot center, the moving heat source
during the LPBF process is described by:

2(x—x,-vt)’ +(y—y0 —vyt)2
R2

q(r)=q,, exp| - 4)
where (xo, o) denotes the initial position of the laser spot, vx and vy denote the velocity
components of the laser spot in the X and Y directions, respectively, and t denotes the
laser scanning time.

The boundary conditions for the simulation include the effects of gravitational force,
surface tension, Marangoni effect, and recoil pressure induced by metal vapor evapora-
tion at the melt pool interface. These are described as follows.

(1) The localized heat transfer boundary condition dynamically balancing the absorbed
incident laser energy against convective heat transfer and thermal radiation at the
free surface above the powder bed is expressed as:

qin:q_ht(T_Tz))_gG(T4_7:)4)_qev (5)

where gi» denotes the absorbed heat, g denotes the total incident laser energy, h: de-
notes the convective heat transfer coefficient, To denotes the ambient temperature, ¢
denotes the emissivity, o denotes the Stefan-Boltzmann constant, and g.. denotes the
heat loss due to metal evaporation.

(2) The critical heat loss induced by metal evaporation is expressed as:
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q,, =0.82———=F,exp| AH 5 (6)
N27MRT RTT,

where AH" denotes the enthalpy of the metal vapor, M denotes the molar mass of the
Inconel 718 powder, R is the ideal gas constant, Po denotes the saturation vapor pres-
sure at ambient temperature To, and Tiw denotes the metal evaporation temperature.

(3) The recoil pressure acting on the melt pool free surface caused by metal vapor evap-
oration, a primary driver for keyhole formation, is calculated as:

T-T,
- =0.54F, exp| L 3 7
p ¥ 0 p( v R T];V j ( )
where L denotes the latent heat of vaporization, and Po denotes the saturation vapor
pressure.

(4) The temperature dependence of surface tension, ensuring that the intensely localized
Marangoni convection currents are accurately replicated, is defined as:
dy

y=m—5(T—T,) ®)

where y1 denotes the surface tension at the liquidus temperature, dy/dT is the tem-
perature sensitivity coefficient of surface tension, and T: denotes the liquidus temper-
ature.

2.2. Effect of Power Attenuation on Melt-Pool Temperature and Morphology

The temporal evolution of the melt pool morphology and temperature distribution
at various stages is depicted in Figure 2. Upon the completion of the first laser track (300
W), the melt pool exhibited a highly regular geometrical morphology. Following a subse-
quent cooling period of 300 pis, the molten material solidified promptly, registering a peak
temperature of 1588 K, as shown in Figure 2a,b.

However, during the scanning of the second track under constant laser power (300
W), the melt pool experienced significant geometrical distortion due to the elevated am-
bient temperature of the underlying powder bed. The melt pool width at the equivalent
position substantially expanded from 102 pum to 175 um. This continuous heat input en-
larged the melt pool volume and steepened the temperature gradient, resulting in a sub-
stantial unsolidified region remaining after the standard cooling interval. The peak tem-
perature concomitantly surged to 1729 K. These observations confirm that maintaining a
constant laser power engenders severe heat accumulation in closely spaced scanning tra-
jectories.
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1391 1609

250 W

Figure 2. Simulated temporal evolution of melt pool morphologies and temperature distributions
under distinct power inputs: (a—c) the first track (300 W), showing top views at the end of active
scanning (800 us, (a)) and during the cooling stage (1100 pis, (b)), alongside a side view at 800 ps (c);
(d—f) the second track without power modulation (control group, 300 W), showing top views at the
end of scanning (1900 ps, (d)) and during cooling (2200 ps, (e)), alongside a side view at 1900 pus (f);
(g-i) the second track with active energy modulation (optimized group, 250 W), showing top views
at the end of scanning (1900 s, (g)) and during cooling (2200 ps, (h)), alongside a side view at 1900
ps (i). The arrows on the dashed lines in (c,f,i) indicate the temperature-profile extraction directions
used in Figure 3. The upper limit of the temperature scale was fixed at the liquidus temperature of
Inconel 718 (1609 K); therefore, red regions represent saturated high-temperature regions close to

or above the liquidus temperature rather than exact quantitative melt pool boundaries.

2400

2000

1600

1200

Temperature (K)

800

400

1 1 1 1 1

0 200 400 600 800 1000
Distance (pm)

Figure 3. Spatial temperature distribution profiles extracted along a longitudinal isoelevation line
near the melt pool centers. The three curves correspond to the specific thermal states depicted in the

side views of Figure 2¢, 2f, and 24, respectively.

