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Abstract: Laser direct energy deposition (LDED) was employed to fabricate low-carbon stainless steel 316L and
to evaluate the influence of processing parameters on porosity, relative density, and microhardness. A fiber laser
system operating at 1070 nm (YLS-3000-CUT, IPG ABB) was used. The spot size was 1.2 mm, the powder feed
rate was 9.5 g/min, the layer thickness was 0.2 mm, the carrier gas flow rate was 7.5 L/min, and the shielding gas
flow rate was 25 L/min. Laser power (420, 600, and 800 W) and scan speed (20, 25, and 30 mm/s) were
systematically varied, producing nine samples with linear energy densities between 14 and 40 J/Jmm and volumetric
energy densities from 59 to 167 J/Jmmg3. Microstructural features and pore morphology were examined using optical
microscopy and scanning electron microscopy. Porosity and relative density were quantified by full cross-sectional
image analysis. Microhardness was measured using a Vickers indenter with a 300 g load and 10 s dwell time.
Microhardness values ranged from 185.4 to 207.3 HV. Porosity values varied between 0.198% and 0.831%, while
relative density ranged from 99.169% to 99.802%. Lower volumetric energy densities produced reduced porosity
and increased relative density at all scan speeds. The minimum porosity (0.198%) and maximum relative density
(99.802%) were obtained at a scan speed of 30 mm/s and a volumetric energy density of 59 J/Jmms3. The results
quantify the effect of laser power and scan speed on densification and mechanical response in LDED-processed
316L and define a limited processing window for defect minimization.

Keywords: Laser direct energy deposition, Energy density, Scan speed.

1. Introduction

Laser direct energy deposition (LDED) is an additive manufacturing technique used to fabricate complex
three-dimensional metallic components with reduced material waste and high deposition flexibility [1]. In
LDED, metallic powder or wire feedstock is injected into a focused laser beam, where it melts and is
deposited onto a substrate in a layer-by-layer manner [2]. This process enables near-net-shape
manufacturing and repair of high-value components that are difficult or impractical to produce using
conventional machining routes. Despite these advantages, the adoption of LDED for safety-critical
applications remains limited due to the formation of process-induced defects, particularly porosity [3].
Porosity in LDED arises from multiple mechanisms, including gas entrapment within the melt pool, lack-
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of-fusion between adjacent tracks or layers, keyhole instability, and pre-existing pores in atomized
powder feedstock [4]. Even at low volume fractions, such defects can significantly degrade mechanical
performance, especially tensile strength, ductility, and fatigue resistance [5]. The severity of these effects
depends strongly on pore morphology and spatial distribution. Irregular lack-of-fusion pores generally
exert a more detrimental influence on mechanical properties than spherical gas pores of comparable size,
highlighting the need to control both pore formation mechanisms and their evolution during deposition

[6]

Austenitic stainless steel 316L is widely used in marine, chemical, and biomedical applications due to its
corrosion resistance, moderate strength, and excellent weldability [7]. In LDED processing, material
quality is strongly governed by energy input, commonly expressed as energy density. Laser power and
scan speed directly regulate the thermal energy delivered per unit length, thereby influencing melt pool
geometry, cooling rate, solidification behavior, and defect formation [8]. Insufficient energy input leads to
incomplete fusion and lack-of-fusion porosity, whereas excessive energy input promotes keyhole
formation and subsequent gas entrapment during collapse [9]. Achieving full densification therefore
requires a balanced processing window that enables adequate fusion while minimizing excessive
vaporization and instability [10].

Although prior studies have demonstrated the sensitivity of porosity to processing parameters, the
combined and systematic effects of laser power and scan speed on porosity characteristics,
microstructural evolution, relative density, and mechanical response remain insufficiently resolved,
particularly for 316L fabricated by LDED [11]. In addition, many investigations report microstructural
observations without directly linking them to quantified porosity levels and local mechanical properties.
This limits the ability to establish reliable process—structure—property relationships.

Microstructural characterization using optical microscopy and scanning electron microscopy provides
essential insight into grain morphology, dendritic structure, phase distribution, and defect types formed
during LDED [12]. Complementary microhardness measurements serve as a sensitive indicator of local
microstructural variations and compositional inhomogeneity induced by thermal history. Together, these
techniques enable correlation between processing conditions, microstructural features, and mechanical
response at the microscale. Such correlations are necessary for defining processing windows suitable for
defect minimization and performance consistency [13].

