
Vol.:(0123456789)

https://doi.org/10.1007/s10853-025-11895-2

J Mater Sci﻿

Metals & corrosion

Effect of process parameters on tensile and impact 
strength properties of AISI 316L stainless steel 
fabricated via laser‑powder bed fusion

C. Morales1,*  , A. Fortini1  , C. Soffritti1  , M. Actis Grande2  , M. Gragnanini1  , and M. Merlin1 

1 Department of Engineering (DE), University of Ferrara, Via Saragat 1, 44122 Ferrara, Italy
2 Department of Applied Science and Technology (DISAT), Polytechnic of Turin, Viale T. Michel 5, 15121 Alessandria, Italy

ABSTRACT
Recent advances in the production of metallic components via Laser-Powder 
Bed Fusion (L-PBF) have attracted considerable interest, promising to achieve 
properties comparable to those of conventional manufacturing while reducing 
production time and costs. Among the materials suitable for L-PBF, austenitic 
stainless steels, such as the AISI 316L one, stand out due to their versatility across 
various industrial applications. The selection of process parameters including 
laser power, hatch spacing, scan speed and layer thickness strongly influences 
the final properties of printed parts. The present work aims to evaluate the met-
allurgical and mechanical features of L-PBF AISI 316L samples produced with 
different layer thicknesses (25, 50 and 100 µm) and according to two building 
directions, i.e., horizontal (xy) and vertical (xz) with respect to the building plat-
form. Experimental investigations including density measurements, microstruc-
tural analyses through optical and scanning electron microscopes, tensile and 
instrumented Charpy impact tests were performed. The relationship between 
the employed layer thickness and both tensile strength and impact toughness 
was also assessed. By selecting proper process parameters such as laser power, 
scanning speed and layer thickness within a specific range of values, the resulted 
laser density energies promote good-quality of the printed samples with excellent 
mechanical properties.
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Introduction

Additive Manufacturing (AM), also known as 3D 
printing, has shown remarkable potential for fabri-
cating complex parts across a wide range of metallic 
materials. Beyond design flexibility, AM techniques 
are also material-efficient, as they generate signifi-
cantly less waste compared to traditional subtractive 
manufacturing processes. In recent years, Powder 
Bed Fusion (PBF) and Directed Energy Deposition 
techniques have gained prominence owing to their 
great flexibility in producing high-quality com-
ponents, especially complex parts with short lead 
times. Among these, the Laser-Powder Bed Fusion 
(L-PBF) is one of the earliest and most versatile AM 
techniques, widely employed to fabricate metallic 
parts starting from powders of different materials 
[1–3]. This process employs a laser as a heat source 
to selectively melt the powder bed layer by layer, 
ultimately yielding a fully dense metallic part [1, 4, 
5]. A broad spectrum of alloys, including aluminum 
alloys [6–8], steels [9–11], titanium alloys [12, 13], as 
well as cobalt and high-resistant alloys [14–17], has 
been successfully processed by L-PBF. Within the 
steel family, AISI 316L austenitic stainless steel has 
received particular attention due to its widespread 
applications, especially in the automotive [18] and 
biomedical fields [19], where its combination of 
mechanical strength and corrosion resistance repre-
sents a key asset [20–24].

Considerable efforts have been dedicated to opti-
mizing the L-PBF process parameters to produce high-
quality AISI 316L parts, with a particular attention to 
the effect of laser energy density (LED), laser power, 
scanning strategy, layer thickness and building direction 
[25–28] on mechanical and microstructural properties 
[29, 30]. Peng and Chen [31] investigated the effect of 
LED on AISI 316L samples processed by L-PBF, keep-
ing the layer thickness constant at 50 µm, while varying 
LED between 36 and 48 J/cm3. Their findings indicated 
that higher laser power and scanning speed improved 
melt pool stability and increased material density, with 
the highest relative density of 98.87% obtained at a LED 
of 48.48 J/cm3. In contrast, Choi et al. [32] explored LED 
values ranging from 10 to 1000 J/mm3, focusing on their 
impact on densification behavior and microstructural 
evolution of AISI 316L samples fabricated via L-PBF. 
Their results highlighted that LED values below 50 J/
mm3 made the printed parts more prone to crack for-
mation, hindering samples’ densification. Conversely, 
LED values around 200 J/mm3 led to an increase in 
porosity content. Ho-Jin Lee [33] studied the effect of 
different LED values on microstructural defects, ten-
sile properties and hardness of AISI 316L components 
produced via L-PBF. By varying combinations of laser 
power, scanning speed and hatch distance, the author 
highlighted the mutual effect of such parameters on 
LED values. Experimental results revealed that the 
highest tensile strengths were obtained for the highest 
LED values (around 155 J/mm3), even though the best 
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apparent density and lowest porosity were achieved at 
a lower LED value (79 J/mm3). Tucho et al. [34] found 
that the range of LED values between 50 and 80 J/mm3 
was effective in improving hardness and reducing 
porosity, thereby enhancing densification of AISI 316L 
steel parts. In addition to LED, several authors have 
emphasized the role of layer thickness in determining 
the quality and density of L-PBF AISI 316L samples [30, 
35, 36]. Hyer et al. [37] examined thicknesses of 40, 80 
and 120 µm, demonstrating that the porosity increased 
with layer thickness, with 40 µm providing the best 
results for improving the density of the material. In 
addition, Dabwan et al. [38] focused on the effect of 
four different layer thicknesses on the post-processing 
surface quality of L-PBF AISI 316L steel using a spe-
cific milling process. The results showed that samples 
printed with 60 µm of layer thickness exhibited the most 
notable improvements in surface integrity. Based on the 
above-mentioned literature, a deep investigation on the 
role of laser and powder-related parameters, i.e., layer 
thickness and LED is crucial for optimizing the micro-
structural and mechanical behavior of L-PBF AISI 316L 
steel. Although prior studies focused on exploring the 
role of the process parameters on the tensile and fatigue 
properties of L-PBF AISI 316L steels [26, 39–43], only a 
few have addressed how the parameters influence the 
impact behavior of the material [42, 44, 45]. Particularly, 
Afkhami et al. [42] investigated the effect of the L-PBF 
process parameters variation and post-processing treat-
ments on the impact behavior of AISI 316L printed sam-
ples: notched and un-notched Charpy specimens were 
tested according to different building directions. From 
the results, the authors found that the building direc-
tion does not cause a strong effect on the impact prop-
erties of the material; however, they demonstrated that 
the process parameters affect significantly the impact 
toughness, and the best results were obtained for sam-
ples fabricated with the highest density values. Wang 
et al. [45] focused on the impact behavior of AISI 316L 
notched Charpy samples drawn along three different 
crystallographic directions from as-built prisms fabri-
cated with constant process parameters. With respect 
to these crystallographic directions, the authors com-
pared the total absorbed energies of the material at both 
room and cryogenic temperature. De Sonis et al. [44] 

