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to its versatility and advantages over conventional manu-
facturing processes [1]. Among the many benefits of PBF-
LB/M, significant cost savings, reduced production times, 
and the ability to fabricate intricate geometries while offer-
ing customization options stand out as essential [2].

With rapid advancements in PBF-LB/M technologies 
expected over the next decade, its growing relevance in the 
manufacturing landscape is becoming increasingly evident. 
PBF-LB/M is making a significant impact across numer-
ous sectors, including transportation, medicine, sports, and 
electronics. The quality and performance produced using 
PBF-LB/M technologies continue to influence and enhance 
development in these industries [3].

PBF-LB/M works by systematically melting successive 
layers of metal powder using a high-power laser, precisely 
guided by predefined geometrical specifications and finely 
tuned parameters managed by specialized software tools 
[4]. As an additive manufacturing method, PBF-LB/M facil-
itates the creation of lightweight components, delivering a 
considerable advantage over traditionally manufactured 
pieces.

1  Introduction

Metal Additive Manufacturing, specifically PBF-LB/M—
also known as Selective Laser Melting (SLM)—technology, 
has been increasingly adopted across various industries due 
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Abstract
Laser powder bed fusion (PBF-LB/M) is an additive manufacturing technology (AM) for producing metal components 
with complex geometries. The mechanical properties of these components play an important role in their performance and 
functionality. This work has found the process parameters to achieve the optimal properties of AISI 316L stainless steel 
using SamyLabs Alba 300 system. A Design of Experiments approach was employed under a constant volumetric energy 
density constraint to identify optimal parameter combinations (laser power, laser frequency, scanning speed and hatching 
distance). Tensile testing and metallographic analysis show that even at fixed energy input, the material’s properties were 
still affected by the process parameters. Specifically, higher laser frequencies and reduced scanning speeds, combined 
with increased hatching distances, led to improved mechanical performance with a significant positive impact on tensile 
strength and hardness of the manufactured parts. The results demonstrate that laser frequency plays a critical role in melt 
pool dynamics. Optimal settings derived from this study provide a reliable guideline for enhancing part quality in PBF-
LB/M processes and can be extrapolated to similar AM systems.
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Recognizing the inherent limitations of PBF-LB/M tech-
niques is essential, as they face challenges such as subop-
timal surface finish, dimensional accuracy, and material 
properties, including microstructure and mechanical perfor-
mance [5]. These limitations have hindered the widespread 
adoption of PBF-LB/M across various industrial sectors. 
Addressing these limitations requires a deeper understand-
ing of the complex relationship between processing param-
eters and their impact on the final product’s quality [6, 7]. 
Furthermore, it is crucial to acknowledge that many of these 
drawbacks (and their corresponding solutions) are often 
specific to the particular 3D printing system employed in 
the process [8, 9].

In the context of lightweight materials suitable for PBF-
LB/M processing, titanium and aluminum alloys have 
emerged as the most widely used options, while stainless 
steel—particularly AISI 316L—is also gaining increasing 
relevance. Common lightweight candidates include com-
mercially pure titanium (CP-Ti), Ti–6AI–4V (Ti64) as alu-
minum–silicon (Al–Si) alloys, with AlSi10Mg standing out 
due to its similarity to the A360 alloy [7, 10–13]. Extensive 
research has developed into various aspects, covering from 
the characterization of initial powders to the exploration of 
potential applications of these lightweight alloys, in some 
cases considering the fabrication of lattice structures [10, 
13].

Collectively, existing research underscores the sub-
stantial influence of printing parameters and equipment 
selection on microstructure and the final properties of man-
ufactured components [1, 6]. While considerable research 
has discussed the effects of printing parameters on materi-
als such as titanium and aluminum [14, 15], a noticeable 
research gap exists regarding the influence of these param-
eters on stainless steel, particularly on 316L. Furthermore, 
variations in equipment and environmental conditions can 
significantly impact material properties [16]

This study aims to clarify the individual influence of key 
PBF‑LB/M processing parameters under constant volumet-
ric energy density, a condition rarely explored for 316L, 
thereby providing new insight into how parameter sensitiv-
ity governs melt‑pool stability and final part performance. 
The study investigates the combinations of process param-
eters that enable the fabrication of dense specimens with 
optimal mechanical properties using the printer Samylabs 
Alba300. The sensitivity of the process to each parameter is 
also analyzed, identifying a physical reason for their effect 
on the final mechanical properties. The findings are trans-
ferable to similar PBF-LB/M equipment and contribute to 
the development of a more generalized methodology to 
determine optimal processing conditions in metal additive 
manufacturing.

