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Abstract

Additive manufacturing, particularly powder bed fusion-laser beam (PBF-LB)
technology, offers new opportunities for fabricating complex alloy components with
enhanced design flexibility. Specifically, Inconel 625 (IN625), a nickel-based superalloy,
is widely used in high-performance applications because of its excellent mechanical
properties and corrosion resistance. However, the quality of PBF-LB-manufactured
parts is highly sensitive to process parameters, especially the volumetric energy
density (VED). This study investigated the effects of laser power (P) and scan speed
(v) on the quality of IN625 samples produced via PBF-LB. A total of 60 samples were
fabricated across three build plate rotation angles (0°, 90°, and 180°) and evaluated
for porosity, surface morphology, and microhardness, revealing a clear correlation
between VED and key quality metrics. Optimal material properties were achieved
within a VED range of 66-100 J/mm?3, whereas deviations from this range led to
defects such as a lack-of-fusion, keyholing, and balling. Additionally, maintaining a
balanced relationship between P and v while keeping the other parameters constant
was found to be essential for proper melting and defect mitigation. The results further
indicate that, under the tested conditions, the rotation of the build plate and the
position of the specimen have no significant influence on the quality or properties of
the part. Overall, the findings highlight the critical role of process parameter control
in producing dense, defect-minimized IN625 parts via PBF-LB.

Keywords: Inconel 625; Additive manufacturing; Powder bed fusion-laser beam; Process
parameters; Volumetric energy density; Process optimization

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing technology developed
over the past 30 years and encompasses a set of techniques that produce three-
dimensional (3D) components from virtual models generated by computer-aided design
software."* These technologies allow the production of complex 3D components of any
shape by utilizing 3D model data that are impossible to fabricate through traditional
manufacturing techniques. Among all available technologies, laser powder bed fusion
(PBF-LB) is one of the most promising AM technologies for metals, which uses a laser
beam with adequate energy to melt pre-laid thin metal powder layer by layer (generally
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between 20 and 100 um) and form high-performance parts
after cooling and solidification.” Several AM techniques
are focused on the production of complex geometries and
structure components, such as stereolithography, digital
light processing, selective laser sintering, direct metal
laser sintering, electron beam melting, fused deposition
modeling, multijet/polyjet 3D printing, selective laser
melting, and laminated object manufacturing.*®* Among all
these technologies, PBF-LB can be used to produce parts
from both pure and alloyed metal powders. Volumetric
energy density (VED) is often used as a predictor for part
relative density in PBF-LB processes. Various formulations
of this parameter exist. VED is typically defined as the

ratio of laser power (P) to the product of scan speed (v),
hatch spacing (h), and powder bed layer thickness (t)
(Figure 1). It represents the amount of energy delivered
per unit volume of powder in the bed, directly influencing
key dimensions, particularly the penetration depth.>
It is worth noting that in some literature, the laser beam
diameter is used instead of hatch spacing to calculate the
energy density,'' but in the present study, a more common
formula was adopted to examine the parameters (Equation
1). PBF-LB is especially suitable for forming small batches,
high-value, customized, and complex structural parts for
aerospace, biomedical, automotive, abrasive, and other
applications.'*'?

Figure 1. Schematic of the powder bed fusion-laser beam process and various parameters used to determine the volumetric energy density formulation.
Reprinted with permission from Yonehara et al.'¢ Copyright © 2020, Springer-Verlag London Ltd., part of Springer Nature.
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Inconel 625 (IN625) is a nickel-chromium-
molybdenum solid-solution-hardened wrought superalloy
that presents a combination of high-temperature strength
and very high corrosion and oxidation resistance, even at
temperatures up to approximately 1,000 °C.17-19 Table 1
shows its nominal chemical composition.

At the current state-of-the-art, the established and
commercialized process parameters for PBF-LB allow
the production of defect-free components of IN625 with
a density close to 100%, due to its high weldability.?**
There is also growing interest in the mechanical properties
required for structural materials, particularly their fatigue
and creep resistance.”* Koutiri et al.” studied the fatigue
behavior of as-built IN625 produced via PBF-LB, focusing
on the effects of surface finish conditions and porosity
(including pore location). The results were consistent with
expectations: PBF-LB-manufactured IN625 with high
surface roughness (Ra) and numerous defects, such as

pores and lack-of-fusion (LOF), exhibited a significantly
reduced fatigue life. To address this issue, Marchese et
al?® mentioned that it is crucial to perform post-heat
treatments to reduce defects such as residual stresses,
develop the desired microstructure and texture, and
achieve mechanical properties that meet or exceed those
of post-heat-treated IN625 alloy in its traditional state.
In addition, during melting and solidification, which are
governed by a complex thermal cycle, heat flux dissipation
from the top of the samples to the building platform
promotes the formation of columnar grains, leading to
anisotropic mechanical properties. Consequently, the
orientations of the components on the building platform
must be carefully considered.