evaluated the impact toughness of AISI 316L samples, 
manufactured with a L-PBF 3D printer perpendicular to 
building platform, at both room and cryogenic tempera-
ture. The samples were fabricated with constant pro-
cessing parameters and tested by using an instrumented 
Charpy pendulum considering the effect of three differ-
ent heat treatment parameters.

In the light of this, the novelty of the present study 
lies in evaluating the effect of three different sets of 
parameters—and consequently of the adopted best laser 
power, scanning speed and hatch spacing to print the 
material—on the instrumented impact strength of L-PBF 
AISI 316L samples. V-notched Charpy specimens were 
drawn from parallelepiped samples fabricated along 
both perpendicular and parallel directions with respect 
to the building platform. An instrumented pendulum 
was used to calculate not only the total absorbed energy 
but also the two complementary contributions of the 
initiation energy and the propagation energy, as well as 
the peak force and the displacement at the peak force. 
For a comprehensive mechanical assessment, tensile 
tests were also performed on samples fabricated accord-
ing to both parallel and perpendicular directions with 
respect to the building platform and all the mechanical 
properties were correlated to the three different sets of 
process parameters. Moreover, cubic samples were fab-
ricated to carry out a specific focus on the effect of the 
different layer thicknesses on the apparent density and 
on the microstructure affecting the mechanical proper-
ties. Fractographic investigations were performed by 
scanning electron microscopy (SEM) on the fracture 
surfaces of tensile and Charpy specimens to study how 
the microstructural features influenced the fracture path 
during crack propagation, thus emphasizing the impor-
tance of an optimization of the process parameters.

Experimental procedure

Gas-atomized AISI 316L powder, supplied by GE Addi-
tive (GE Additive, Ohio, USA) and with nominal chemi-
cal composition detailed in Table 1, was used to produce 
L-PBF samples by a M2 Cusing machine (GE Additive) 
equipped with a 400 W Ytterbium-doped fiber laser and 
employing pure nitrogen for the environment protec-
tion of the build chamber. The particle morphology 

Table 1   Nominal chemical 
composition (wt. %) of the 
AISI 316L powder

Element C Mn Si Cr Ni P Mo Fe

0.03 2.0 1.0 16.5 – 18.5 8.0 – 13.0 0.04 2.0 – 2.2 Balance



	 J Mater Sci

was analyzed by a Zeiss EVO MA15 scanning elec-
tron microscope (Carl Zeiss, Oberkochen, Germany) 
equipped with an Oxford Xmax 50 microprobe (Oxford 
Instruments, Abingdon-on-Thames, UK) for energy-dis-
persive spectroscopy (SEM/EDS) and following the pro-
cedure described in the ASTM E2651-13 standard [46]. 
A small amount of powder particles was dispersed in 
ethanol using a Beta 1895 ultrasonic cleaning machine 
(Beta Utensili, Sovico, Monza e Brianza, Italy), deposited 
onto a conductive sample holder, and then observed 
via SEM/EDS. The SEM micrographs in Fig. 1 show the 
spherical morphology of the AISI 316L powder particles 
(Fig. 1a), some small, scattered satellites (Fig. 1b) and a 
particle size plot which shows the cumulative frequency 
distribution of the particle sized with 90% of the powder 
particle size below 20 μm (D90 = 19.4 μm) in Fig. 1c.