2  Methods and development

In laser-material processing, specifically within Laser Pow-
der Bed Fusion (LPBF), Volumetric Energy Density (VED) 
is traditionally established as a fundamental metric to quan-
tify the energy delivered per unit volume of the powder bed. 
It is defined by the relationship between laser power (P), 
scanning speed (v), hatching distance (h), and layer thick-
ness (t). For this study, to accurately reflect the nature of 
laser emission modulated using PWM, the standard formu-
lation has been refined by substituting continuous power 
with the product of laser power and cycle time (P × c). This 
adaptation enables a more precise characterization of the 
effective energy input during pulsed interactions, where the 
temporal distribution of energy significantly influences the 
part’s thermal history [17].

The primary strength of VED lies in its role as a stan-
dardised design guideline for initial parameter selection 
during the design of experiments (DoE) [18]. It serves as a 
comprehensive index for evaluating the relative density of 
components, with studies confirming that increasing VED 
generally improves material consolidation and reduces mac-
roscopic "lack of fusion" (LoF) defects. Furthermore, VED 
is a reliable predictor of top-surface quality; higher energy 
inputs promote more effective melting of powder particles, 
resulting in more stable, continuous laser tracks and dimin-
ished surface roughness [19, 20].

Despite its widespread application, VED remains a 
purely thermodynamic quantity that fails to capture the 
complex kinetics of melt pool physics, such as Marangoni 
convection, hydrodynamic instabilities, and vapor recoil 
p ressure [21]. Research demonstrates that maintaining a 
constant VED does not guarantee consistent workpiece 
characteristics, as varying individual laser parameters can 
produce significant differences in roughness, density, and 
microhardness [22]. Moreover, VED is incapable of accu-
rately predicting the critical transition between conduction 
and keyhole melting modes, where excessive energy input 
causes metal vaporisation and the formation of deep melt 
pools that trap gas bubbles and increase porosity [21].

The efficacy of VED is further constrained by its exclu-
sion of intrinsic material properties and scale-dependent 
factors. For instance, the particle size distribution (PSD) of 
the powder bed significantly influences packing density and 
surface finish independently of the applied energy [20]. Fur-
thermore, VED does not account for the impact of scanning 
strategies or component size; optimal parameters for small 
specimens often fail to achieve the same relative density in 
larger parts due to thermal gradient accumulation, necessi-
tating advanced scanning patterns or intermediate layers to 
mitigate columnar porosity [23]. Consequently, VED serves 
only as a broad guideline and cannot anticipate the specific 
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defect morphology and distribution that ultimately govern a 
component’s fatigue behaviour [19].

Laser power, laser frequency, scanning speed, hatching 
distance, and layer height are among the most influential 
parameters affecting the final material properties [24, 25]. 
The powder material has a specific energy requirement to 
ensure complete melting and, in principle, obtain proper-
ties as close as possible to those of the bulk material [26]. 
The parameters selected must be combined to generate 
the specified energy input and are common in PBF-LB/M 
equipment [26, 27].

The process parameters were selected within the opera-
tional limits specified by the machine’s manufacturer. The 
total energy input was calculated as a function of the process 
parameters, following the formulation by Greco et.al. [22] 
with similar approaches reported in other studies [20, 21, 
23, 28].

E = P · c
V ·DL · hc

� (1)

where P is the laser power, c is the cycle time, V the scan-
ning velocity, DL the hatching distance and hc is the layer 
height.

2.1  Material and equipment

The material used in this study was Oerlikon MetcoADD 
316L-A, stainless steel powder, whose characteristics, as 
declared by the manufacturer are reported in Table 1. This 
alloy is widely used in additive manufacturing due to its 
high corrosion resistance, good mechanical strength, and is 
excellent processability [29].

Figure 1a, b show Scanning Electron Microscopy (SEM) 
images of the powder morphology. The particles are mostly 
spherical, within the size distribution specified by the manu-
facturer (Table 1), and some particles exhibit the so-called 
“splat cap” geometry which is typical of atomized powders.

The manufacturing process was carried out using Alba 
300 printer (SamyLabs). The build envelope of the printer 
has a diameter of 160 mm and a height of 200 mm. This 
PBF-LB/M system is equipped with a continuous-wave 
(CW) fiber laser operating at 1080 nm (Raycus RFL-300), 
with a maximum power of 300 W and a spot size of 70 µm. 
This type of laser always operates at the same power level 
(300W), but can be modulated to a lower nominal power 
using a pulse-width modulation (PWM) at frequencies up 
to 41 kHz, resulting in an energy delivery in discrete bursts 
although the laser source remains CW.