In the PBF-LB process, defects such as pores,
inclusions, cracks, LOF, keyholing, balling, and poor
interlayer fusion may also be induced during printing due
to improper control of the forming process, thereby further
affecting the mechanical properties of the fabricated parts.
Metallurgical defects of IN625 obtained by the PBF-LB
process are summarized in Table 2.
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Table 1. Nominal compositions of Inconel 625"

Element Nickel Chromium Molybdenum Titanium Niobium Iron Aluminum Carbon
Composition 58 (minimum) 20-23 8-10 0.4 3.15-4.15 5 0.2-0.4 0.05
(wt.%)
Table 2. Main defects and reasons for the formation of powder bed fusion-laser beam Inconel 625 alloy parts
Densi Defects Formation reasons Elimination Ref.
ty (Weakening) measures '
A lack.—of-fusmn, gas entrapment, and Powder factor Reasonable process 27
porosity parameters
Macro defect: Balling, irregularity,
distortion, spatter, unmelted particles, . X X .
. Insufficient heat input, low melt viscosity, Reasonable process
necking 28

Micro defect: Unmelted, inclusions,

Almost 100% .
cracks, porosity (20~100 pm)

and instability of the melt pool

parameters

Surface topography: Open pore, balling,
microcracks
Subsurface defect: Pores

Uneven layer thickness distribution, high
tensile residual stress, high viscosity, and - 29
surface tension of the melt pool material

Surface cracks, internal inclusions Oxidation, residual thermal stress Annealing 30
Local eutectic structure (y + Laves), residual .
99% Surface cracks v ) Substrate preheating 31
thermal stress
Related to laser Most pores and a small number of cracks 3

parameters in interlayer boundaries

Regarding these issues, Li et al.” mentioned that
the apparent porosity and balling spheres are the main
reasons for the poor surface finish of as-built IN625 alloy
samples. When macroscopic defects occur in the PBF-LB
sample, microscopic defects also increase. Generally, to set
adequate energy, it is necessary to consider (i) an extremely
low energy input results in insufficient melting or “LOF”
porosity, whereas (ii) an extremely high energy input results
in “keyholing”*** Briefly, LOF, as the name suggests, is the
result of incomplete welding of layers or adjacent melt pools,
resulting in an irregular morphology,*** and keyholing
is a welding term for the deep, narrow vapor depression
that forms under high-energy-density melting conditions
due to metal vaporization beneath the heat source.®® On
the other hand, due to low v and high repetition rates, the
balling phenomenon severely impedes interlayer bonding,
reducing part density and increasing both top and side Ra.
However, its effect is more pronounced on side roughness,
as the scattered balls predominantly accumulate along the
sides of the melt pool rather than on the top surface.

Nevertheless, in this study, the probabilities of the
aforementioned defects (both predicted and real) across
varying VED values and build plate rotations were
analyzed. The predicted defects were identified on the
basis of an extensive review of the literature,”**> whereas
the real defects were directly observed on the fabricated
samples. Unlike conventional works that focus either on
single process parameters or limited VED ranges,"*
this work systematically correlates a wide range of VED
values with both surface and volumetric defects while also
investigating the influence of build plate rotation. This
integrated approach provides new insights into optimizing
process windows for IN625 fabrication via PBF-LB.

The aim of this study is to investigate how P and v (and
consequently the VED) affect the manufacturing quality
of IN625 specimens fabricated via PBF-LB. In the first
stage, cylindrical specimens were fabricated using PBF-
LB in three runs with different build plate rotations. In
the second stage, the as-built samples were characterized
by Ra measurement, Vickers microhardness (HV) testing
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on both the top and bottom surfaces, and porosity analysis
of the cross-sections perpendicular to the build direction.
This work provides a unified experimental framework
that simultaneously examines these characteristics across
a wide VED spectrum. Despite its limited predictive
capability due to the omission of how different parameter
combinations affect melt pool physics,"! VED remains
a useful indicator for initial analysis and optimization. It
also provides a convenient, common metric for comparing
results across different studies, enabling the identification of
general process trends and the formulation of preliminary
processing guidelines.

A distinctive feature of this study lies in its
incorporation of build plate rotation as a secondary
factor to assess spatial consistency and potential thermal
gradient effects. Furthermore, this work offers a critical
validation of literature-based defect prediction thresholds
through direct experimental observations. This systematic
comparison between predicted and actual defect formation
across different processing conditions has not been widely
discussed in previous research. Despite the extensive
literature on the PBF-LB process applied to IN625, several
aspects remain unclear. In particular, previous research
was focused on isolated process parameters or narrow
processing windows, with limited integration of multiple
quality indicators within a single experimental framework.
In this context, the present work aims to address two main
gaps: (i) define a systematic correlation of a wide range of
VED values with both predicted defect regimes extrapolated
from the literature and experimentally observed defects;
and (ii) provide a combined and comparative analysis of
Ra, porosity, and microhardness to identify the overall
material response. The integrated approach enables a more
comprehensive understanding of the process-structure-
property relationships in PBF-LB of IN625 and provides
practical insights for defining robust processing windows.

2. Materials and methods
2.1. Specimen fabrication

The IN625 powders used in this work were sieved, and
the grain-size distribution was analyzed using a laser
diffraction particle size analyzer, the Mastersizer 3000
(Malvern Panalytical, United Kingdom), with a particle
size range of 21-48 um.

As illustrated in Figure 2A, cylindrical specimens with
a 10 mm diameter and a 6 mm thickness were produced
using a laser powder bed fusion machine (Print Genius
150, Prima Additive s.rl, Italy) with a circular build
platform. P and v were varied at 5 and 4 levels, respectively.
It should be noted that h and t were intentionally kept
constant to isolate the effects of P and v, and consequently

of VED, on the material response. This approach allows
a more controlled investigation of the primary process
parameters. Hatch spacing and layer thickness are known
to affect melt pool overlap, thermal gradients, and defect
formation, and their influence should be considered in
future studies. A full factorial plan was considered for
the sample production as reported in Table 3. Because of
the variation in P and v, each sample had a different VED
value. As shown in Figure 2B, each specimen was assigned
an identification number from 1 to 20.