In this study, three different layer thick-
nesses—25 μm, 50 μm and 100 μm—were considered 
to fabricate three different sets of samples: adjusting 
the other parameters laser power, the scanning speed 
and the hatch spacing according to good practice. The 
normalized process parameters, as well as the cal-
culated LED values, are summarized in Table 2. For 
samples with a layer thickness of 50 μm, the process 
parameters, i.e., hatch spacing, scanning speed, and 
laser power were directly provided by the powder 
supplier. For each thickness, six parallelepiped sam-
ples measuring 20 × 10 × 200 mm in size and six other 
parallelepipeds measuring 12 × 12 × 59 mm were fab-
ricated to perform tensile and impact strength tests, 

respectively. To systematically evaluate the mechani-
cal anisotropy inherent to the L-PBF process, speci-
mens were fabricated in two orthogonal building 
directions: horizontal (xy, parallel to the building plat-
form) and vertical (xz, perpendicular to the building 
platform). Half of the tensile and impact specimens 
were printed perpendicularly to the building platform 
(vertical, xz), while the rest were printed parallelly to 
the same platform (horizontal, xy). This experimental 
design enables direct comparison of properties along 
and perpendicular to the predominant grain growth 
direction, thereby quantifying the degree of anisot-
ropy introduced by the layer-by-layer solidification 
process. Additionally, six cubic samples measuring 
10 × 10 × 10 mm were fabricated for each job to per-
form apparent density measurements. Figure 2 shows 
the printing layout of the samples on the building 

Figure 1   SEM micrographs showing (a) an overview of the AISI 316L powder particles with spherical morphology, (b) the details of 
small and dispersed satellite defects and (c) frequency powder particle size distribution plot of the AISI 316 L particles.

Table 2   Normalized process parameters used for the fabrication 
of the three sets of samples

* Directly suggested by the powder supplier
** Calculated as P/(v • h • t), in agreement with [47]

Normalized process parameter Layer thickness (t) 
[µm]

25 50* 100

Laser energy density (LED)** [J/mm3] 80 55 44
Hatch spacing (h) [mm] 0.1 0.1 0.1
Scanning speed (v) [mm/s] 600 900 567
Laser power (P) [J/s] 120 247 247
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platform. The parallelepipeds intended for impact test-
ing were machined to obtain V-notched samples meas-
uring 10 × 10 × 55 mm, in accordance with the UNI EN 
ISO 148-1 standard [48]. Impact tests were performed 
by a Zwick Roell RKP 450 instrumented impact pen-
dulum (Zwick Roell, Genova, Italy). This equipment 
directly measured the total absorbed energy, from 
which the two complementary contributions of initia-
tion and propagation energies were obtained in agree-
ment with the ISO 14556:2023 standard [49]. Samples 
for tensile tests were machined according to the ASTM 
E8/E8M-2 standard [50]. The static mechanical proper-
ties of the steel, namely Young’s Modulus (E), yield 
strength (YS), ultimate tensile strength (UTS) and 
elongation at fracture (A%) were measured using an 
Instron 4467 universal testing machine (Instron, Pian-
ezza, Turin, Italy).

The apparent density (ρ) of the material was evalu-
ated using the Archimedes method in agreement with 
the ASTM B962-08 standard [51]. The weight of each 
density specimen was recorded three times in air and 
in distilled water to determine the displaced volume, 
using a METLER AE 240 analytical balance (Mettler 
Toledo, Columbus, OH, USA), recording the weight 
of the support submerged in distilled water as well. 
The cubic samples were also used for microstructural 
analyses on their longitudinal sections (perpendicular 
to the building platform) and cross sections (parallel to 
the building platform). All sections underwent stand-
ard metallographic preparation in agreement with 
the ASTM E3-11 standard [52], including mounting in 
conductive resin, grinding with silicon carbide (SiC) 
abrasive papers of various grit (from 120 to 1200), pol-
ishing with monocrystalline diamond solutions of var-
ious grit sizes (from 6 to 1 µm) and final polishing with 

a colloidal silica suspension of 0.025 µm. After prepa-
ration, electrolytic etching was then performed using 
a 10% oxalic acid solution at 6 V for 30 s. The micro-
structure was observed using a Leica DMi8 A optical 
microscope (OM) (Leica, Wetzlar, Germany) and by 
the same scanning electron microscope, operating in 
secondary electron imaging mode (SEI-SEM). After 
impact tests, macrofractographic analyses of fracture 
surfaces were carried out by a Leica MZ6 stereomi-
croscope (Leica) to evaluate the lateral expansions of 
the specimens, according to the three different layer 
thicknesses. Finally, microfractographic observations 
of the fracture surfaces of tensile and impact samples 
were conducted by SEM to identify the main fracture 

micromechanisms.

Results and discussion

Density measurements and microstructural 
characterization

The mean apparent densities (ρ) of the cubic samples 
in as-built condition were measured for each set of 
process parameters and are summarized in Fig. 3. 
These values were compared with the theoretical full 
density value of AISI 316L steel assumed as 8.000 g/
cm3 [5]. The results indicated slight variations in the 
mean apparent density with layer thickness:—of 
approximately 3%—for the samples fabricated with 
25 µm. This reduction may be attributed to the energy 
per unit volume used for fabricating these specimens. 