Table 1  Powder specifications of 316L Steel provided by the manu-
facturer
Specification Alloy, iron-based
Chemical composition (Weight 
percentage)

Fe (balance); Cr (18); Ni (12); 
Mo (2); C (< 0,03); Others (< 1)

Nominal particle size range 40 ± 15 µm
Volume percentile values D10: 19 µm

D50: 30 µm
D90: 46 µm

Manufacture Inert gas atomized (Argon)
Morphology Spherical
Apparent density  < 4 g/cm3

Solidus 1390 ± 10 °C (2534 ± 18°F)
Liquidus 1448 ± 10 °C (2638 ± 18°F)
Process PBF-LB/M

Fig. 1  SEM for the AISI 316L 
powder – × 100 and × 250 
magnification
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Table 2. The process takes place in a controlled argon atmo-
sphere with an oxygen concentration below 0.5%.

Four levels were generated for the first three parameters 
(P, dl, V), resulting in 12 parameter combinations. Each 
combination was adjusted to comply with the constraint of 
constant total energy input defined by Eq. (1). These com-
binations are reported in Table 3 (samples 1–12), while the 
laser frequency was maintained constant at 37 kHz, limiting 
the number of permutations.

Laser frequency is known to influence the volume of 
powder affected by the laser beam and is expected to have a 
strong impact on both the resolution and mechanical proper-
ties of the printed part. Since laser frequency is not included 
in Eq.  1, it was investigated separately using a reduced 
set of permutations of three cases (samples 1, 5, and 10), 
each tested at three frequency levels (10–37–45 kHz), also 
reported in Table 3.

A total of 18 parameter combinations were tested, with 
5 specimens fabricated for each condition resulting in 90 
printed samples. Tensile testing was performed according 
to the ASTM E8/E8M standard using a Metrotec MTE-300 
universal testing machine. The microstructure was analyzed 
after etching polished cross-sections with Aqua Regia, 
allowing the identification of metallurgical phases (austen-
ite, ferrite, pearlite) and eventual porosity.

All specimens were modeled as STL geometries and 
introduced into the printer’s software definition. Each sam-
ple was labelled with an identification number engraved 
on the clamping ends. The layer thickness was defined to 
be 0.05 mm, and support structures were generated exclu-
sively at the base of the specimens. The infill consisted of 

2.2  Design of experiments

To determine the optimal printing parameters, it is essential 
to manufacture components under varying processing con-
ditions and subsequently evaluate their performance. This 
study uses a Design of Experiments (DOE) approach to 
optimize the process, significantly reducing the number of 
experimental trials while improving time and cost efficiency 
[30, 31]. Moreover, this approach establishes statistically 
robust and reproducible results. DOE techniques have been 
widely applied in the analysis of PBF-LB/M [32, 33]. By 
systematic variation of one or more input variables, such as 
laser power, scanning speed or hatching distance, it is pos-
sible to evaluate their individual and combined effects on 
the resulting materials. In this case, one parameter is varied 
while the other is held as the unknown.

The primary objective of this experiment is to identify the 
optimal combination of process parameters that maximizes 
the mechanical properties of Stainless Steel 316L, while 
minimizing the number of experimental runs. To fabricate 
samples under different printing conditions, the volumetric 
energy density was calculated using Eq. (1) and maintained 
constant at 54.54 J/mm3. The selected energy density was 
empirically determined by the machine manufacturer in a 
joint collaboration with the powder manufacturer. The value 
is consistent with the ones reported for PBF-LB/M systems 
of comparable design [34]. Although volumetric energy 
density does not fully capture the complexity of melt pool 
dynamics in laser powder bed fusion (PBF-LB/M), main-
taining it constant provides a practical framework for iso-
lating the influence of individual process parameters. This 
approach ensures sufficient particle cohesion and helps pre-
vent defects such as lack of fusion or material degradation 
[35, 36].

On this basis, the manufacturer-recommended pro-
cess parameters corresponding to this energy density were 
adopted as a baseline for the present study; however, the 
objective is to establish a more rigorously optimized param-
eter set through systematic variation around this baseline. 
The baseline conditions consist of a laser power setting of 
80% (corresponding to 240W, controlled via Pulse Width 
Modulation, PWM), a scanning speed of 800 mm/s, a hatch 
distance of 0.1 mm, and a laser frequency of 37 k Hz.

The allowable ranges for each parameter, determined by 
extending the limits around the baseline values, are listed in 

Table 2  Limits of the Process parameters modified
Process parameter Upper limit Lower limit
P (Laser power) 300 W (100%) 180 W (60%)
DL (hatching distance) 0.16 mm 0.08 mm
V (Scanning speed) 1400 mm/s 600 mm/s
F (Laser frequency) 10 kHz 45 kHz

Table 3  Process parameters set, with a constant energy density
No Power P 

(%)
Hatching dis-
tance DL (mm)

Scanning speed 
V (mm/s)

Fre-
quency 
F (kHz)