To evaluate the influence of printing position and gas
flow, the build job was repeated three times, and the build
plate was rotated 90° counter-clockwise around the build
direction (Z-axis) from its original orientation, as illustrated
in Figure 3. More specifically, in the first run, the samples
were printed such that sample No. 1 was positioned in the
far bottom-left corner, far from the gas inlet. In the second
run, sample No. 16 occupied the bottom-left corner, while
sample No. 1 was placed in the first row, closest to the gas
inlet, and in the third run, sample No. 20 was positioned
far from the gas inlet, directly opposite to its position in
the first run. In total, 60 test samples were produced for
analysis.

After specimen preparation, the build plate was
carefully removed from the machine and cleaned using a
specialized brush to remove any residual powder. Unfused
powders were then carefully removed using a vacuum
system. The samples were subsequently prepared for
further experimental analysis.

2.2. Characterization

The  as-built specimens were comprehensively
characterized, focusing on surface condition, mechanical
performance, and porosity. As shown in Figure 4, the
as-built samples were sectioned along the build direction
(Z-axis) using wire electrical discharge machining
(W-EDM; HB600, Suzhou SanGuang, China) to facilitate
assessment of the AM processs influence on porosity
distribution. Generally, surface analysis reveals a typically
rough morphology, which is critical, as it influences post-
processing requirements and potential fatigue behavior.*
Even if the bulk material has excellent mechanical
properties, a rough surface can become a weak link.
Therefore, enhancing fatigue life requires reducing Ra and
improving overall surface integrity. Microhardness analysis
was employed to evaluate the relative hardness distribution
across the fabricated samples. Porosity analysis revealed
the presence, shape, and distribution of residual pores,
which are influenced by processing parameters such as
P, v, and h. Effective monitoring and control of porosity
(on the cross-section) are essential to ensure the structural
integrity required for specific applications.
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Table 3. Parameters used in the specimen production process (repeated over three runs with different build plate rotations)

Powder bed layer thickness ~ Volumetric energy density

Sample ID Power (W) Scan speed (mm/s) Hatch spacing (um) (um) (J/mm’)
1 100 500 30 50 133.33
2 100 1,000 30 50 66.66
3 100 1,500 30 50 44.44
4 100 2,000 30 50 33.33
5 150 500 30 50 200
6 150 1,000 30 50 100
7 150 1,500 30 50 66.66
8 150 2,000 30 50 50

9 200 500 30 50 266.66
10 200 1,000 30 50 133.33
11 200 1,500 30 50 88.88
12 200 2,000 30 50 66.66
13 250 500 30 50 333.33
14 250 1,000 30 50 166.66
15 250 1,500 30 50 111.11
16 250 2,000 30 50 83.33
17 300 500 30 50 400
18 300 1,000 30 50 200
19 300 1,500 30 50 133.33
20 300 2,000 30 50 100

A B

Figure 2. Design of specimen. (A) Schematic of the build direction and (B) computer-aided design model of the build job, including the 20 samples on the
build plate with various parameters.
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Figure 3. Various build-plate rotations (counter-clockwise) and changes in the specimen position relative to the gas flow inlet and outlet

Figure 4. Scheme of the cylindrical sample processed by powder bed fusion-laser beam showing the locations of various analyses

2.2.1. Surface analysis

Due to rapid solidification and cooling, the nucleation rate
exceeds the growth rate. Consequently, the fusion zone
develops a fine, dense grain structure, which contributes
to improved mechanical strength, as the Ra of 0.8 um helps
prevent premature failure from surface-initiated cracking.*
However, Ra at the top of the melt pool can be influenced
by a rippling phenomenon arising from surface tension-

induced shear forces acting on the liquid metal. This
effect is mainly driven by temperature variations between
the area heated by the laser and the adjacent solidifying
region, resulting from the movement of the laser. As these
thermal gradients decrease, the opposing effects of gravity
and the curvature of the melt pool surface work to restore
the molten surface to its original level.”” Nevertheless, due
to the viscosity of the molten metal, this recovery process
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is slowed, and the rapid solidification of the melt pool often
prevents full surface leveling. In this study, the average Ra
of the as-built specimens was analyzed using a 3D optical
profilometer, the Sensofar S Neox (Sensofar Metrology,
Spain), across all three runs. Measurements for each run
were conducted in accordance with the ASME B46.1 2019
standard.*®

2.2.2. Microhardness analysis

Nickel-based superalloys produced by PBF-LB have
demonstrated mechanical properties comparable to or
superior to conventionally manufactured materials (cast
or forged) in hardness, tensile strength, and ultimate
strength, but often exhibit low ductility.***° The mechanical
properties, especially the microhardness, of as-built IN625
alloy typically depend strongly on the building orientation.
The specimens were cut from the build plate using W-EDM.
Both surfaces (top and bottom) were then prepared using
abrasive papers (grits 600, 800, 1,000, and 1,200) to obtain
improved results. Subsequently, the microhardness was
measured using the Vickers hardness test (UHL-VHMT-
001, UHL, Germany) with a diamond indenter at a vertex
angle of 136°, according to ISO 6507-1, applying a load
of 1,000 gf for 15 s. Measurements were taken from both
the top and bottom polished surfaces of the cylindrical
samples (per run), and the final hardness was determined
as the average of three measurements per surface.