Several recent studies highlight both the potential and limitations of DED-based processing of stainless
steels. Saboori et al. [14] emphasized that although DED enables fabrication of complex and functionally
graded structures, incomplete understanding of microstructure evolution and defect formation continues
to hinder industrial maturity. G. A. Barragan et al. [15] demonstrated that directed energy deposition
(DED) can produce dense AISI 316L stainless steel deposits with strong metallurgical bonding and low
porosity when appropriate processing conditions are employed. Their results confirmed that high cooling
rates inherent to DED promote fine cellular and dendritic austenitic microstructures, which are closely
associated with improved material integrity. Although their study focused on coating applications, it
highlighted the importance of controlling process parameters to minimize porosity and preserve alloy
chemistry during deposition.

H. Shi et al. [16] investigated the influence of additive manufacturing—induced microstructural features on
the high-temperature behavior of laser metal deposited 316L stainless steel. Their work showed that phase
segregation and o-ferrite formation at grain boundaries are strongly linked to thermal history and energy
input during deposition. These findings emphasize that process-controlled microstructural evolution plays
a critical role in determining material performance, reinforcing the need for systematic parameter control
in LDED. Zhou and Ning et al. [17] examined the effects of process parameters on porosity formation and
microstructural refinement in DED-fabricated 316L-based systems. Their study demonstrated that
variations in energy input significantly affect melt pool stability, grain morphology, and defect formation.
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Increased energy density promoted grain refinement but also increased the likelihood of porosity and
cracking when excessive thermal input led to melt pool instability. This highlights the narrow processing
window required to balance densification and defect suppression.

Z. Ma et al. [18] reported that multiple DED process parameters simultaneously influence density, surface
quality, and microstructural uniformity in stainless steel-based structures. Their statistical analysis
showed that scan speed plays a dominant role in controlling surface integrity, while thermal input strongly
affects densification behavior. These results underscore the necessity of isolating and quantifying the
individual and combined effects of laser power and scan speed on relative density and defect formation.

Zircher et al. [19] investigated the wear behavior of additively manufactured 316L stainless steel
produced by the laser metal deposition (LMD) process, with a specific focus on its suitability for repair
applications. The authors evaluated friction and wear under dry sliding conditions using a flat-on-flat
configuration against AISI 52100 steel and compared LMD-fabricated 316L with conventionally rolled
316L. Microstructure, residual stresses, and hardness were characterized prior to tribological testing to
support interpretation of wear mechanisms.

Despite these advances, a quantitative and systematic correlation between laser power, scan speed,
porosity, relative density, microstructural characteristics, and microhardness in LDED-fabricated 316L
stainless steel remains limited [20]. Experimental studies that directly link energy density regimes to both
defect metrics and mechanical response under controlled conditions are scarce [21].

Accordingly, the present work focuses on systematically varying laser power and scan speed during
LDED of 316L stainless steel to quantify their effects on porosity formation, relative density,
microstructure, and microhardness. By combining optical microscopy, scanning electron microscopy,
image-based porosity analysis, and microhardness testing, this study establishes evidence-based process—
structure—property relationships consistent with the scope defined in the abstract.

2. Materials and Methods

This section outlines the materials used, the experimental setup employed for laser direct energy
deposition, and the processing parameters selected to fabricate 316L stainless steel samples. It also
describes the characterization techniques applied to evaluate the microstructural, mechanical, and
porosity-related features of the deposited materials, along with the methodology used to quantify porosity
and assess the quality of the fabricated parts.

2.1. Materials

Low-carbon austenitic stainless steel 316L powder was used as the feedstock material for laser direct
energy deposition. The powder particle size ranged from 56 to 100 um, which was made by the gas
atomization manufacturing method, ensuring stable flowability and consistent interaction with the laser-
induced melt pool, as shown in Fig. 1. Also, the volumetric distribution and volume transformation are
shown in Figs. 2and 3 respectively. The chemical composition of SS316L powder was summarized in
Table 1.

Table 1. Chemical composition of SS316L (Wt.%)

Fe% C% Cr% Mn% Mo % P% Si% Ni%
Bal. 0.03 19.09 1.14 2.32 0.5 0.71 10.07
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Fig. 1: SEM of SS316L powder
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Fig. 2: Volume distribution of SS316L
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Fig. 3: Volume transformation of SS316L.