To suppress this inter-track thermal interference, the geometry-informed active en-
ergy modulation strategy was applied, where the laser power for the second track was
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actively reduced to 250 W. Under this modulated condition, the excessive expansion of
the melt pool was curbed, with its width effectively constrained to 141 um (Figure 2g).
Correspondingly, the area of the unsolidified region was reduced by 35.63%, shrinking
from So to S1, and the peak temperature dropped to 1665 K, as illustrated in Figure 2eh.
These numerical results demonstrate that progressively down-regulating the laser power
in heat-accumulation-prone regions successfully optimizes both the thermal distribution
and morphological stability of the melt pool. Nevertheless, a discernible discrepancy re-
mains between the melt pool states in Figure 2a,g, indicating that a power reduction to
250 W, while effective, might still be marginally insufficient to achieve complete morpho-
logical parity with the initial track.

To further quantify the spatial thermal disparities induced by the power modulation,
50 equidistant data points were selected along the dashed line regions (beneath the melt
pool center) to extract localized thermal profiles, as presented in Figure 3. The effective
melt pool length is defined as the region bounded by the liquidus isotherm (1609 K). When
the laser power was maintained constantly, the preheating effect from the preceding track
caused the melt pool length at dashed line Lz to reach its maximum, accompanied by a
sharp escalation in localized peak temperature from 1844 K to 2452 K. In contrast, upon
implementing the geometry-informed active energy modulation (power reduction), the
melt pool length at dashed line Ls was noticeably truncated, and its corresponding peak
temperature plummeted to 2078 K. Conclusively, strategically attenuating the laser power
can significantly suppress the inter-track heat accumulation effect, precisely regulating
both the geometrical dimensions and thermal extremes of the melt pool.

3. PRF-Based Geometry-Informed Active Energy Modulation Strategy

To counteract this local thermal imbalance, a geometry-informed active energy mod-
ulation strategy was proposed to proportionately attenuate the laser power as the scan-
ning vectors shorten in the sharp-edged regions. The crux of this approach is to quantify
the precise gradient of power reduction using a dimensionless parameter termed the
Power Reduction Factor (PRF). The PRF establishes the relationship between the variation
in laser power and the corresponding reduction in scanning line length, governed by the
following mathematical expression:

_ hy (P -5 ) )
B (h —hy )

where Po represents the standard reference laser power applied in the uniform region, ho

PRF

is the standard reference scanning length, P denotes the dynamically adjusted laser power
corresponding to a given shortened scanning line length, and / is the instantaneous spe-
cific scanning line length.

The relationship between P(h) and h can be calculated as:

P(h)=F, - PRF 'Po(l_ﬁ) (10)
hy

The graphical representation of this linear correlation is depicted in Figure 4. The
slope of the power-length curve is exclusively dictated by the magnitude of the PRF. When
PRF =0, Equation (10) reduces to P(h) = P,, meaning that no power attenuation is applied
as the vector shortens. Thus, PRF =0 represents the constant-power baseline rather than a
zero-power condition. This condition corresponds to the numerical control case examined
in Section 2. Conversely, when PRF = 1.0, the laser power decays to zero as the scanning
length approaches zero. Therefore, by systematically manipulating the PRF value, the spe-
cific gradient of laser power reduction in sharp corner regions can be quantitatively con-

trolled to achieve an optimal localized thermal balance.
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Figure 4. Linear correlation between dynamically modulated laser power and scanning vector
length under varying PRF values. The distinct slopes illustrate the specifically controlled gradients
of power reduction, ranging from constant power (PRF = 0) to complete decay (PRF = 1.0), aimed

at achieving localized thermal balance in sharp corner regions.

4. Materials and Experimental Methods
4.1. Powder Material, LPBF System and In Situ Monitoring Setup

Gas-atomized Inconel 718 superalloy powder with a particle size distribution rang-
ing from 15 to 53 um, supplied by Avimetal AM Technology Co., Ltd. (Beijing, China),
was utilized as the feedstock material. Prior to the LPBF processing, the powder under-
went a dehydration treatment in a vacuum drying oven at 60 °C for 6 h to thoroughly
eliminate residual moisture and ensure optimal powder flowability.