2.2.3. Porosity analysis

Porosity is a material discontinuity defined as a volumetric
property of porous media, indicating the volumetric ratio
of the void space (pores, fractures, and cracks) occupied
within the unit volume of the porous medium.” Depending
on the final application of the product, pores can either
negatively or positively affect the mechanical properties
of AM parts. For instance, components intended for high-
stress environments should be fully dense to minimize the
risk of failure. Conversely, some biomedical implants are
intentionally designed with a certain degree of porosity to
promote osseointegration with biological tissue.”> Poulin et
al.** produced up to 10% porosity in laser powder bed-fused
IN625 samples by intentionally seeding pores by changing
the laser v to study the influence of porosity on long fatigue
crack propagation behavior. By increasing the v from 960
mm/s to 1,920 mm/s (960, 1,440, 1,680, and 1,920 mm/s),
the intentionally seeded porosities increased from 0.1%
to 2.7% (0.1, 0.3, 0.9, and 2.7%). In this study, the P was
presumably very low, which may have accounted for these
results. Therefore, the relationship between v and porosity
is not linear, and porosity increases when the v exceeds a
threshold. Nevertheless, Ziegelmeier et al.>® reported that
the surface quality and porosity of the fabricated part were

highly dependent on the packing density and roughness of
the layered powder bed.

To prepare the samples for this part of the study, the
cylindrical samples were cut perpendicularly via W-EDM,
as this orientation (across the build direction) enables
a more comprehensive porosity analysis (Figure 4).
The metallographic preparation involved several steps:
mounting with resin glass fiber black at 10 bar pressure
for 5 min; grinding, which included both coarse and fine
steps using progressively finer abrasive papers (600, 1,000,
1,200, and 1,400); and polishing, which was performed in
stages using fine abrasives on polishing cloths. Finally, the
polished samples were cleaned and prepared for porosity
evaluation. The porosity was subsequently analyzed via
a Keyence (Japan) VHX-700 digital microscope at 100x
magnification and high resolution. The captured images
were processed with Image] (version 1.54k), which
detects and quantifies pores based on contrast differences
between the material matrix and voids. The software
calculates the total pore area within a given cross-section
and divides it by the section’s total area to determine the
porosity percentage. This method provides a reliable and
precise measurement of the closed porosity of additively
manufactured components.

3. Results and discussion
3.1. Surface analysis

According to investigations, lower v and higher repetition
rates can reduce top-surface roughness by stabilizing
the melt pool and minimizing surface profile variations;
however, they can significantly increase the melt pool
volume and promote balling.***” Figure 5, captured at 20x
magnification with 2 x 2 stitching, illustrates variations in
Ra associated with defect probabilities, such as keyholing
(Figure 5A), balling (Figure 5B), LOF (Figure 5C), and
dense regions (Figure 5D). These observations were made
without any post-processing to evaluate the relationship
between VED values and defect occurrence across all
samples.

In accordance with the literature,**** as shown in Figure
5A (VED: 400 J/mm?®) and Figure 5B (VED: 333 J/mm°),
keyhole pore formation can occur at high VED values. In
addition, keyhole pores form at the end of the track when
the laser is switched off or when melt flow instabilities are
caused by oscillation.>¢* Despite the reduction in VED,
which can mitigate keyholing or balling, Figure 5C and
5D demonstrate that at low VED values of ~33 and 67 ]/
mm3, respectively, LOF defects and dense region defects
are observed (Table 4). Furthermore, the numerical data
were analyzed to extract more detailed insights. The R,
values for the three experimental runs (averaged values)
are summarized in Table 4.
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Figure 5. Surface morphology of the as-built parts produced by the powder bed fusion-laser beam method, as observed at 20x magnification with 2 x 2
stitching. (A) Image of sample No. 17, run 3. Keyholing defect. Volumetric energy density (VED): 400 J/mm?®. (B) Image of sample No. 13, run 3. Balling
defect. VED: 333 J/mm?®. (C) Image of sample No. 04, run 3. Lack-of-fusion defect. VED: 33.3 J/mm’. (D) Image of sample No. 07, run 1. Dense region

defect. VED: 66.6 J/mm?. Scale bar: 200 pm; magnification: 20x.

Based on aliterature review, an approximate relationship
between VED values and the types of defects (predicted
defects) can be expressed as follows for IN625:

(i) VED <50 J/mm?: higher probability of LOF.

(ii) 50 J/mm?® < VED < 100 J/mm?®: dense regions with
minimal defects.

(iii) 100 J/mm?*® < VED <150 J/mm?* keyholing defects
become more likely.

(iv) 150 J/mm?® < VED < 400 J/mm?®: increased probability
of keyholing and balling defects.

Although these defects have been identified and
reported in other studies, they have been examined in
greater detail in this work, with the findings presented
in the “Real defect” column in Table 4. For instance, in
samples No. 9, 13, and 17, v was constant and relatively
low (500 mm/s), whereas P varied (200, 250, and 300
W). For the other samples, increasing v clearly increased

Ra. Therefore, a lower v generally results in smoother
surfaces, whereas a higher v generally results in increased
roughness. In sample No. 1, despite the low v, the surface
remains very rough because the P is very low (100 W).
Thus, achieving a good surface finish on the as-built part
requires not only an appropriate v but also a sufficient P.
The balance between these two parameters is crucial for
optimizing surface quality. Additionally, based on the
images obtained from digital microscopy, an extra column
has been added next to the predicted defects in Table 4 to
illustrate the actual defects observed after processing each
sample. In most cases, the predicted defects were accurate
and are indicated by superscripted b (*). The samples with
observed defects that did not match the predictions are
indicated by superscripted ¢ (%), while superscripted a (*)
indicates additional defects that appeared in the as-built
samples. Notably, balling was clearly observed in all the
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samples, which may be attributed to the close spacing
between them. The identified discrepancies between
predicted and observed defects highlight the limitations of
VED as a standalone predictive parameter.