1 83 0.115 800 37
2 70 0.098 800 37
3 60 0.082 800 37
4 100 0.138 800 37
5 83 0.110 833 37
6 70 0.110 717 37
7 60 0.110 600 37
8 100 0.110 1000 37
9 80 0.080 1375 37
10 80 0.110 1000 37
11 80 0.140 785 37
12 80 0.160 688 37
1.1 83 0.115 800 10
1.2 83 0.115 800 45
5.1 83 0.110 833 10
5.2 83 0.110 833 45
10.1 80 0.110 1000 10
10.2 80 0.110 1000 45
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bidirectional scanning lines, rotated by 67º between layers. 
All specimens were printed in a vertical orientation (perpen-
dicular to the build plate) with a support structure (Fig. 2). 
The resulting print bed layout is shown in Figs.  3 and 4, 
with the support’s characteristics reported in Table 4. Fig-
ure 5 shows one of the complete prints.

3  Results and discussion

3.1  Mechanical properties

The mechanical properties of the samples were evaluated 
through uniaxial tensile testing using a Metrotec MTE-300, 
following the ASTM E8/E8M standard. Each parameter 
combination was tested on five printed specimens, and the 
result of a representative test is shown in Fig. 6. The average 
mechanical properties obtained for each condition are sum-
marized in Table 5.

Table 5 presents the average mechanical properties 
obtained for each tested parameter combination, including 
yield strength, ultimate tensile strength (UTS), and Young’s 

Table 4  Supports characteristics
Relative support density 0.3
Distance between supports 0.9 mm
Body diameter 0.8 mm
Contact tip diameter 0.4 mm
Total support height 7 mm

Fig. 5  Manufacturing of the Test samples

 

Fig. 4  Supports for manufacturing the samples

 

Fig. 3  Printing orientation of the samples: they are aligned longitudi-
nally along Z, while XY is the printing plane

 

Fig. 2  Schematic illustration of the 
ASTM E8/E8M tensile specimens 
manufactured in this work
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cases. These results suggest that while Young’s modulus is 
somewhat sensitive to microstructural changes induced by 
process variations, strength-related properties remain more 
robust across tested conditions.

Within these results, the Young’s modulus exhibits a 
substantially larger standard deviation than the other tensile 
properties measured in this study. Such scatter is consistent 
with previous work on PBF-LB/M 316L, where stiffness is 
highly sensitive to porosity and local defect structure [36]. 
Weaver et al. showed that, for PBF-LB/M 316L with 0–4% 
porosity, the average modulus from indentation and tensile 
tests agreed well, but the test‑to‑test scatter increased con-
siderably in the presence of porosity, which they attributed 
to variations in the amount of porosity within the interaction 
volume under the indenter [36]. This result highlights that 
even small changes in local pore content can strongly affect 
the measured elastic response.

At the component scale, Jost et al. quantified poros-
ity populations in PBF-LB/M 316L tensile specimens and 
demonstrated that global tensile properties, including appar-
ent stiffness, are strongly controlled by defect characteris-
tics such as pore size, morphology, and location [37]. Their 
defect–property analysis underlines that differences in inter-
nal defect populations between nominally identical samples 
can produce appreciable scatter in elastic properties, even 
when porosity levels are relatively low.

In addition, large variability in Young’s modulus between 
builds and machines has been reported. Obeidi et al. produced 
316L tensile specimens on four different LPBF machines 
using the same powder batch and identical nominal process-
ing parameters, yet measured elastic moduli ranging from 
52 to 214 GPa across the tested conditions [37].This wide 

modulus. For the first twelve samples (conditions 1 to 12), 
corresponding to the baseline and energy-constrained per-
mutations, Young’s modulus exhibited moderate variabil-
ity, with a standard deviation of approximately 5% (in the 
first eight conditions). In contrast, UTS and yield strength 
showed lower variation among replicates, indicating a more 
stable response to the applied processing conditions.

Additional tests conducted on selected conditions (sam-
ples 1.1, 1.2, 5.1, 5.2, 10.1, and 10.2), corresponding to 
different laser frequencies, also yielded consistent mechani-
cal performance, with minor deviations from the baseline 

Table 5  Resulting mechanical properties
Nº Yield strength 

(MPa)
Ultimate tensile stress 
(UTS) (MPa)

Young’s 
Modulus 
(GPa)

1 482 ± 113 574 ± 23 89 ± 16
2 452 ± 51 574 ± 5 72 ± 13
3 453 ± 92 574 ± 5 111 ± 47
4 455 ± 89 588 ± 6 166 ± 19
5 438 ± 84 597 ± 19 90 ± 10
6 411 ± 30 559 ± 3 74 ± 9
7 431 ± 22 582 ± 3 131 ± 55
8 432 ± 36 578 ± 6 166 ± 90
9 442 ± 38 605 ± 9 105 ± 48
10 413 ± 38 603 ± 5 115 ± 13
11 454 ± 40 598 ± 5 151 ± 26
12 485 ± 23 604 ± 16 198 ± 78
1.1 411 ± 44 574 ± 5 98 ± 13
1.2 383 ± 21 574 ± 7 88 ± 9
5.1 461 ± 91 576 ± 8 79 ± 38
5.2 406 ± 21 575 ± 1 86 ± 10
10.1 448 ± 38 606 ± 3 89 ± 4
10.2 457 ± 44 609 ± 5 92 ± 7