The specimens were fabricated using a commercial EOS M290 LPBF system (EOS
GmbH - Electro Optical Systems, Krailling, Germany). To prevent severe oxidation dur-
ing the high-energy laser melting process, the building chamber was continuously purged
with high-purity (99.999%) argon gas until the residual oxygen concentration dropped
below 200 ppm. A stainless steel substrate served as the building platform and was uni-
formly preheated to 80 °C to mitigate the thermal shock and alleviate localized residual
stresses.

To monitor the transient thermal behavior and localized heat accumulation during
the fabrication process in situ, the EOS M290 system was equipped with a high-speed
coaxial photodiode-based monitoring system, which captured the evolution of melt pool
radiation intensity throughout the build process. The explicit spatial configuration be-
tween the LPBF system and in situ optical monitoring system is illustrated in Figure 5.
The melt-pool radiation signals acquired by the photodiode were synchronized with the
scanning coordinates and reconstructed into layer-wise monitoring images, in which the
emission intensity of each melt pool was quantitatively visualized. The captured layer-
wise optical emission images were transmitted in real time to a connected computer,
where the image data from each individual layer of the build process were systematically
compiled. As schematically demonstrated in Figure 5, an image processing algorithm was
implemented to calculate the average grayscale value of each layer, based on which upper
and lower statistical grayscale thresholds were established. Any anomalous localized re-
gions exceeding these predefined thresholds were automatically identified and flagged
with red circular indicators for defect positioning.
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Figure 5. Configuration of the LPBF system and optical monitoring system.

4.2. Specimen Design and Implementation of PRF-Based Modulation

In the LPBF process, the morphological stability of the melt pool is highly sensitive
to localized thermal fluctuations. In regions prone to heat accumulation, the continuous
escalation of the powder bed temperature inevitably enlarges the melt pool dimensions.
While theoretical countermeasures include increasing the scanning speed or expanding
the hatch spacing, the former introduces a significant risk of insufficient melting, whereas
the latter can lead to inter-track porosity. Consequently, this study adopts the active re-
duction in laser scanning power as the optimal mechanism to mitigate heat accumulation.
The scan-vector-dependent power schedule was implemented during manufacturing-
data preparation rather than through real-time feedback control. After generation of the
hatch vectors, the length h; of each vector intersecting the triangular sharp-edged region
was obtained from the scan data. The corresponding laser power P(h;) was then calcu-
lated using Equation (10), with the constant-vector region defining the reference condi-
tions Py = 300 W and hy = 8 mm. The calculated power value was assigned to the cor-
responding hatch vector before the manufacturing dataset was transferred to the EOS
M290.

To isolate the variables and accurately assess the microstructural and mechanical
evolution, a tailored “Stripes” filling strategy was employed for specimen fabrication. The
stripe width was explicitly set to 8 mm, exactly matching the maximum width of the
square section of the test specimen, ensuring that the entire geometry could be covered
by a single stripe per layer. This configuration deliberately eliminates any inter-stripe
overlap within the same layer, effectively averting the localized remelting phenomena
typically associated with overlapping boundaries. Such remelting would otherwise intro-
duce heterogeneous crystallographic textures and mechanical anomalies, thereby skew-
ing the subsequent measurements of melt track continuity and microhardness.

The intra-stripe hatching utilized a conventional bidirectional meander path. Under
this strategy, when scanning the uniform 8 mm x 8 mm square section, designated as Re-
gion SD-I, as shown in Figure 6a, the scanning vector length remains constant. Conse-
quently, the energy density received by the scanning area remains uniform, mitigating the
risk of heat accumulation. Conversely, as the laser progresses into the 30° acute-angled
triangular section, designated as Region SD-II in Figure 6a, the scanning lines become
progressively shorter. This continuous reduction in track length severely truncates the
cooling period for the underlying and adjacent material, ultimately instigating localized
heat accumulation.
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Figure 6. Schematic of the experimental specimen geometry and laser scanning strategy: (a) top
view illustrating the dimensions, scanning path, and the structural division; (b) illustration of the

build direction. Different colors schematically represent different laser powers..

Therefore, in the scanning Region SD-I depicted in Figure 6a, the laser scanning
power remains constant at the standard power Po in the upper square region, where the
scanning length is the standard length ho. However, in the lower triangular region, the
dynamically modulated laser power P(h) decreases linearly as the scanning line length
diminishes.

The core of the proposed geometry-informed active energy modulation strategy
hinges on determining the precise gradient by which the laser power decreases as the
scanning vectors shorten. Optimizing the PRF is critical to this approach. If the PRF is
excessively low, the power reduction is insufficient, leading to residual heat accumulation
in the sharp corner regions. Conversely, if the PRF is too high, the excessive power drop
may inhibit the complete melting of the Inconel 718 powder. To empirically determine the
optimal PRF, a targeted LPBF experimental campaign was meticulously designed.