Based on objective observations and analysis of the
obtained images, in sample No. 1, although VED typically
promotes keyholing defects, both Pand v arelow. This could
explain why keyholing was not observed on the surface of
the real samples. In sample No. 8, in addition to LOF, a
dense region was observed. This could be due to the high
v (2,000 mm/s), which may have prevented sufficient melt
pool fluidity. In sample No. 11, in addition to the predicted
defect, keyholing was observed exclusively during run 3,
when the sample was positioned closest to the gas inlet

in the first row exposed to the shielding gas. In contrast,
all other samples in the same position exhibited only the
predicted defect. This suggests that the orientation of the
samples relative to the gas flow or build chamber geometry
does not noticeably influence the surface texture under
the tested conditions. Instead, Ra appears to be governed
primarily by key printing parameters, particularly v and P.
These parameters directly influence melt pool dynamics,
solidification behavior, and the energy input per unit area,
all of which play critical roles in determining the final
surface quality of the printed parts.

Figure 6A shows the Ra value as a function of the
laser v at various P levels used during sample production.
At 100 W, the Ra values were generally high, indicating
poor surface quality and a trend different from that in the

Table 4. Measurement of the roughness of the as-built samples related to the laser power and scan speed

Sample ID Ra (um) SD VED (J/mm?) Predicted defect Real defect
1 16.94 1.60 133 K B*

2 11.33 1.08 67 D D"/B?
3 13.69 1.47 44 LOF LOFY/B?
4 16.77 0.55 33 LOF LOF"/B®
5 9.33 4.05 200 K/B K°/B®
6 10.98 2.00 100 D Db/B®
7 10.80 1.74 67 D Db/B*
8 10.84 0.47 50 LOF LOF®/D¢/B*
9 4.92 0.89 267 K/B K®/BP
10 9.26 2.76 133 K K*/B?
11 10.92 2.58 89 D K</D/B*
12 11.52 1.43 67 D Db/B®
13 5.63 1.33 333 K/B K®/B®
14 7.04 0.71 167 K K°/B?
15 13.02 4.06 111 K K®/B?
16 10.66 0.01 83 D D/B*
17 6.24 0.72 400 K/B K®/BP
18 8.46 1.33 200 K/B K®/BP
19 15.99 3.94 133 K K®/B*
20 16.73 3.95 100 D Db/B®

Note: * Additional defects that appeared in the as-built samples; "Accurate predicted defects; ‘Observed effects that did not match predictions.
Abbreviations: B: Balling; D: Dense region; K: Keyholing; LOF: Lack-of-fusion; Ra: Surface roughness; SD: Standard deviation; VED: Volumetric energy

density.
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other cases. At 150 W, Ra improved slightly but remained
relatively high. As v increased, the Ra value remained
nearly constant, with little variation. The smoothest surface
was observed at 200 W and 500 mm/s, corresponding to
sample No. 9, and at this P, increasing v led to rougher
surfaces. Additionally, at higher v values (>1,000 mm/s),
the Ra values became almost the same as those observed at
150 W. For P values of 250 and 300 W, a similar trend was
observed, with the smoothest surfaces occurring at a v of
1,000 mm/s. This indicates that v of approximately 1,000
mm/s, when combined with moderate to high P, is optimal
for achieving improved surface quality. However, when P
exceeded 100 W, and v increased to 1,500 mm/s, the Ra
value increased.

In addition, regarding the VED and its influence on the
surface quality of the manufactured samples, a clear trend
was observed, as shown in Figure 6B. Higher VED values
were associated with improved surface finish, as indicated
by lower Ra, as shown by the green oval within the 267-400
J/mm?® VED range. This improvement can be attributed to a
more consistent energy input, which promotes stable melt
pool formation and enhanced material consolidation. As
the VED decreased, the surface of the final parts became
noticeably rougher. This trend is illustrated by the red oval
(VED 133-200 J/mm?®) and is even more pronounced in
the orange oval (VED 50-100 J/mm?). Consequently, lower
VED values may lead to incomplete melting, unstable melt
pools, and poor interlayer bonding, all of which contribute
to increased surface irregularities.

In summary, this study confirms the validity of VED-
based defect prediction models reported in the literature:
keyhole and balling defects were observed in samples
processed at VED > 150 J/mm? whereas LOF defects
predominantly occurred at VED < 50 J/mm®. Dense
regions with minimal porosity were typically found
within the intermediate range (50-100 J/mm?®). From the
Ra perspective, a lower v, combined with sufficient P,
contributes to reduced surface irregularities. This behavior
is attributed to a more stable melt pool and reduced
thermal gradients, which minimize surface undulations
and spattering. From a physical standpoint, this can be
explained by the balance between energy input and heat
dissipation. Stable melt pool conditions promote uniform
solidification and reduce defect formation, while an excess
or insufficient energy input leads to instability such as
keyholing or LOE. Thus, the observed trends should be
read in terms of melt pool dynamics rather than only the
effect of VED.