Figure 2   Printing layout of samples on the building platform.

Figure  3   Mean apparent densities for the different layer thick-
nesses: the full density value of the AISI 316L is reported as a 
reference.
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The increase in LED values may alter strongly the 
melt pool dynamics, thus promoting the formation of 
irregular pores or keyhole defects and affecting both 
the microstructure and properties of the final parts [53, 
54]. High LED values are known to refine grain struc-
tures and improve homogeneity of the microstructure, 
however, increase the risk of defect formation due to 
remelting of the melt pool boundaries, such as lack-of-
fusion or gas-induced porosity [55]. Hence, in the case 
of the 25 µm layer thickness, the adopted LED value 
probably reduced the apparent density. Conversely, 
the mean apparent density of the samples fabricated 
with 50 µm and 100 µm layer thicknesses approached 
the full density of AISI 316L stainless steel. This out-
come is likely due to the LED reduction, that provide 
sufficient energy for the proper powder fusion without 
inducing excessive remelting and thus lowering the 
content of irregular-shaped porosities (as confirmed 
by the optical microscopy investigations in the fol-
lowing section). The current mean apparent density 
data were consistent with those previously reported 
for AISI 316L steel manufactured by L-PBF [5, 28, 
56]. Specifically, Liverani et al. [5] used LED values 
around 100 J/mm3 achieving relative densities above 
98% within a narrow range of laser power (190–150 W) 
and scanning speed (500–900 mm/s). However, the 
authors did not investigate the influence of layer thick-
ness. Pragana et al. [28] achieved even higher densities 
(> 99.6%) using argon shielding and LEDs between 70 
and 80 J/mm3, reinforcing the importance of atmos-
phere and energy balance. Meanwhile, Bakhtiarian 
et al. [56] highlighted the synergistic influence of mul-
tiple process parameters, including layer thickness, in 
driving porosity evolution.

The mean values of (ρ) are also linked to the pres-
ence of different types of defects within the as-built 
microstructure such as gas porosity, keyhole porosi-
ties, lack of fusion (LoF) and unmelted powder [57]. 
Representative OM micrographs in Fig. 4 show some 
defects detected in the longitudinal section and cross 
section of the cubic samples fabricated with the dif-
ferent layer thicknesses and corresponding LED val-
ues. Consistent with previous studies [38, 58–61], 
the formation of such defects is largely governed by 
the selection and control of key process parameters. 
Indeed, appropriate tuning of laser power, scanning 
speed, hatch spacing and layer thickness is essential to 
minimize defects occurrence and ensure high-quality 
L-PBF parts, as mentioned by [62]. As shown in Fig. 4a, 
b, samples produced with a 25 µm layer thickness, 

which corresponds to the highest LED, exhibited the 
highest concentration of internal defects, including 
irregular gas porosities and LoF. This outcome is due 
to the high localized energy input, which causes melt 
pool instability and potential vaporization effects 
that promote voids. Conversely, samples fabricated 
using higher layer thicknesses (50 µm in Fig. 4c, d and 
100 µm in Fig. 4e, f), associated to lower LED values, 
exhibited the fewest number of defects. Several stud-
ies [37, 38, 63] have confirmed that optimized layer 
thicknesses (typically in the range of 50–80 µm) and 
suitable LED values (in the range of 30–60 J/mm3) 
promote stable melt pools and enhance layer bonding 
while reducing the LoF defects as well. This improve-
ment is attributed to better solidification conditions, 
which are promoted by high heat accumulation dur-
ing the layer-by-layer building process. Nevertheless, 
in samples fabricated with the highest layer thickness 
(Fig. 4e–f), isolated large gas pores and cavities persist, 
likely due to evaporation phenomena of volatile ele-
ments and/or gas entrapment during the L-PBF pro-
cess [64–66]. Overall, these findings highlight that the 
defect presence and the morphology of defects are not 
solely governed by layer thickness, but by the synergic 
effect of process parameters that are combined in the 
calculated LED value.

After electrolytic etching, the microstructure was 
examined along the longitudinal and cross sections 
(Figs.  5 and 6, respectively). OM micrographs in 
Fig. 5a–c reveal elongated melt pools, indicative of the 
scanning patterns selected for building the samples. At 
higher magnification (Fig. 5d–f), a dendritic cellular 
microstructure is visible within these pools, consist-
ent with what was previously reported in [67, 68]. The 
formation of such cellular dendrites is characteristic 
of rapid solidification during L-PBF and results from 
steep thermal gradients and high cooling rates. Con-
versely, with reference to the longitudinal section, the 
OM micrographs in Fig. 6a–c show the typical semi-
circular morphology of the melt pools. By comparing 
the micrographs in Fig. 6a–c, the size of these pools 
seems to progressively increase from the 25 μm layer 
thickness to the 100 μm one. This trend reflects the 
interaction between energy input and deposited mate-
rial layer by layer; as the layer thickness increases, 
the melt pool expands to accommodate the greater 
material volume, even at lower LED values. Moreo-
ver, at higher magnification (Fig. 6d–f) differences in 
size of the dendritic cellular microstructure may be 
observed with the increasing of layer thickness due to 