The geometric design of the test specimen featured a trapezoidal base. As dispicted
in Section 4.2, this specific geometry consisted of a uniform square region, designated as
Region SD-I, with an 8 mm edge length, appended to a triangular region, designated as
Region SD-II, featuring an 8 mm base and a 30° apex angle. During fabrication, the hatch-
ing direction was kept identical for all layers, and no inter-layer rotation was applied.
Notably, to deliberately provoke and evaluate severe localized heat accumulation, no
scanning rotation was applied between successive layers. Consequently, the scanning tra-
jectory remained identical for every layer, as shown in Figure 6b.

During the LPBF process, the laser power was maintained at a constant 300 W while
scanning Region SD-I. However, as the laser traversed Region SD-II, the power was pro-
gressively down-regulated in accordance with the established active energy modulation
equation. A total of 10 distinct specimens were fabricated, varying exclusively in their
assigned PRF values. These PRF values ranged from 0.1 to 1.0, increasing in uniform in-
crements of 0.1, while all other processing parameters remained constant as detailed in
Table 2.

4.3. Surface, Mechanical and Microstructural Characterization

Upon completion of the build, the specimens were removed from the substrate and
their top surfaces were examined using an optical microscope (OM, Olympus DSX510,
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Olympus Corporation, Tokyo, Japan). To quantitatively evaluate the surface integrity, the
arithmetic mean roughness (Ra) of the profile undulations in the corner regions was meas-
ured (see Figure 7a). The line roughness Ra was calculated as the average absolute devia-
tion of the height of each point from the mean height. The specimen exhibiting the most
favorable profile undulations and minimum surface roughness dictated the optimal PRF
value.

Region

Polished
surface

Microhardness
indentation sites

Figure 7. Schematic of the designated regions for evaluating the surface quality of LPBF specimens:
(a) line roughness, (b) surface topography, and (c) microhardness.

Furthermore, as illustrated in Figure 7b, three representative surface regions (51, Sz,
and Ss) were selected for topographical characterization. Specifically, S1 corresponds to
the constant-vector-length scanning region, S: represents the variable-vector-length re-
gion subjected to moderate heat accumulation, and Ss is located at the sharp apex where
severe heat accumulation is expected. Comparative analysis of the surface morphologies
in these regions was performed to elucidate the influence of localized heat accumulation
on surface geometric characteristics and to assess the effectiveness of the proposed active
energy modulation strategy in mitigating heat accumulation-induced surface deteriora-
tion.

To further evaluate the impact of the active energy modulation on the mechanical
and metallurgical properties, three representative specimens (PRF =0.1, 0.3, and 0.6) were
selected for comparative analysis. Following standard metallographic grinding and pol-
ishing, 10 distinct localized regions were sequentially designated from the bottom edge to
the sharp apex (see Figure 7c). A Vickers microhardness tester (Buehler VH1102, Buehler,
Lake Bluff, USA) was utilized to conduct five indentations within each region, yielding
average hardness values to profile the spatial hardness distribution. Finally, the speci-
mens were chemically etched with aqua regia. Their microstructural evolution and cellu-
lar dendrite morphologies were meticulously characterized using a scanning electron mi-
croscope (SEM, eminiSEM 360, Carl Zeiss AG, Oberkochen, Germany).

5. Results and Discussion
5.1. In Situ Monitoring of Layer-Wise Heat Accumulation

The progressive intensification of localized heat accumulation can be directly ob-
served through the in situ monitoring data. Figure 8a—d exhibit the layer-wise grayscale
intensity maps for the specimen fabricated with a PRF of 0.1. In these thermographic rep-
resentations, the grayscale intensity was used as a quantitative indicator of melt-pool ra-
diation intensity and local thermal response. Anomalous regions characterized by ex-
treme temperature deviations are automatically demarcated by red circles. A macroscopic
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evaluation of the sharp apex reveals that the spatial footprint of the excessively over-
heated zone expands progressively as the build height increases.
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Figure 8. In situ monitoring of the heat-accumulation evolution for the PRF = 0.1 specimen: (a-d)
grayscale monitoring images of four representative layers; (e) evolution of the axial extent L; of the

connected apical high-intensity region with build layer number.