Conversely, high v with low P led to increased
roughness due to insufficient melting and instabilities in
the melt pool. A strong inverse relationship was observed

between VED and average Ra. Higher VED values result
in smoother surfaces due to improved energy absorption,
consistent melting, and enhanced inter-layer bonding.
At lower VED values, incomplete melting, poor layer
consolidation, and unstable melt flow significantly increase
the Ra. These findings reinforce the importance of energy
density optimization to improve the as-built surface finish.
It should be noted that the present analysis is based on a
simplified parameter framework in which hatch spacing
and layer thickness were kept constant. This choice
allows a simpler interpretation of VED-related trends;
the interaction between these parameters and melt pool
dynamics may further influence defect formation and
material properties. This part of the analysis identified
sample No. 9 (VED = 267 J/mm’, P = 200 W, v = 500
mm/s; Figure 6) as exhibiting the best surface finish, with
an Ra value of 4.92 pm, as shown in Table 4. This highlights
the effectiveness of combining moderate-to-high P with
moderate v for process stability and surface quality.
Furthermore, while an increase in P generally improves
the surface finish, it must be carefully balanced with the v
to prevent keyholing or balling.

An unexpected but noteworthy observation is the
consistent presence of balling across most samples, even
in regimes not typically associated with this defect. This
may be attributed to additional experimental conditions,
such as sample proximity, powder packing density, or heat
accumulation between neighboring tracks. This finding
suggests that balling may not be solely governed by VED
and warrants further investigation into mesoscale thermal
interactions during PBF-LB processing.

3.2. Microhardness analysis

The microhardness results for all samples are illustrated in
Figure 7A, sorted by VED value. According to Li et al.,”’ the
as-built samples produced by the AM process had a greater
hardness than the forged samples did (approximately
305 HYV, indicated by the red dashed line) because of the
finer microstructure typical of a PBF-LB/M material. The
microhardness results revealed variability between the top
and bottom surfaces of each sample. Notably, owing to the
outlier HV values of samples 4 and 13 (<290 HV), they
were excluded from this part of the analysis. However, both
surfaces exhibited approximately the same hardness, with
the top surface ranging from 290 HV to 312 HV and the
bottom surface from 297 HV to 309 HV. However, some
samples, such as 4 and 13, showed notably lower hardness
values on the top surface, likely due to local defects,
particularly in sample 4, caused by LOF defects, thermal
gradients, or process-induced inconsistencies. In several
cases (specimens 5, 10, 14, 15, and 18), the bottom surface
exhibited significantly greater hardness than the top
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Figure 6. Surface roughness analysis. (A) Influence of the scanning speed and laser power on the average surface roughness. (B) Effect of volumetric energy
density (VED) on average surface roughness.
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surface, suggesting a higher relative VED in those regions
(ranging from 111 to 400 J/mm?®), where keyholing and
balling defects were identified. Additionally, factors such
as cooling rates, heat accumulation in lower layers near the
build plate, or localized phase transformations (e.g., white
layer formation) may influence the material’s hardness
distribution.

Generally, the top layers are affected by rapid
solidification, which can result in residual stresses or a
heterogeneous microstructure, thereby reducing hardness
consistency. In contrast, the bottom layers undergo
repeated thermal cycling during deposition, which may
induce grain refinement or secondary phase precipitation
(e.g., 8-Ni3Nb or a Laves phase), thereby increasing
hardness.*®

On the other hand, when comparing microhardness
across the different build plate orientations, most samples
(with a few exceptions) show that run 1 yielded the
lowest microhardness, whereas run 3 yielded the highest.
These differences, however, are not relatively significant,
with variations limited to approximately 12% on the top
surface and up to 5% on the bottom surface, which can be
compensated for by adjusting the processing parameters.
As such, the effects of the rotation of the build plate and the
position of the specimen on the microhardness can also be
considered negligible.

Although higher VED values are generally associated
with improved surface finish, as discussed in the previous
section, an inverse relationship with hardness was
observed. As illustrated in Figure 7, on the top surface,
the samples with the highest VED values tended to exhibit
lower microhardness values and vice versa. In contrast,
on the bottom surface (except at the 250 W power level),
an increase in the VED up to 200 J/mm’led to higher
microhardness; the opposite trend was observed on the top
surface. However, variations in microhardness between the
top and bottom surfaces indicate a vertical temperature
gradient, which is likely to affect microstructural evolution
during processing. This behavior is likely driven by thermal
cycling effects and prolonged heat exposure near the build
plate, which promote grain refinement or precipitation
hardening. Conversely, the top layers may experience more
pronounced residual stress and incomplete melting due to
rapid cooling and reduced reheating.

Regarding this issue, with respect to other parameters,
such as P and v, the observed relationship between them
can be attributed to the combined influence of energy input
and the cooling rate, which could be evaluated as follows:

(i) At 100 W, increasing v significantly reduces HV
values (approximately 13% on the top surface and

approximately 9% on the bottom surface). This may be
because increasing v reduces the energy input, leading
to insufficient melting, weaker microstructures, and
hence lower hardness.
In an opposite trend, at 250 W, increasing v resulted
in an increase in HV values (around 11% on the top
surface and nearly 5% on the bottom surface). This
can be explained by the fact that a higher v at high P
reduces excessive heat accumulation, promotes faster
cooling, and leads to finer microstructures, thereby
enhancing hardness.
(iii) At other P levels, the hardness remains relatively
invariant to changes in v, indicating a threshold
beyond which process stability is maintained.