Fig.  6  a Stress–strain curve for test conditions 9,10,11 and 12.: A 
slight step observed in the initial elastic region is attributed to grip 
slip or machine signal noise, and does not affect the interpretation of 
the mechanical response b Stress–strain curve for test conditions 10.1, 

10.2 and 10, where the only parameter varying is the laser frequency. 
Note: A slight step observed in the initial elastic region is a common 
occurrence attributed to grip slip or machine signal noise, and does not 
affect the interpretation of the mechanical response
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Figure 7 shows that higher values of the laser frequency 
are associated with increased ultimate tensile strength (UTS) 
and Young’s modulus. Just looking at the energy density 
calculated with Eq. 1, it seems that this parameter does not 
influence the melting process. However, given the results 
presented in Table 5 of this study, we can infer that the dura-
tion of the pulses, proportional to the frequency, affects the 
time-dependent behavior of the melt pool.

Figure 7a–d display the mechanical properties reported 
in Table  5, normalized against the expected bulk values 
for AISI 316L. Each plot has been organized to highlight 
the influence of different combinations of process param-
eters. Due to the interdependence among parameters, two 
variables are represented on the horizontal axes in each dia-
gram, while the third is implicitly dependent.

Among the measured properties, Young’s modulus shows 
the highest variability, indicating a strong sensitivity to the 
process conditions applied in this study. In contrast, yield 
strength and ultimate tensile strength (UTS) show more 
consistent values across samples. The parameter combina-
tions that resulted in the best results are highlighted in each 
panel.

In Fig. 7a, higher laser power combined with increased 
hatch distance is associated with a notable improvement in 

range demonstrates that machine‑to‑machine variability and 
subtle process differences can lead to very large spreads in 
measured modulus for PBF-LB/M 316L. Taken together, 
these studies show that Young’s modulus in PBF-LB/M 
316L is particularly sensitive to the local porosity sampled 
by the test, the overall defect population in each specimen, 
and machine and process variability [37–39]. Therefore, the 
relatively high standard deviation of the modulus observed 
in the present work is in line with the behavior reported in 
the literature for this material system.

Figure  6 presents the typical stress–strain curves of 
the samples obtained with the parameter combinations 
that generated the most promising results. The difference 
between these results is in the order of 6%, while the vari-
ability among samples of each condition was in the order 
of 1%, noticeably lower than that of the other parameter 
configurations.

As shown in Fig.  6, all specimens exhibit behavior 
closely resembling that of bulk AISI 316L [31]. Notably, 
specimen 12—produced with an increased hatching dis-
tance and reduced printing speed—demonstrates a higher 
Young’s modulus. Similarly, specimen 9, characterized by 
reduced hatching and increased printing speed, displays a 
higher yield strength.

Fig. 7  a Influence in the mechanical properties of Laser Power and hatching distance b Influence in the mechanical properties of Laser Power and 
speed c Influence in the mechanical properties of hatching distance and Laser speed d Influence in the mechanical properties of frequency
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The microstructure of specimens 7 and 12 which were 
selected for comparative analysis are shown in Fig. 9. Spec-
imen 7 (Fig. 9a, b) manufactured with lower laser power, 
exhibits relatively smaller grains and defined melt track 
boundaries. In contrast, specimen 12 (Fig. 9c, d) produced 
with a value of laser power of 80%, presents larger grains 
and less pronounced melt lines. In several spots of specimen 
12, the microstructure appears to cross the melt boundaries, 
suggesting diffusion phenomena during the solidification 
process.

The metallographic analysis of Samples 7 and 12, here 
presented as a more evident comparison, suggests that lower 
energy input can negatively affect the material’s crystalli-
zation, resulting in slightly lower mechanical properties, as 
reported for specimen 7 in Table 5.

Weld tracks are clearly identifiable when the specimen is 
polished and etched on a cross-section parallel to the build 
plane. Although hatch distance is a nominal design param-
eter, the actual width of the weld tracks shows noticeable 
irregularity and partial overlap. This indicates that the hatch 
distance alone does not directly define the final melt track 
geometry. Instead, melt pool dynamics play a central role in 
determining effective weld width and track continuity.