J Mater Sci	

local cooling rates and thermal conductivity that are 
strongly dependent on the mass of the molten pool. It 
should be mentioned that this evidence was already 
mentioned in [37, 69]. The microstructure of the sam-
ples fabricated with a 25 µm layer thickness exhib-
its high number of defects including LoF, unmelted 

powder particles and small cavities located at the tri-
ple intersection of the melt pools (Fig. 6a, d), known 
to be susceptible to thermal instability and incomplete 
fusion due to overlapping melt tracks. These defects 
are notably reduced in samples fabricated with 50 µm 
layer thickness (Fig. 6b, e), likely due to the improved 

Figure 4   Representative OM micrographs showing some defects 
detected in longitudinal section (a, c, e) and cross section (b, d, 
f) of the cubic samples fabricated according to the different layer 
thicknesses and corresponding LED values. For each layer thick-

ness and LED value, the subsize micrographs on the right show 
the same defects visible on the micrographs on the left, but at 
higher magnification.
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thermal balance and more effective melt pool overlap. 
Such evidence is consistent with a previous work by 
Kale et al. [47].

The grain and sub-grain microstructures in Fig. 6 
were further investigated by SEM. Irrespective of 
the selected process parameters, the representative 

Figure 5   Representative OM micrographs of the microstructure in cross section of the cubic samples fabricated according to the differ-
ent layer thicknesses and corresponding LED values: a, d 25 μm–80 J/mm3; b, e 50 μm–55 J/mm3; c, f 100 μm–44 J/mm3.

Figure 6   Representative OM micrographs of the microstructure in longitudinal section of the cubic samples fabricated according to the 
different layer thicknesses and corresponding LED values: a, d 25 μm–80 J/mm3; b, e 50 μm–55 J/mm3; c, f 100 μm–44 J/mm3.
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SEI-SEM micrographs in Fig. 7 that show the cross-sec-
tional microstructure of cubic samples, highlight the 
typical microstructural features of metallic materials 
fabricated by the L-PBF process. As shown in Fig. 7a, 
b the growth direction of the columnar grains within 
the melt pools aligns with the thermal gradient and a 
fine cellular dendritic microstructure is also detectable 
within grains. This cellular structure arises from the 
reduced constitutional undercooling generated by the 
high L-PBF thermal gradient and from the solute seg-
regation inherent to the process. Both layer thickness 
and localized thermal gradients affect the size and 
morphology of the dendritic cells, as well as their local 

direction of growth within the melt pool itself. In sam-
ples fabricated with 50 µm layer thickness (Fig. 7c, d) 
grain growth and cellular dendritic structure similar to 
those observed for the material processed with a layer 
thickness of 25 μm were found. However, an increase 
in size of the cellular dendritic structure with the layer 
thickness was noted (i.e., passing from 25 to 50 μm), 
thus corroborating the OM results and the experimen-
tal findings previously reported in [63, 70]. Regardless 
of the layer thickness, cells near the melt pool bounda-
ries are smaller and more equiaxed than at the center 
of the pool, due to the radial heat flow and rapid solid-
ification at pool edges. For samples printed at 50 µm 

Figure 7   Representative 
SEI-SEM micrographs of 
the microstructure in cross 
section of the cubic samples 
fabricated according to the 
different layer thicknesses 
and corresponding LED val-
ues: a, b 25 μm–80 J/mm3; 
c, d 50 μm–55 J/mm3; e, f 
100 μm–44 J/mm3.
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and 100 µm layer thicknesses (Fig. 7e, f), no notable 
changes in orientation and size of the microstructure 
were observed. Hence, a coarser microstructure was 
generally associated with high layer thickness and 
low LED values, underscoring the critical role of the 
cooling rate in the development of the microstructure. 
At last, SEM analyses further confirmed the presence 
of many LoF defects. As an example, some unmelted 
powder particles in the microstructure of the cubic 
samples fabricated with the 25 µm layer thickness are 
depicted in Fig. 8. Overall, the microstructural char-
acterization using optical microscopy and scanning 
electron microscopy suggests that layer thicknesses of 
50 µm and 100 µm are prone to increase the material 
properties mainly due to a small number of defects.

Mechanical properties

The tensile properties of the samples fabricated with 
different building directions and layer thicknesses 
are summarized in Table 3. Moreover, for each layer 
thickness, the average stress–strain curves for samples 
built according to the xy (horizontal) and xz (vertical) 
directions are shown in Figs. 9 and 10, respectively. 
According to the above-mentioned parameters, some 
differences in the tensile properties of the steel exam-
ined could be detected. The Young’s Modulus (E) 
displays higher mean values in the xy direction com-
pared to the xz one, probably due to a better stiffness 
of the inter-layer material when subjected to tensile 

stresses perpendicular to the elongated grains rather 
than parallel to them. Concerning the ultimate tensile 
strength (UTS), it reaches the maximum (656 ± 3 MPa) 
(Table 3) for the combination of xy building direction 
and 50 µm layer thickness. Meanwhile, samples with 
the lowest layer thickness (25 μm) exhibited the lowest 
UTS for both building directions. The observed dif-
ferences between xy and xz building directions quan-
tify the mechanical anisotropy of L-PBF AISI 316L. 
Specifically, the anisotropy ratio for UTS ranges from 
1.12 to 1.16, depending on layer thickness, indicat-
ing moderate anisotropy that slightly decreases with 
increasing layer thickness. This behavior stems from 
the columnar grain structure oriented predominantly 
along the building direction, which provides greater 
resistance to deformation when loading is perpendicu-
lar to the grain orientation. This trend is driven by 
the microstructural behavior occurred due to the high 
energy density supplied and that is necessary to melt 

Figure  8   SEI-SEM micrograph of unmelted powder metallic 
particles in the microstructure of the cubic samples fabricated 
with the 25 µm layer thickness.