Furthermore, samples 6, 8, 11, 16, and 19, with VED
values ranging from 50-133 J/mm’, exhibited the most
uniform hardness across both surfaces, indicating well-
balanced process parameters and minimal vertical thermal
gradients. In contrast, anomalies in samples such as No. 4
(~33J/mm?) and No. 13 (~333 J/mm?), both with HV values
below 290 and considered outliers, showed significant
differences between their top and bottom surfaces, which
these discrepancies can be attributed to LOF or keyholing
defects, as well as thermal inconsistencies during layer
deposition.

(ii)

3.3. Porosity analysis

For porosity analysis, cylindrical samples were cut
perpendicularly using W-EDM across the build direction
(Z-axis), enabling a more comprehensive analysis during
production. Figure 8 shows the perpendicular surfaces of
the samples at 100x magnification. This relatively high-
magnification, high-resolution imaging technique was
used to ensure high-quality, more accurate results.

The porosity measurement results shown in Figure 9
were averaged across three runs and 20 distinct samples,
sorted by VED value. In this test, sample No. 4 was also
considered an outlier, whereas the other samples were
analyzed for two key parameters each. For each sample,
two key parameters were evaluated: the mean % area,
ranging from 0.024% to 0.454%, representing the area
occupied by pores, and the mean pore count, ranging from
14 to 334. Despite variations in both parameters across the
samples, the results indicate that the production settings
were generally effective in achieving a dense material in
most cases.

In this analysis, as shown in Figure 9 and considering
the VED effect on porosity (% area and quantity), the
lowest porosity quantity was observed in sample No.
15 (14 pores), with a VED value of 111 J/mm?®, and the
lowest % area occupied by pores was recorded in sample
No. 11 at 0.024%, corresponding to a VED value of 89 J/
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Figure 7. Microhardness analysis. (A) Microhardness comparison between powder bed fusion-laser beam as-built IN625 (Orange: Top surface and blue:
bottom surface). The mean microhardness values as a function of laser power and volumetric energy density (VED) of (B) the top surface and (C) the

bottom surface.

mm?®. Several samples (e.g., Samples 2, 7, 10, 12, 14, 19,
and 20) exhibited nearly zero pore quantity and a low area
percentage, suggesting negligible porosity and a high-
density material. Specimens 3, 5, 9, 13, and 17 had higher
porosities (with 217-334 pores and 0.322-0.454% surface
area occupied) or lower-than-average densities. These
results suggest the presence of defects or inconsistencies
such as LOF, keyholing, or balling in the material, which
could be attributed to specific process parameters or
conditions. More specifically, within the VED range of

50-167 J/mm?’, the lowest porosity levels were observed in
the as-built samples, with an average of up to 95 pores and
an average porosity area of up to 0.25% (as indicated by the
red dashed line).

In addition, the results indicated that a higher v, when
combined with sufficient P, can enhance the material
density while also improving the energy efficiency during
manufacturing. Notably, athigher v, the reduced interaction
time between the laser and the powder bed helps minimize
overheating and mitigate defect mechanisms such as
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Figure 8. Perpendicular surface of the samples: Run 2. Scale bar: 1 mm; magnification: 100x.

Figure 9. Relationship between volumetric energy density (VED) and average porosity characteristics of samples. (A) Average porosity quantity vs. VED.

(B) Average % area porosity vs. VED.

keyholing and excessive melt pool instability. However,
at the lowest P level (100 W), the energy input is likely
insufficient to fully melt the powder at higher v, leading
to incomplete fusion, higher porosity, and defects such
as LOF and balling.* This highlights the importance of
optimizing both P and v to achieve a suitable VED that
ensures effective material consolidation without excessive
energy use. Notably, no consistent pattern was observed
across the various sample positions. Therefore, the effect
of build plate rotation on material properties appears
negligible for most samples and can be disregarded in this
context. However, minor local variations may still occur
due to other factors, such as localized thermal gradients
or gas flow disturbances, which could warrant further
investigation in more sensitive applications.

To quantify the relationship between pore count and
the percentage of the total surface area they occupy, a
metric called the porosity index was defined. This index
was calculated as the ratio of the percentage of the total
surface area occupied by pores to the total number of pores,
as illustrated in Figure 10. The porosity index reflects the
average relative size of individual pores within a material.
Higher values indicate larger pores, whereas lower values
indicate smaller, more uniformly distributed pores. For
example, sample No. 1, with an index of 0.0042, has a large
number of small pores, whereas sample No. 11, with an
index of 0.0009, contains fewer but larger pores. Despite its
simplicity, this metric offers a useful comparative measure
for evaluating pore size distributions across different
samples.
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Figure 10. The relationship between the pore count and the percentage of area occupied expressed as the porosity index. (A) Average pore count and area

(%). (B) Pore size ratio (quantity vs.% area).
Abbreviation: VED: Volumetric energy density.