Figure 10 presents two optical micrographs of the same 
sample etched along two orthogonal planes: (a) a plane 
parallel to the build plane and (b) perpendicular to it. The 
microstructure does not present evident impurities, inclu-
sions or pores. However, the presence of distinct melt tracks 
in both orientations can suggest slight oxygen contamina-
tion during processing. Although the chamber was purged 
with argon, residual oxygen levels could have influenced 
local oxidation or solidification behavior at the melt pool 
boundaries.

3.3  Density and porosity

Density and porosity measurements were performed on 
one representative specimen per processing condition. The 
average density across all samples was 7.78 g/cm3, which 
is close to the nominal bulk density of AISI 316L (7.98 g/
cm3). The total porosity varied between 0.3 and 6.9%, with 
open porosity representing a substantial portion in most 
cases. A detailed breakdown of the measured density and 
porosity levels is provided in Table 6.

The correlation analysis revealed a moderate-to-strong 
positive relationship between density and ultimate tensile 
strength (Pearson’s r = 0.69), confirming that denser speci-
mens tend to exhibit higher mechanical performance. This 
effect is consistent with the idea that enhanced layer bond-
ing and reduced internal defects improve load transfer capa-
bilities. In contrast, Young’s modulus showed no significant 
correlation with porosity or density, suggesting a greater 

elastic modulus. This trend is reinforced in Fig. 7b, where 
scan speed was varied to preserve constant energy density, 
confirming the positive effect of laser power. Figure  7c 
emphasizes the beneficial influence of a larger hatch dis-
tance on mechanical behavior.

The effect of laser frequency, in Fig.  7d, appears less 
pronounced. However, the data suggests that a slightly 
higher frequency than the default 37 kHz may offer a bet-
ter trade-off between energy delivery and material response. 
It is known from empirical practice that the thermal output 
of the laser diode tends to increase at higher frequencies, 
although excessive frequency settings may lead to ineffi-
ciencies or instabilities and should be avoided unless spe-
cifically required.

3.2  Metallography analysis

The metallographic analysis was performed on one speci-
men from each of the parameter combinations listed in 
Table  3. The specimens were cut, polished, and etched 
using an Aqua Regia solution to reveal the microstructure, 
enabling qualitative comparison across conditions.

As expected, all specimens exhibit the characteristic 
microstructure of the bulk 316L austenitic stainless steel 
[15]. Specimen 10 was chosen as the better result and is 
shown in Fig. 8. Austenite and ferrite phases can be clearly 
identified, along with grain boundaries and columnar den-
dritic microstructure. Grain morphology strongly depends 
on the cooling rate during solidification, which, in turn, is 
affected by laser process parameters. Higher cooling rates 
result in finer grains and improved tensile strength, while 
slower, lower cooling rates promote coarser grains and 
greater ductility [16, 40].

Fig.  8  Optical micrograph of specimen 10 after etching with Aqua 
Regia. The image reveals typical features of AISI 316L, including 
austenite and ferrite phases, grain boundaries, and columnar dendritic 
structures. The surface is parallel to the XY printing plane
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hatch, and scan speed settings, 10.2 exhibits a noticeably 
higher porosity, particularly open porosity, than 10.1.

The increased laser pulse frequency can lead to keyhole 
instability, characterized by rapid fluctuations in melt-pool 
dynamics (on the order of tens of kHz) that promote pore 
formation through bubble trapping and collapse [41] Addi-
tionally, higher frequency may reduce time between pulses, 
impeding metal vapor condensation and reducing opportu-
nity for pore escape. This is consistent with in-situ X-ray 
observations, which show deep keyhole regimes at higher 
modulation frequencies where melt-depth fluctuations are 
rapid and entrapped gas pockets form before the keyhole 
collapses [42].

sensitivity to microstructural features or anisotropy rather 
than bulk cohesion.

Additionally, the laser power displayed a moderate nega-
tive correlation with closed porosity (r = –0.63), indicating 
that higher energy input helps achieve deeper melt pools 
and better consolidation, thus reducing entrapped voids. 
These results support the use of densification metrics as 
predictors of mechanical integrity in PBF-LB/M-processed 
316L components.

As shown in Table  6 and Fig.  11, a direct comparison 
of process conditions 10.1 and 10.2 isolates laser pulse fre-
quency as the only varying parameter (lower (≈10 kHz) in 
10.1 and higher (≈45 kHz) in 10.2). Despite identical power, 

Fig. 9  a, b Microscope images of test 7–×50 (a) and ×20 (b) magnification- c, d Microscope image of test 12–×50 (c) and ×20 (d) magnification. 
The surfaces are parallel to the XY printing plane
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processes. However, its classical formulation does not fully 
capture the underlying energetic requirements of the melting 
process, particularly when applied to pulsed laser systems. 
In this study, we propose a normalized version of the Key-
hole Number derived from a physically grounded energy 
balance, comparing the effective energy input to the energy 
required to heat and melt a control volume of material. This 
approach yields a KH parameter that reflects energy input 
per unit time and area, which more accurately reflects the 

Figure 12 depicts the porosity levels of samples 8 and 3. 
As shown, sample 3 exhibits a higher degree of porosity. In 
neither case was a lack of fusion observed.