2.2 Experimental Setup

The laser direct energy deposition (LDED) process was carried out using a high-power fiber laser system
(YLS-3000-CUT, IPG ABB) operating at a wavelength of 1070 nm with a Gaussian beam intensity
distribution, as shown in Fig. 4. The system was integrated with an ABB industrial robotic arm coupled
with a circular two-axis table, enabling precise multi-axis motion control and flexible deposition
strategies. A coaxial powder delivery system transported SS316L powder from a hopper to the laser focal
point using argon carrier gas at 7.5 L/min, while argon shielding gas at 25 L/min was supplied around the
melt pool to minimize oxidation and atmospheric contamination during deposition.
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Fig. 4: Ytterbium fiber laser and LDED printhead.
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2.3. Process Parameters

A fixed laser spot size of 1.2 mm, layer thickness of 0.2 mm, powder feed rate of 9.5 g/min, overlap of
50%, and hatch spacing of 0.6 mm, which is typical for LDED processes and ensures sufficient melt pool
overlap for good metallurgical bonding, while limiting excessive reheating, and standoff distance of 12
mm. All these characteristics were maintained throughout the experiments. The process parameters were
systematically varied by adjusting laser power (420, 600, and 800 W) and scan speed (20, 25, and 30
mm/s), resulting in nine distinct deposition conditions. These parameter combinations produced linear
energy densities ranging from 14 J/mm to 40 J/mm, allowing investigation of their influence on melt pool
behavior, thermal gradients, solidification dynamics, and resulting microstructural and mechanical
properties.

The basic relationship of material quality in LDED is the volumetric energy density (VED) in J/mm?,
mathematically expressed as [22].

P

VED =
vtd

(1)

where P laser power (W), v scan speed (mm/s), d spot diameter (mm), and t layer thickness (mm).

Nevertheless, for single-track depositions, the fixed spot size (1.2 mm) and layer thickness (0.2 mm) in
each deposition track, the linear energy density, mathematically specified as [22],becomes the dominant
parameter controlling melt pool characteristics.

R v

()

2.4. Characterization Methods

The deposited samples, each with dimensions of 10 x 10 x 10 mm3, as shown in Fig. 5, were built by
zigzag for cubes strategy. All samples were sectioned, mounted, polished, and prepared following
standard metallographic procedures, as shown in Fig. 6. The metallographically prepared samples were
chemically etched using an aqueous solution composed of hydrochloric acid (HCI), nitric acid (HNOs),
and distilled water mixed in a 1:1:1 volume ratio to reveal the microstructural features [23].

Optical microscopy (OM) and scanning electron microscopy (SEM) were employed to analyze
microstructural features, grain morphology, phase distribution, and defect characteristics. To evaluate
mechanical behavior, Vickers microhardness testing was performed using a load of 300 g and a dwell
time of 10 s, enabling assessment of local property variations caused by microstructural evolution and
porosity distribution, as shown in Fig. 7[24,25].

Hardness profiles were obtained along three vertical traverses across the cross-section (edge—center—edge)
from the substrate interface to the top of the deposited height. A total of 150 independent indentations
were conducted, consisting of 50 measurements along each traverse. A minimum center-to-center spacing
of at least three times the indentation diagonal length was maintained between adjacent indents to avoid
interaction effects, in accordance with ASTM E384. The hardness values obtained from each traverse
were subsequently averaged, and the mean values were used for plotting and comparative analysis, as
shown in Fig. 8.
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Fig. 5: dimensions of SS316L samples.
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Fig. 6: Sample preparation procedure.
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Fig. 7: Principal of Hardness Vickers Calculation [24].

Fig. 8: Microhardness profiles measured along the build height of SS316L.

2.5. Porosity Quantification Methodology

Porosity and relative density were quantified using high-resolution optical images captured across the full
cross-sectional area of each specimen with a Mitutoyo Quick Vision optical measurement system.
Quantitative porosity analysis was performed using ImageJ software. Optical micrographs acquired from
polished and etched cross-sections were used for analysis. For each sample, multiple images were
captured at identical magnification from representative regions across the deposited area to ensure
statistical reliability. The images were first converted to grayscale and subjected to contrast enhancement
to improve pore—matrix differentiation. A global thresholding method was applied to segment pores from
the metallic matrix, followed by manual verification to remove artifacts and non-relevant features.
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Porosity was quantified by calculating the ratio of the total pore area to the total analyzed area. The
reported porosity values represent the average of all analyzed images for each processing condition.