Table 3   Summary of the tensile properties of the samples fab-
ricated according to the different building directions and layer 
thicknesses

Sample Young 
modulus 
[GPa]

Yield 
strength 
[MPa]

Ultimate 
tensile 
strength 
[MPa]

Elongation at 
fracture [%]

25 μm-xy 157 ± 6 488 ± 2 608 ± 2 28 ± 1
50 μm-xy 168 ± 1 516 ± 3 656 ± 3 30 ± 1
100 μm-xy 173 ± 4 503 ± 2 644 ± 2 30 ± 2
25 μm-xz 92 ± 5 470 ± 1 524 ± 13 21 ± 12
50 μm-xz 92 ± 4 470 ± 4 573 ± 4 34 ± 1
100 μm-xz 102 ± 2 457 ± 4 572 ± 4 30 ± 3

Figure 9   Average stress–strain curves for samples built accord-
ing to the xy (horizontal) direction and the different layer thick-
nesses.
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the material during the laser scan. With layer thick-
ness of 25 μm, smaller and more equiaxed grains are 
observed on the melt pool boundaries (Fig. 7a, b) and 
elongated at the center of the pool (Fig. 7d). For sam-
ples printed at 50 µm and 100 µm layer thicknesses 
only a slightly change in the core size is noted, being 
reduced predominantly due to the role of the direc-
tion of cooling rate. Presumably, this occurs due to the 
material volume within the melt pool. Samples printed 
at 25 μm layer thickness show a narrow depth of the 
melt pool with a low amount of material to remelt. 
Thus, most of the melt pool is surrounded by solid 
metallic material with high thermal conductivity pro-
viding very fast heat dissipation, leading to intensified 
evaporation and increasing the possibility to defect 
formation. Parallelly, with 50 and 100 μm layer thick-
nesses, the remelted quantity of material of the previ-
ous layer reduces, which means a larger volume of the 
melt pool, which is surrounded by the powder. Thus 
there is less significant heat dissipation, enhancing 
the correct material solidification. This is also found 
on different research works [37, 71–73]. This may be 
correlated with the high quantity of defects detected 
by OM and SEM, which affect the material’s behavior 
during testing. These defects act as stress concentra-
tors and reduce the material’s ability to withstand 
tensile loading, as also noted in prior research [74]. In 
addition, the yield strength (YS) increases depending 
on the building direction. The influence of building 
direction and layer thickness on the mechanical resist-
ance of the L-PBF AISI 316L is better displayed in the 
comparative plots of Fig. 11. As can be seen, the UTS 
and YS are mainly affected by the building direction 

that, with a preferential orientation of grains in the 
solidification mechanism in the xy direction, has a 
reduced isotropic effect in mechanical properties. The 
UTS and YS are also affected, to a minor extent, by 
the layer thickness. In fact, data demonstrate that the 
mechanical resistance of the samples is more sensitive 
to the build orientation than to the layer thickness. 
However, the combination of 50 µm layer thickness 
and xy direction yielded the best mechanical perfor-
mance. These results reinforce the importance of opti-
mizing process parameters for improving the density 
and the microstructural features, such as the reduction 
of defects and the optimization of the cellular den-
dritic structure, thus achieving the desired mechanical 
properties in functional parts.

Impact strength tests were then performed on 
V-notched samples at room temperature by using an 
instrumented Charpy pendulum. This approach ena-
bled the acquisition of the load–displacement curve, 
thus allowing a more in-depth analysis of the fracture 
mechanics by separating the complementary energy 
contributions during crack initiation and propaga-
tion. For each layer thickness, the average load–dis-
placement curves for samples built according to the xy 
and xz building directions are reported in Fig. 12. The 
average load–displacement curves exhibit slight differ-
ences with layer thickness, which become more pro-
nounced as the thickness increases from 50 to 100 µm. 
Moreover, a noticeable effect of the building direction 
was detected only for samples fabricated with a 50 µm 
layer thickness, which exhibited higher impact resist-
ance when printed in the xz direction. The impact test 
results are also illustrated in the bar chart in Fig. 13 
showing the mean total absorbed energy for samples 
in each building direction and layer thickness condi-
tion prior to fracture. Regardless of the building direc-
tion, the total absorbed energy of the samples printed 
at 25 µm layer thickness is the lowest, reaching mean 
values of about 28 J; accordingly, these samples show 
the worst impact behavior of the whole experimental 
campaign. This inferior performance is consistent with 
the higher density of microstructural defects previ-
ously observed via OM and SEM, which act as stress 
concentrators and, thus reducing both initiation resist-
ance and crack growth stability. Conversely, samples 
printed at 50 µm and 100 µm layer thicknesses were 
the toughest, demonstrating high impact resistance 
and reaching mean values of the total absorbed energy 
of about 121 J. These values are consistent with those 
previously reported in the literature for AM samples 