3.4  Normalized keyhole number based on energetic 
balance

The traditional Keyhole Number (KH) is often used as a 
semi-empirical parameter to assess the transition from 
conduction-mode to keyhole-mode melting in PBF-LB/M 

Table 6  Process parameters and density/porosity average metrics for each condition
Cond Density (g/

cm3)
Open Por. 
(%)

Close Por. 
(%)

Total Por. 
(%)

Power (%) Hatch dist. 
(mm)

Speed 
(mm/s)

Frec. 
(kHz)

UTS (MPa) Yield 
strength 
(MPa)

1 7.889 1.0 1.1 2.2 83 0.115 800 37 574.7 482.4
2 7.668 0.9 3.9 4.8 72 0.098 800 37 574.8 454.2
3 7.554 1.1 5.3 6.4 60 0.080 800 37 574.5 453.5
4 7.655 0.9 4.1 5.0 100 0.138 800 37 588.9 455.5
5 7.743 1.4 3.0 4.3 83 0.110 833 37 597.5 438.7
6 7.785 1.1 2.4 3.6 72 0.110 717 37 559.4 411.1
7 7.752 1.7 2.9 4.6 60 0.110 600 37 582.3 431.1
8 7.921 0.5 0.7 1.2 100 0.110 1000 37 578.8 432.4
9 7.701 1.1 3.5 4.6 80 0.080 1375 37 605.2 443.0
10 7.960 0.0 0.3 0.3 80 0.110 1000 37 603.9 413.5
11 7.754 0.6 2.8 3.5 80 0.140 785 37 598.2 454.8
12 7.898 2.8 1.0 3.8 80 0.160 688 37 604.9 485.8
1.1 7.869 1.2 1.4 2.6 83 0.115 800 10 574.9 411.2
1.2 7.937 1.1 0.5 1.7 83 0.115 800 45 574.2 383.5
5.1 7.833 1.4 1.8 3.2 83 0.110 833 10 576.3 461.6
5.2 7.817 1.2 2.0 3.2 83 0.110 833 45 575.9 406.7
10.1 7.879 0.2 1.3 1.4 80 0.110 1000 10 606.5 448.2
10.2 7.337 0.0 8.1 8.1 80 0.110 1000 45 609.0 457.4

Fig. 10  Etched cross-sections of specimen 9 observed under optical microscopy: a parallel and b perpendicular to the XY build plane. Melt track 
boundaries are clearly visible in both orientations, with no observable porosity or inclusions
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This expression yields the effective energy density depos-
ited per unit area and time (J/mm2·s), assuming uniform dis-
tribution and constant laser-material interaction.

The energy required to heat and melt a unit volume of 
material per second can be estimated by:

Erequired = ρ · (Cp · (Tm − T0) + Lf ) · v · d · h

where ρ is the material density (g/mm3), Cp is the specific 
heat capacity (J/g·K), Tm and T0 are the melting and ambi-
ent temperatures, respectively (K), Lf is the latent heat of 
fusion (J/g), h is the estimated depth of energy penetration 
(mm), assumed constant across all samples.

thermal dynamics of the melt pool, especially under varying 
laser pulse frequencies.

The normalized Keyhole Number proposed here is based 
on a volumetric energy balance per unit time. The effective 
energy supplied by the laser per second is given by:

Einput =
α · P
v · d

where α is the absorptivity of the material at the laser wave-
length (≈ 0.62 for AISI 316L at 1080 nm [43]), P is the laser 
power (W), v is the scanning speed (mm/s), d is the hatch 
distance (mm).

Fig. 12  Microscope images (×20 magnification) showing the porosity of a specimen 3 and b specimen 8. The surfaces are parallel to the XY print-
ing plane

 

Fig. 11  Open and closed porosity 
(in %) for each process condi-
tion (Sample ID), shown as a 
stacked bar chart. Closed porosity 
(orange) and open porosity 
(blue)—representing unhealable 
and healable pores, respec-
tively—reveal the contribution 
of each defect type to the total 
internal void fraction in PBF-
LB/M-fabricated AISI 316L
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atmosphere, powder morphology) may influence melt pool 
stability near the energetic threshold.

Since the laser used in this study is a pulsed fiber laser 
originally designed for metal marking, the energy trans-
fer occurs in discrete bursts at a defined pulse frequency. 
This frequency determines the number of energy deposition 
events per second. For a given average power and scan-
ning parameters, increasing the pulse frequency reduces the 
energy per pulse, which in turn influences the melt pool’s 
thermal history and stability.