In summary, porosity results vary significantly with
processing parameters, as reported in the literature, which
identifies incomplete fusion and melt pool instabilities as
key contributors to elevated porosity. A non-monotonic
relationship is observed between VED and porosity
under the investigated parameter space. The samples with
VED values between 50 and 167 J/mm® corresponded
to optimal porosity levels, with an average porosity area
of less than 0.25%. These findings indicate that within
this intermediate VED range, the material density is
maximized due to sufficient, but not excessive, energy
input. At extremely low VED, LOF, and poor melt pool
overlap dominate, while excessive VED may risk defects
such as keyholing and increased energy consumption
without necessarily improving porosity. Unlike many
previous studies that focus on single output variables, this
work provides a combined and experimentally validated
analysis of Ra, porosity, and microhardness across the VED
range, enabling a more comprehensive understanding of
the process window. Additionally, a synergistic balance
between P and v is essential for minimizing porosity while
ensuring energy efficiency. Process parameters outside of
the declared VED range, particularly low P with high v,
result in incomplete melting and elevated defect levels.
Conversely, while higher P and v combinations can
achieve dense parts, they must be carefully controlled
to avoid undesirable thermal effects and reduce energy
inefficiency. However, the variations observed during the
printing process can be primarily attributed to key process

parameters, such as A, t, and especially v and P, which
influence the VED value.

Regarding index porosity, no clear or consistent pattern
has been observed to be established as a definitive result.
Nevertheless, the relationship between pore quantity and
pore size appears to be a critical factor. A greater number
of small pores may lead to a more uniform distribution,
whereas fewer but larger pores can create weak points in the
material. This balance between pore size and distribution
is particularly important, as it can significantly influence
the occurrence of defects and, consequently, the overall
quality, durability, and performance of the final AMed
parts in their intended applications.

Overall, a key outcome of this study is the identification
of a consistent process window in which surface quality,
porosity, and microstructure are simultaneously optimized.
This underlines the importance of considering multiple
response variables rather than relying on a single metric.
Similar VED values, obtained as an interaction of different
parameter combinations, may lead to different material
responses, reinforcing that the process—structure-property
relationship in PBF-LB is governed by the interaction
between parameters rather than only VED.

Based on the detailed analysis presented in this
article, Table 5 has been created as a comprehensive
guide summarizing the key relationships between process
parameters, VED, and the resulting characteristics of
IN625 fabricated by PBF-LB.
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Table 5. Process parameter optimization guide for Inconel 625 using powder bed fusion-laser beam

VED (J/mm?) P (W) v (mm/s) Defects Porosity R, HV Comments
. Incomplete melting,
1,500- LOF (samples 3, 4, . o High . .
VED < 50 100-150 2,000 and 8) High (~1.6%) (<13 um) 271-290 high por.031ty - poor
mechanical properties
Acceptable mechanical
Dence regions 299-309 properties due to
60 < VED < 100 100-200 1,000 (samples 2, 6, 7, Low Moderate (best hardness optimal balance
2,000 (0.024-0.1%)  (10-12 um) )
11, and 12) range) between fusion and
defect mitigation
Keyholing onset . . .
110< VED <150  200-250 ;’ggg_ (samples 1,10, 14, ?;g::::ght x °§e(ra1t§ tom) 291-312 ?:;?;ltfe’legzge’ careful
’ 15, and 19) § " 8
Drops slightly
Keyholing/balling compared to the  Best surface quality, but
160 < VED <200  250-300 1,000~ (samples 5, 14, Moderate to Acceptable ideal range risk of internal defects
1,500 high (~7-9 pm) .
and 18) (due to from overheating
overheating)
Lo oy Creming et
200 <VED < 400 250-300 500-1,000 4 8 High (>1%) (very smooth ~278-297 8 .
(samples 4, 9, 13, quality and hardness
surface)
and 17) may degrade

Abbreviations: HV: Vickers hardness; LOF: Lack-of-fusion; P: Power; Ra: Surface roughness; v: Scan speed; VED: Volumetric energy density.

4, Conclusion

In this study, IN625 samples were produced via PBF-LB
technology under various process parameters, comprising
20 samples per run with different build plate rotations (Run
1: 0°, Run 2: 90°, and Run 3: 180°), and were thoroughly
investigated. The results indicate a correlation between
process parameter combinations (v and P) and the quality
of the final product, with VED serving as a simplified
descriptor. It was observed that both excessively high and
low VED values can adversely affect the consolidation of
powder layers. High VEDs led to defects such as keyhole
porosity and balling, whereas low VEDs resulted in LOF
due to insufficient energy input. Optimal combinations of
P and v are essential for minimizing defects and achieving
a dense and uniform microstructure.

In conclusion, for the successful fabrication of IN625
parts using PBF-LB, which is highly dependent on the
precise optimization of process parameters, the following
factors should be considered:

(i) An optimal process window corresponding to a VED
range of 66-100 J/mm° offers the best overall balance in
terms of surface quality, porosity, and microhardness.

(ii) Extreme VED values should be avoided; values below
50 J/mm?® often lead to LOF defects and poor surface
finish, while those above 167 J/mm? increase the risk
of keyholing and excessive thermal input.

(iii) A balanced relationship between P and v is crucial;
lower P demands slower v to ensure proper melting,
whereas higher P requires faster scanning to avoid
overheating.

(iv) Additionally, the slight decrease in hardness observed
at very high VEDs may be attributed to phase
coarsening or residual thermal effects.

(v) Notably, the surface finish tends to improve with
moderate to high VED levels, particularly when
combined with low to medium v.

(vi) As a result, no consistent pattern was identified
with respect to build plate orientation, and its
overall influence can be considered negligible since
the printing process is governed primarily by key
parameters such as h, t, and especially v and P, which
determine the VED value.

These findings underline the importance of precise
parameter control in achieving high-quality PBF-
LB-manufactured IN625 components.
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