Figure 10   Average stress–strain curves for samples built accord-
ing to the xz (vertical) direction and the different layer thick-
nesses.
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tested at room temperature, in which high levels of 
gas porosity, cracking and other defects limited the 
impact energies to approximately 15–70  J [18, 45]. 
Reducing these defects could improve the absorbed 
energy, resulting in impact toughness within a range 
of 130–165 J [42, 43, 45, 75–77]. The present samples 
exhibited an increase in the mean apparent density 
with increasing the layer thickness. Hence, not only 
the presence of defects but also the selected layer 
thickness has a strong effect on the toughness behav-
ior regardless of the building direction, as also high-
lighted in [45, 78, 79]. Figure 14 shows the complemen-
tary contributions of initiation energy (corresponding 
to the area below the force–displacement curve up to 
the peak force point) and propagation energy (cor-
responding to the area below the force–displacement 
curve from the peak force point and beyond), regis-
tered during the impact tests of the samples fabricated 
according to the considered building directions and 
layer thicknesses. There is a clear dependence on layer 

thickness; samples printed in both building direc-
tions and at 25 µm layer thickness show low initiation 
energy and reduced impact strength before rupture, 
leading to an imminent yielding of the specimens. 
Therefore, their propagation energy is high. Con-
versely, samples printed at 50 µm and 100 µm layer 
thicknesses displayed a nearly equal contribution 
between initiation and propagation energies, demon-
strating superior overall toughness. Even though for 
similar combinations of layer thicknesses and building 
directions the total absorbed energies are of the same 
order of magnitude as data published in [18, 43, 45, 
75, 76, 78–80], in this paper the use of an instrumented 
Charpy testing allowed to reveal that the layer thick-
ness plays a critical role in initiation and propagation 
energies, showing that 50 µm of layer thickness is the 
optimal for improving the impact toughness.  

At first, the SEM analyses were performed on 
the fracture surfaces of tensile specimens printed 
in xy direction (Fig. 15) to identify the main failure 

Figure  11   Comparative plots of the tensile properties of the 
samples fabricated according to the different building directions 
and layer thicknesses: a, b YS and UTS in xy direction and in all 

layer thickness conditions, respectively; c, d YS and UTS in xz 
direction and in all layer thickness conditions, respectively.
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mechanisms associated with the different layer 
thicknesses. At the microscopic scale, these speci-
mens predominantly exhibited a ductile fracture 

mechanism, characterized by the presence of a great 
number of dimples and microvoids, as pointed out 
by the white arrows in Fig. 15a, c. The samples with a 

Figure 12   Average load–displacement curves of the samples fabricated according to the different building directions and: a 25 µm layer 
thickness; b 50 µm layer thickness; c 100 µm layer thickness.

Figure 13   Bar chart of the mean total absorbed energy acquired 
during impact tests for the samples fabricated according to the 
different building directions and layer thicknesses.

Figure 14   Complementary contribution of initiation and propa-
gation energies registered during the impact tests of the samples 
fabricated according to the different building directions and layer 
thicknesses.
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layer thickness of 50 μm (Fig. 15b) exhibit fewer and 
smaller features compared to those printed with a 
layer thickness of 25 μm (Fig. 15a). In these samples, 
local areas characterized by a brittle fracture mecha-
nism can also be detected, mainly located near the 
microstructural defects previously identified acting 
as stress concentrator. These defects acted as crack 
initiation sites, contribute to mixed-mode fracture 
behavior and resulting in the lowest mechanical 
performance of the samples fabricated with a layer 
thickness of 25 μm. Conversely, samples fabricated 
with 50 μm of layer thickness exhibited more uni-
form and refined dimple’s morphology as well as, 
with fewer brittle zones than those produced with a 
layer thickness of 25 μm. This is evidence of a pre-
dominant ductile failure mechanism, correlated with 
improved mechanical properties discussed in pre-
vious sections. The specimens printed with a layer 
thickness of 100 µm revealed a surface step forma-
tion on a ductile fracture dimple wall (Fig.  15c), 
which are typically associated with the interaction 
of dislocation slip bands across plastically deformed 
regions. This behavior is usually observed on very 
ductile materials due to the interaction of a dislo-
cation slip band across the dimple walls, reflecting 
enhanced plastic fracture mechanisms and support-
ing the relatively high toughness. These findings are 
consistent with previous data reported in [81, 82]. 
The fractographic evidence confirms that ductile 
mechanism is the dominant fracture mode across all 
processing conditions, but the layer thickness nota-
bly influences the size, morphology and distribution 
of ductile features, as well as the presence of brittle 
zones. However, a layer thickness of 50 µm appears 
to be the best process condition, as it minimizes 

microstructural defects and promotes uniform plas-
tic deformation at failure.