To account for the pulsed nature of the laser system, we 
propose adjusting the normalized Keyhole Number by mul-
tiplying it by the pulse frequency f. While KHnorm reflects 
the energy balance per pulse, the product

KH ′ = KHnorm · f

where f is the laser pulse frequency in kHz (pulses per sec-
ond), represents the cumulative energetic excess per second. 
This formulation captures the effect of pulse frequency on 
melt pool behavior: higher values of KH′ imply a greater 
number of energy-rich pulses per unit time, which may lead 
to melt pool instability and increased porosity. Figure  14 
shows the KH’ vs total.

3.4.2  Normalized keyhole number based and ultimate 
tensile strength

In addition to its correlation with porosity, the normal-
ized Keyhole Number also shows a moderate inverse cor-
relation with the ultimate tensile strength (UTS) of the 
printed specimens, as shown in Fig. 14. Higher values of 
KHnorm—indicating increased energy input relative to the 
melting requirement—are associated with decreased UTS. 

Dividing Einput by Erequired yields a normalized Keyhole 
Number per second:

KHnorm = α · P
ρ · (Cp · (Tm − T0) + Lf ) · v2 · d2 · h

This parameter, with units of s⁻1, reflects the degree of 
excess energy per unit volume and time available to induce 
melt pool instability. A higher KHnorm value indicates a 
more energetic regime and is hypothesized to correlate with 
the formation of keyhole porosity.

This formulation compares the energy effectively depos-
ited by the laser per unit surface and time with the energy 
theoretically required to heat and melt a fixed volume of 
material. The numerator accounts for the real energy input, 
adjusted by the material’s absorptivity and distributed 
across the scan area and speed. The denominator repre-
sents the thermal demand of the material, including both 
sensible heat (temperature increase) and latent heat (phase 
change), scaled to the interaction volume. The resulting nor-
malized Keyhole Number therefore captures how energeti-
cally aggressive the process is, with respect to the physical 
requirements of melting. Higher values suggest an energy 
surplus that can lead to deeper melt pools and potential 
instability, whereas values closer to unity indicate a better 
balance between input and demand.

3.4.1  Normalized keyhole number and total porosity

The total density vs KHnorm is shown in Fig. 13.
It can be seen that around KH_norm = 150, a dispersion 

of porosity values is observed, suggesting that other uncon-
trolled or unmeasured factors (e.g., laser frequency, local 

Fig. 13  Total porosity as a func-
tion of the normalized Keyhole 
Number (KH_norm). A minimum 
threshold is observed around 
KH_norm ≈ 150, below which 
porosity is generally low. How-
ever, above this value, a wide 
dispersion of porosity suggests 
that other factors beyond energy 
balance—such as laser frequency 
or powder morphology—play 
a significant role in keyhole 
formation
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modulation (PWM) to reduce the power input to the mate-
rial. Process parameters were varied around the values rec-
ommended by the powder manufacturer, while maintaining 
a constant total energy density. This work compares the 
effect of these parameter combinations on the resulting 
mechanical properties and microstructure. Although the 
process windows explored were narrow and specific to the 
material and machine, the methodology can be extended to 
other systems and different conditions.

The results demonstrate that increasing laser power, in 
combination with increased hatch distance and reduced 
scanning speed, led to improved mechanical performance—
particularly in yield strength and ultimate tensile strength—
while maintaining low porosity levels. Based on these 
findings and experimental feedback, the optimal parameters 

This trend suggests that excessive energy may contribute 
to the formation of microstructural defects such as sub-sur-
face porosity, local inhomogeneities, or melt pool instabil-
ity, which ultimately degrade the mechanical performance. 
These results support the hypothesis that melt pool energy 
balance plays a critical role not only in part integrity, but 
also in mechanical behavior (Fig. 15).

4  Conclusions

A set of specimens was manufactured using the Samylabs 
Alba 300 PBF-LB/M system and AISI 316L austenitic stain-
less-steel powder. The system employs a 300 W continuous-
wave fiber laser with a 70 µm spot size, using pulse-width 

Fig. 15  Ultimate tensile strength 
(UTS) as a function of the 
normalized Keyhole Number 
(KH_norm). A moderate inverse 
correlation is observed, sug-
gesting that higher energy input 
relative to the melting require-
ment may lead to microstructural 
defects and reduced mechanical 
performance

 

Fig. 14  Total porosity as a func-
tion of the frequency-adjusted 
normalized Keyhole Number 
(KH′). Compared to KHnorm, the 
inclusion of laser pulse frequency 
provides a slightly improved cor-
relation, reinforcing the impor-
tance of pulsed energy dynamics 
in determining melt pool stability 
and porosity generation
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