3. Results and discussion
3.1. Porosity and Relative Density

At the lab, the experimental results showed that the linear energy density controls are essential to the
optimum densification and the lowest porosity of laser-directed energy deposited samples. Importantly,
we report that samples fabricated at the lowest energy densities (such as 420 W and higher scan speeds of
25 and 30 mm/s) resulted in the highest comparative density and least porosity, demonstrating stable melt
pool dynamics, complete powder fusion, and suppressed overheating-induced defects. The thermal energy
overabundance on samples had negatively impacted the porosity of different melt parameters [26], as
such, we compared the results with those produced under high energy densities (higher power, lower
scan-speed values), confirming that the increase of thermal energy caused the melt pool to destabilize,
with attendant pore formation through keyhole instability and other mechanisms. Accordingly, this
experiment proves from a systemic perspective that exact moderation of energy input is vital, and that the
best structural, mechanical properties and build quality can only be obtained if the lowest linear energy
densities are applied to the parameter matrix under consideration.

Analysis of the nine samples (see Figs. 9 and 10) reveals a strong relationship between linear energy
density and porosity and the relative density of the laser-deposited structures. The samples have the
lowest porosity and highest relative density at minimized energy densities using lower laser power and
increased scan speed, indicating that the melt pool stability and efficient fusion without causing the melt
to overheat. For instance, the sample processed at 420 W and 30 mm/s yielded the lowest porosity
(0.198%) and the highest relative density (99.802%).
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Fig. 9: Relationship between v, VED, and porosity
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Fig. 10: Relationship between v, VED, and RD.

3.2. Microstructure Analysis

The microstructural evolution observed by OM and SEM can be understood as a continuous response to
increasing energy per unit length (E;) and the attendant changes in melt-pool geometry and local cooling
rate: the lowest E; runs (420 W at 30 mm/s, E; = 14 J/mm as shown in Fig. 11) produce narrow, shallow,
regularly stacked melt pools with only tiny, isolated spherical pores visible in OM and, in SEM, the finest
cellular solidification substructure with extremely primary spacings, minimal interdendritic segregation,
and only sparse, discontinuous carbide/oxide inclusions.

Fig. 11: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 420 W
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Considerably higher E; at 420 W (Fig. 11) but slower speeds (25 mm/s and 20 mm/s; E; = 16.8 and 21
J/mm) still show well-defined melt-pool bands in OM but progressively wider pools and a small increase
in visible pore frequency, while SEM reveals a modest coarsening of cellular/dendritic spacing and a
slightly greater tendency for solute and inclusion accumulation at cell walls.

Increasing power to 600 W (Fig. 12) at 30, 25, and 20 mm/s (E; = 20, 24, and 30 J/mm) produces wider
and deeper melt pools with more frequent small porosity and more irregular overlap footprints in OM; at
the SEM scale these conditions exhibit coarser cellular/dendritic arrays, clearer enrichment of alloying
elements and inclusion/precipitate contrast at interdendritic locations (manifested in SS316L as more
pronounced cell-wall segregation and a likely presence of fine M23C6-type carbide or oxide clustering at
boundaries), and a higher incidence of irregular porosity associated with partial keyholing or entrapment
during slower solidification [27,28].

m/s |

Fig. 12: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 600 W

At the highest power, 800 W (Fig. 13) with the three speeds (Ei = 27, 32, and 40 J/mm), OM shows the
broadest, deepest, and most irregular melt pools with the greatest density of both spherical and irregular
voids and disturbed overlaps, while SEM reveals markedly coarsened dendritic structures, extensive
interdendritic films of segregated solute, and larger inclusion/precipitate particles and networks at grain
boundaries; these microstructural features reflect long liquid lifetimes that enable solute partitioning,
carbide/oxide precipitation, and coarsening and increase the probability of gas/vapor-induced porosity and
lack-of-fusion defects from keyholing [29,30].

As shown in Figs. 11, 12 and 13, all conditions exhibit cellular-to-cellular dendritic solidification
morphologies; increasing laser power enhances melt pool boundary features and pore visibility, while
increasing scan speed refines the cellular structure but increases microstructural heterogeneity when
remelting becomes marginal.
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Mechanistically, the superior appearance and highest relative density measured in the 420 W / 30 mm/s
condition arise because the low E, yields the fastest local cooling rates and steep thermal gradients: Rapid
solidification reduces primary arm spacing, suppresses diffusion-controlled precipitation and solute
segregation, and shortens the time window for gas entrapment and keyhole instability, producing a
uniformly fine austenitic matrix with only very fine, discontinuous carbides or oxides and very few pores;
conversely, higher E, raises melt temperatures and liquid lifetime, coarsens the microstructure, promotes
interdendritic segregation and carbide/oxide nucleation, and increases porosity, all of which are evident in
the graded progression of OM and SEM features across the nine samples [31].