To quantify the progressive evolution of the apical anomaly, L; was defined as the
axial extent of the connected high-intensity region, measured along the specimen center-
line from the geometric apex to the farthest boundary of this region, as illustrated in Fig-
ure 8b. Using the known reference distance L, = 21.86 mm between the apex and the
specimen base, the absolute value of L; was obtained by spatial calibration. The monitor-
ing images were sampled at intervals of 10 layers, and the resulting evolution of L, is
plotted in Figure 8e. The increasing L, indicates a progressive extension of the apical
high-intensity region with increasing build layer number.

The in situ monitoring images further elucidate the substantial impact of varying PRF
values on the apical thermal response. Figure 9 displays comparative grayscale maps se-
lected from geometrically equivalent layers across specimens fabricated with different
PRF gradients. Evidently, as the PRF increases, the area of the excessive thermal zone at
the apex shrinks significantly. Notably, at PRF = 0.5, the high-intensity anomaly at the
apex is completely eradicated, proving that active laser power reduction exerts a profound
and immediate mitigating effect on localized heat accumulation. It should be noted that
the disappearance of the overheated optical signature does not necessarily indicate opti-
mal forming quality, because excessive power reduction may lead to insufficient melting.
The high-intensity illuminated outlines observed along the edges of the specimens for PRF
> 0.5 are attributed to the contour scanning passes, which are implemented specifically to
enhance dimensional accuracy. Since the contour scanning power remains identical to that
of the uniform square region, these specific boundary pixels exhibit distinct, high-inten-
sity signatures near the apex.
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Figure 9. Comparative in situ monitoring images of layers across specimens fabricated with differ-
ent PRF gradients: (a—j) grayscale maps corresponding to PRF values ranging from 0.1 to 1.0, re-

spectively.

5.2. Surface Integrity and Mechanical Response
5.2.1. Surface Morphology and Roughness

Figure 10 exhibits the panoramic top-surface morphologies of all 10 fabricated spec-
imens, sequentially arranged according to their assigned PRF values. A macroscopic eval-
uation reveals that at lower PRF values (0.1 and 0.2), pronounced swelling defects are
visible at the sharp apex. This indicates that the corresponding power reduction is insuf-
ficient to counteract the severe heat accumulation induced by the shortened scanning vec-
tors. As the PRF increases to the 0.3-0.5 range, the apical swelling is significantly miti-
gated, and the surface topography closely mirrors the uniform, high-quality finish of the
lower square region. Conversely, when the PRF exceeds 0.6, unmistakable lack-of-fusion
defects begin to emerge at the apex. At an extreme PRF of 1.0, a significant unfused crater
forms, demonstrating that an overly aggressive power reduction fails to provide the crit-
ical energy density required to completely melt the Inconel 718 powder.

To pinpoint the optimal PRF value, ultra-depth-of-field microscopy was employed
to conduct a mesoscopic examination of the localized melt tracks. As depicted in Figure
11, the melt tracks within the square regions of all specimens remain perfectly straight
and dimensionally uniform. In stark contrast, the apical track morphologies exhibit ex-
treme sensitivity to the PRF variations. A critical observation from Figure 11(a2) is that
the overheating-induced swelling does not initiate precisely at the geometric boundary
between the square and triangular regions; rather, it manifests only after the scanning
vectors shorten beyond a critical threshold length. Beyond this threshold, the melt tracks
progressively widen, and the surface profile gradually protrudes, culminating in severe
swelling at the extreme apex (Figure 11(al)).
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PRF=0.7 PRF=0.8 PRF=0.9 PRF=1.0

Figure 10. Panoramic top-surface morphologies of all 10 fabricated specimens: (a—j) specimens cor-
responding to PRF values ranging from 0.1 to 1.0, respectively.

Comparative analysis of the extreme apex (Region Ms) across different specimens
indicates that the morphological distortions improve as the PRF increases to 0.3. However,
at PRF = 0.4, the tracks become twisted and discontinuous (Figure 11(d1)), indicating the
onset of energy deficiency. As the PRF further increases to 0.9, the insufficient energy in-
put leaves substantial volumes of un-melted powder, resulting in a conspicuous void (Fig-
ure 11(i1)). Interestingly, the sub-apex area (Region M:) presents a divergent thermal re-
sponse.