Figure 16a–c depicts the macrographs of the frac-
ture surfaces of Charpy impact specimens built in xy 
direction and according to the different layer thick-
nesses. The red dashed lines in the same images 
qualitatively enclose the regions of the samples 
defined as the unstable fracture regions accord-
ing to the ASTM E23 standard [83]. For complete-
ness, the scheme in Fig. 16d reports the different 
regions of a typical fracture surface of a broken 
V-notched Charpy sample. According to the above-
mentioned standard, the V-notch fracture surface 
can be divided into four regions: the unstable frac-
ture region, the fracture initiation region, the shear 
lips region, and the final fracture region. The latter 
three regions can also be merged and considered as 
a unique “shear area,” which is responsible for the 
most total absorbed energy during impact testing. 
As evident from the macrographs, the morphology 
of the V-notched fracture surfaces changes mark-
edly with layer thickness. The samples fabricated 
with 50 μm and 100 μm layer thicknesses (Fig. 16b, 
c, respectively) exhibit the greatest lateral expan-
sions, indicative of enhanced plastic deformation 
and higher impact toughness. This agrees with the 
higher total absorbed energy values of these speci-
mens compared to those absorbed by the samples 
printed with a 25 μm layer thickness.

Representative SEI-SEM micrographs of the fracture 
surface near the crack initiation area of Charpy impact 
specimens built along the xy direction and with dif-
ferent layer thicknesses are depicted in Fig. 17. Once 
again, samples printed with a 25 μm layer thickness 

Figure  15   Representative SEI-SEM micrographs of the fracture surface of tensile samples built in xy direction and according to: a 
25 μm layer thickness; b 50 μm layer thickness; c 100 μm layer thickness.



J Mater Sci	

show a less ductile fracture compared to those printed 
with 50 and 100 μm layer thicknesses.

In Fig. 17a, the presence of unmelted powder parti-
cles (red arrows) as well as voids due to microporosity 
(blue arrows) can be identified. None of these defects 
were found in the fracture surfaces of the specimens 
printed with 50 and 100 μ m of layer thicknesses, 
although in these samples the occasional presence of 
LoF defects was detected (white arrows in Fig. 17b, 
c). It is worth noting that the presence of pores and 

unmelted powder particles strongly influenced the 
fracture path of the Charpy impact samples and thus 
their fracture toughness, acting as stress concentra-
tors and reducing the energy required to initiate and 
propagate cracks. These findings highlight the impor-
tance of layer thickness optimization in controlling 
fracture mechanisms and improving impact toughness 
performance.

Figure 16   Macrographs 
of the fracture surfaces of 
Charpy impact specimens 
built in xy direction and 
according to: a 25 μm layer 
thickness; b 50 μm layer 
thickness; c 100 μm layer 
thickness. The red dashed 
lines in (a–c) qualitatively 
enclose the regions of the 
samples defined as the unsta-
ble fracture regions according 
to the ASTM E23 standard. 
Scheme in d represents the 
different regions of a typical 
fracture surface of a broken 
V-notched Charpy sample.

Figure  17   Representative SEI-SEM micrographs of the frac-
ture surface near the initiation area of Charpy impact specimens 
built in xy direction and according to: a 25 μm layer thickness; 

b 50 μm layer thickness; c 100 μm layer thickness. (Red arrows: 
unmelted powder particles; blue arrows: voids due to microporo-
sity; white arrows: LoF defects).
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Conclusions

In this study, density, tensile and Charpy impact speci-
mens in AISI 316L steel were produced via L-PBF with 
three different sets of process parameters. Particularly, 
three different layer thicknesses and thus different sets 
of LED values were selected to allow the fabrication 
of samples according to both horizontal and vertical 
directions with respect to the building platform. Based 
on the experimental results, the following conclusions 
can be drawn:

•	 The mean apparent density was consistent with 
the presence of gas porosity and LoF defects 
and strongly related to the variation in the layer 
thickness. The lowest mean apparent density was 
detected in samples fabricated with a 25 µm layer 
thickness, probably due to the highest content of 
internal defects.

•	 A slight increase in the size of the cellular den-
dritic structure of grains within the melt pools was 
observed with increasing layer thickness from 25 to 
50 μm.

•	 The best compromise between defect content and 
coarseness of the microstructure was detected in 
samples fabricated with a 50 µm of layer thickness.

•	 The tensile and impact strength properties showed 
a slight dependence on the building direction. Sam-
ples fabricated with a 25 µm layer thickness gained 
the lowest mechanical properties, whereas those 
printed at 50 µm layer thickness was demonstrated 
to be the best choice for achieving the maximum 
tensile strength and the highest total absorbed 
energy during Charpy impact testing.

•	 Samples printed with a 25 μm layer thickness exhib-
ited a less ductile fracture than those printed at 50 
and 100 μm layer thicknesses. The morphology of 
the fracture surfaces of Charpy impact specimens 
showed that unmelted powder particles strongly 
influenced the fracture path during crack propaga-
tion, thus emphasizing the importance of an optimi-
zation of the process parameters for enhancing the 
mechanical performance of L-PBF AISI 316L steel.
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