[ V20mm's [
5 5 W N7

Fig. 13: OM and SEM of SS316L, v of 20, 25, and 30 mm/s at a P of 800 W

3.3. Mechanical Performance through Microhardness Measurement

In this study nine samples of 100% SS316L manufactured by LDED have been examined. The specimens
show a very clear, quantitatively strong inverse dependence of Vickers microhardness (as shown in Fig.
14) on the linear energy density across the tested window: samples with the highest E; (<40 J/mm at 800
W, 20 mm/s) record the lowest hardness (~185 HV), and those with the lowest E; (=14 J/mm at 420 W, 30
mm/s) record the highest hardness (~207 HV). This indication confirms that increasing scan speed (higher
v) or reducing power (lower P) raises hardness primarily because both reduce E,. This behavior is
consistent with the laser-AM physics: the cooling rate in the melt/solidification zone scales roughly with
scan velocity and inversely with absorbed power (cooling o« v / P), so higher v or lower P produces faster
cooling, finer solidification structures (smaller cellular/dendritic arm spacing or effective grain size), and
therefore higher strength/hardness via Hall-Petch—type effects; conversely, high E; produces larger melt
pools, slower cooling, and coarser structures with lower hardness [32, 33]. Directed-energy-deposition
(DED) work on AISI 316L shows the same processing physics but also demonstrates that local factors
such as lattice micro-strain and subtle phase/d-ferrite variations can modulate local hardness (so micro-
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strain/residual stress may either reinforce or partially offset the grain-size effect in specific regions) [34].
Practically, this means that hardness rising as E; decreases from 40 to 14 J/mm is physically robust and
predictable but must be balanced against manufacturing defects: The AM literature also documents that
very low energy input (below the material/process-specific threshold) causes unstable melt pools and
lack-of-fusion porosity, while overly high energy can produce balling or gas entrapment, so there is an
optimal E; window for good density and the desired mechanical property set [35]. The behavior and
guantitative sensitivity fall within published ranges for additively manufactured SS316L and match the
theoretical and experimental analyses linking hardness to cooling rate and energy input in laser additive
processes.

Any increase in porosity amount (Fig. 15), that is led to decrease in hardness due to localized plastic
strain accommodation around voids. Conversely, relative density (which is inversely proportional to
porosity as shown in Fig. 16) correlates positively with hardness because a denser material exhibits
greater resistance to indentation.
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Fig. 14: Relationship between P, v, E; and microhardness.
e velocity (mm/s) El (J/mm) Microharhness (HV) Porosity%
210 0.9
200
190 0.8
180
/0 0.7
160
150 ~
140 0.6
130
120 0.5
110
100 0.4
90
80 03
70
60
50 0.2
40
30 - . o ) g °!
20 @ ® 2] ® =
10 0
1 2 3 4 5 6 : 4 8 9

Fig. 15: Relationship between v, Ei, microhardness, and porosity.
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Fig. 16: Relationship between v, Ei, microhardness, and RD%.

4. Conclusion

This study systematically quantified the effects of laser power and scan speed on porosity formation,
relative density, microstructural evolution, and microhardness in SS316L fabricated by laser direct energy
deposition.

1- Within the investigated parameter window, porosity ranged from 0.198% to 0.831%, while relative
density varied between 99.169% and 99.802%. The lowest porosity (0.198%) and highest relative density
(99.802%) were obtained at a scan speed of 30 mm/s and a volumetric energy density of 59 J/mms,
indicating that reduced energy input promotes stable melt pool behavior and effective densification under
the present conditions.

2- Optical and scanning electron microscopy revealed that all samples exhibited cellular-to-cellular
dendritic austenitic solidification morphologies. Decreasing linear energy density resulted in finer cellular
structures, reduced interdendritic segregation, and fewer observable defects, whereas increasing energy
density led to coarsened dendritic features, enhanced solute segregation, and a higher incidence of both
spherical and irregular pores. These microstructural trends are consistent with variations in melt pool
lifetime and local cooling rate induced by changes in laser power and scan speed.

3- Vickers microhardness values ranged from 185.4 to 207.3 HV and showed a clear inverse relationship
with linear energy density. Higher scan speeds and lower laser powers produced higher hardness values,
which correlate with microstructural refinement associated with faster cooling rates. The measured
hardness variations are consistent with grain and cellular spacing refinement rather than changes in phase
constitution.

4- Overall, the results demonstrate that laser power and scan speed exert a coupled and quantifiable
influence on densification, microstructure, and microhardness in LDED-processed SS316L. The findings
define a limited processing window in which porosity is minimized and microstructural refinement is
maximized under the fixed conditions employed in this study. These conclusions are restricted to the
investigated parameter range and characterization methods and provide an experimental basis for further
targeted optimization studies.
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