Among the constant-PRF conditions tested, PRF = 0.3 provided the best overall apical
surface quality, although local track instability (Figure 11(c2)) in the sub-apex region sug-
gests that further improvement may require a non-linear or region-adaptive power-re-
duction profile. This localized discrepancy arises because the extreme heat accumulation
at Region M inadvertently compensates for the lower laser energy input at PRF = 0.3.
However, in Region M2, where heat accumulation is relatively less severe, a PRF of 0.3
excessively reduces the energy, leading to track instability. This critical finding suggests
that achieving absolute global uniformity might necessitate a non-linear, adaptive power
reduction strategy, for instance, applying a PRF of 0.3 at the extreme apex (Region Ms)
and a milder PRF of 0.2 at the sub-apex (Region M).

To quantify the local surface-height stability, the arithmetic mean roughness R,
along PP, (Figure 7a) was evaluated for PRF = 0.2, 0.3, and 0.4. The corresponding R,
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values were 10.36, 4.58, and 6.77 um, respectively (Figure 12), confirming that PRF = 0.3
provided the lowest profile fluctuation among the compared conditions. The large iso-
lated peak heights observed for PRF = 0.2 and 0.4 should not be interpreted as uniform
errors in the overall build height. At PRF = 0.2, insufficient power attenuation led to local-
ized overheating and swelling, producing a maximum profile height of 410.35 um. At PRF
= 0.4, the stronger power reduction promoted discontinuous track formation and partially
fused particle agglomeration, resulting in sharp local peaks up to 532.15 pm. These two
cases therefore represent different failure mechanisms, but both can degrade the local fi-
delity of the sharp-edged feature.

1500 L S ————

PRF=0.6 PRF=0.7 PRF=0.8 PRF=0.9

Figure 11. Ultra-depth-of-field magnified morphologies of different regions on the X-Y plane for
specimens fabricated with PRF values ranging from 0.1 to 1.0. Panels (a1-j3) correspond to PRF =
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0.1 to 1.0, respectively, where the numeric suffixes 1, 2, and 3 in each group denote Region Ms, M>,
and M1 (e.g., (al-a3) represent Regions Ms, M 2, and Mi for PRF =0.1).
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Figure 12. Cross-sectional height profiles along line P1P: at the apical region for evaluating the line
roughness (Ra): (a) PRF =0.2, (b) PRF =0.3, and (c) PRF =0.4.

It should be emphasized that the profiles in Figure 12 quantify local surface-height
fluctuations along P, P,, rather than the deviation of the complete as-built edge contour
from its nominal CAD geometry. The pronounced local protrusions under insufficient at-
tenuation and the irregular peaks associated with excessive attenuation indicate that both
thermal overload and energy deficiency can degrade local edge fidelity. A full-field CAD-
to-as-built comparison, including contour deviation and apex-angle error, remains an im-
portant direction for future validation.

5.2.2. Microhardness Distribution

Figure 13a delineates the localized regions selected for microhardness profiling, with
measurements confined within the highlighted red boundary. Figure 13b—d map the spa-
tial hardness distribution curves across the top surfaces of specimens fabricated with PRF
values of 0.1, 0.3, and 0.6. The superimposed trend lines explicitly reveal that the active
energy modulation strategy dictates the spatial homogeneity of the mechanical properties.
Strikingly, under the optimal PRF = 0.3, the surface microhardness remains highly stable
and uniformly distributed from the square base all the way to the extreme apex, consist-
ently plateauing above 290 HV0.1. This verifies that appropriate energy modulation pro-
motes the mechanical performance across complex geometries.
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Figure 13. Microhardness distribution and polished surface morphologies of the fabricated speci-
mens: (a) designated regions for microhardness profiling; (b—d) spatial hardness distribution curves
measured within the highlighted region for PRF values of 0.1, 0.3, and 0.6, respectively; (e-g) mac-
roscopic morphologies of the top surfaces after polishing.

In sharp contrast, the apical hardness for both PRF =0.1 and PRF = 0.6 suffers a drastic
degradation, albeit driven by entirely distinct metallurgical and physical mechanisms. For
the PRF = 0.1 specimen, a precipitous hardness drop, falling below 290 HVO0.1, initiates
post-Region G and severely manifests at Region I (Figure 13b). This metallurgical deteri-
oration is fundamentally attributed to the unresolved heat accumulation caused by insuf-
ficient power reduction. The excessive thermal buildup flattens the localized temperature
cooling gradient, thereby prolonging the solidification window. This extended cooling
duration invariably promotes coarsening of the cellular dendritic substructure and heter-
ogeneous solidification features and the formation of heterogeneous microstructures, cul-
minating in the observed drop in hardness at the apical protrusion.

Conversely, for the PRF = 0.6 specimen, the hardness deterioration initiates much
earlier, plummeting from Region F to G (Figure 13d). This decline is physically driven by
extreme energy deficiency. At PRF = 0.6, the actively reduced laser power drops below the
critical threshold required for complete powder fusion, generating significant lack-of-fu-
sion porosities at the apex, as corroborated by Figure 13g. These internal voids compro-
mise the structural densification of the material, leading to a premature and severe reduc-
tion in hardness. The earlier onset of this degradation (at Region G) aligns perfectly with
the fact that laser power attenuation starts to become critically insufficient at this specific
scanning length.

5.3. Cellular Dendpritic Substructure and PDAS Evolution

Figures 14 and 15 display the high-resolution SEM micrographs of the X-Y planes for
specimens fabricated with PRF values of 0.1 and 0.3. Abundant cellular structures are ob-
served across the melt tracks. In these micrographs, the darker cellular cores are encapsu-
lated by brighter intercellular segregation networks. Although this stark visual contrast
might subjectively suggest varying crystallographic orientations, both regions intrinsi-
cally possess the identical face-centered cubic (FCC) crystal structure characteristic of the
deposited Inconel 718 gamma (y) matrix. This distinctive contrast originates from the lo-

https://doi.org/10.3390/met16070784


https://doi.org/10.3390/met16070784

Metals 2026, 16, 784

19 of 24

calized elemental partitioning during the highly non-equilibrium solidification process,
where heavy elements, primarily Nb and Ti, preferentially segregate into the intercellular
regions (the brighter areas). Consequently, during chemical etching, the etchant selec-
tively and more aggressively attacks the solute-depleted dendritic cores (the darker areas)
compared to the solute-enriched segregation bands.

(a]) Scan direction
O £ T R S

(b 1 ) Scan direction
S

(c 1) Scan direction

Scan direction

Figure 14. SEM micrographs of the cellular dendritic substructures on the XY plane of the specimen
fabricated with PRF = 0.1: (al-d3) correspond to four representative sampling regions, EA, EB, EC,
and ED, along the sharp-edged geometry. The numbered subpanels in each group show enlarged

views of individual melt tracks and their internal cellular features.

The spatial dimensions of these cellular structures exhibit profound intra-track het-
erogeneity. As illustrated in Figure 14(c1), a single melt track can be distinctly demarcated
into three specific zones based entirely on cellular dimensions: Region CZ-III (the coarsest
cells), Region CZ-I (the finest cells), and Region CZ-II (intermediate cells). Interestingly,
Region CZ-I exhibits two morphological distributions: it either manifests as an elliptical
zone embedded between Regions CZ-II and CZ-III (Figure 14(c1)) or as an elongated band
longitudinally dividing the track into three distinct segments (Figure 14(d1)).

A similar intra-track heterogeneity is observed in the PRF = 0.3 specimen (Figure 15).
Across both PRF conditions, the most consistent microstructural feature is the coexistence
of three cellular-size zones within individual melt-track regions: Region CZ-I exhibits the
finest cellular spacing, Region CZ-III the coarsest spacing, and Region CZ-II an interme-
diate scale. This hierarchy is considerably more pronounced than the variation observed
among the macroscopic sampling locations along the sharp-edged geometry. The re-
peated occurrence of these zones suggests that local solidification conditions vary within
and between overlapping melt tracks.
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Figure 15. SEM micrographs of the cellular dendritic substructures on the X-Y plane of the specimen
fabricated with PRF = 0.3: (al-d3) correspond to four representative sampling regions, EA, EB, EC,
and ED, along the sharp-edged geometry. The numbered subpanels in each group show enlarged

views of individual melt tracks and their internal cellular features.

To quantitatively ascertain the influence of the active laser power attenuation on the
microstructural evolution, the primary dendrite arm spacing (PDAS, um) was systemati-
cally measured across four distinct regions (EA, EB, EC, and ED). To ensure morphologi-
cal accuracy, the PDAS for equiaxed cells was calculated by averaging three orthogonal
dimensions (L1, L2, Ls), whereas for columnar cells, it was derived by averaging the linear
distance spanning five adjacent cells (Ls).

The quantitative PDAS analysis in Figure 16 was performed on the cellular structures
directly observed in the representative SEM micrographs shown in Figures 14 and 15.
These experimental micrographs therefore provide the morphological basis for distin-
guishing the three intra-track cellular zones used in the PDAS statistics. Across the inves-
tigated sampling locations, the most robust quantitative feature is the ordering PDAS: <
PDASu < PDASm. By comparison, the changes in PDAS among sampling locations EA-ED
are less pronounced and are not uniformly monotonic for all three cellular regions. Some
location-dependent variation is visible, particularly toward the EA-EB portion of the
sharp-edged region, but its magnitude is smaller than the separation among Regions CZ-
I-CZ-I1I. Therefore, the PDAS results support a modest influence of local power attenua-
tion and spatial thermal history on cellular-scale heterogeneity, rather than a strict one-to-
one dependence of PDAS on position or laser power.
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Figure 16. PDAS evolution under PRF-based active energy modulation: (a) PDAS statistics of cellu-
lar Regions CZ-I-CZ-III at sampling locations A-D for the specimen fabricated with PRF = 0.1; (b)
corresponding PDAS statistics for PRF = 0.3.

5.4. Transferability to Layer-Rotated Scan Strategies and Complex Geometries

The present experiments intentionally maintained an identical hatch orientation
across all layers to isolate the thermal consequence of progressive scan-vector shortening.
Therefore, the PRF value identified here should not be interpreted as a universal parame-
ter for arbitrary scan rotations or component geometries. For a layer-wise rotated strategy,
the proposed framework can in principle be implemented by recalculating the vector
length h;; for each hatch vector i in each layer k, after intersection of the rotated hatch
pattern with the local slice contour. The corresponding vector power can then be assigned
from the PRF relation P(h;;). In this sense, the modulation rule follows the layer-specific
local geometry rather than a fixed global orientation.

However, scan rotation simultaneously changes the spatial distribution of short vec-
tors, the thermal interaction with the preceding layer, local scan sequence, and heat-dissi-
pation boundary conditions. Consequently, neither the optimal PRF = 0.3 identified for
the present specimen nor a single linear power-reduction gradient can be assumed to
transfer directly to real parts. Practical application would require layer-wise vector recal-
culation together with geometry- and process-specific calibration, and may benefit from
region-adaptive or non-linear power modulation. The present configuration should there-
fore be regarded as a controlled validation case for the proposed geometry-informed
framework rather than a universal parameter set.

6. Conclusions

This study developed and validated a geometry-informed active energy modulation
strategy to mitigate localized heat accumulation during the LPBF fabrication of sharp-
edged Inconel 718 components. The PRF-based framework quantitatively linked laser-
power attenuation with the progressive shortening of scanning vectors and was shown to
improve thermal stability, surface integrity and local microstructural-mechanical uni-
formity. The main conclusions are summarized as follows:

(1) Coupled DEM-CFD simulations confirmed that adjacent-track thermal history can
substantially intensify melt-pool overheating and morphological distortion under
constant laser power. Reducing the laser power in the heat-accumulation-prone re-
gion lowered the peak temperature and restricted excessive melt-pool expansion,
demonstrating the feasibility of active power attenuation for stabilizing local melt-
pool behavior.
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(2) Insitu coaxial photodiode monitoring revealed that heat accumulation at the sharp
apex intensified progressively with increasing build layers when the power reduc-
tion was insufficient. Increasing the PRF effectively reduced the high-intensity over-
heated zone, indicating that geometry-informed laser power modulation can sup-
press the cumulative thermal imbalance induced by scan-vector shortening.

(38) The surface morphology, roughness and microhardness results identified PRF = 0.3
as the most favorable modulation condition among the tested parameters. At lower
PRF values, insufficient power reduction caused overheating-induced swelling and
hardness degradation near the apex. At higher PRF values, excessive power attenu-
ation led to track instability and lack-of-fusion defects. In contrast, PRF = 0.3 mini-
mized apical surface roughness and maintained a relatively uniform microhardness
distribution above 290 HV0.1 across the specimen.

(4) Microstructural characterization revealed a persistent intra-track hierarchy in cellu-
lar dendritic scale, with Region CZ-I exhibiting the smallest PDAS, Region CZ-III the
largest, and Region CZ-II intermediate values. By comparison, the PDAS variations
among sampling locations along the sharp-edged geometry were less pronounced.
The partial convergence of cellular scales at selected apical locations suggests that
local power attenuation and thermal history modify cellular-scale heterogeneity.

The PRF-based active energy modulation strategy provides a quantitative route for
balancing local energy input and heat dissipation in sharp-edged LPBF geometries with-
out introducing additional cooling delays. Although the optimal PRF value depends on
the material system, geometry and processing window, the proposed framework may be
extended to other alloys and complex features through targeted calibration and valida-
tion.
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