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Abstract: Laser powder bed fusion can fabricate porous structures through lattices, but the prepara-
tion of micropores (<50 µm) with a specific pore distribution remains a challenge. Microporous 316L
was fabricated by controlling the melting and solidification behavior of the particles using laser en-
ergy. The laser energy density was not a determining factor for the porosity and micropore formation,
except for the single-factor condition. The high-speed scanning mode required a higher laser power
to disorder the pore distribution, whereas low-speed scanning with a low laser impact on the stacking
particles formed organized pores. The hatch distance significantly affected the pore distribution and
pore size. The pore distribution in the XY plane was organized and homogenous, with channeled
pores mainly interconnected along the laser scanning tracks, whereas in the Z direction, it showed a
relatively disordered distribution, mainly linked along the layered direction. The microporous 316L
displayed a mean pore size and median pore size of 10–50 µm with a high-percentage size distribution
in 1–10 µm, a controllable porosity of 17.06%–45.33% and a good yield strength of 79.44–318.42 MPa,
superior to the lattice porous 316L with 250.00 MPa at similar porosity.

Keywords: laser powder bed fusion; microporous metal; particle-stacking microporous metal

1. Introduction

Owing to the existence of pores, porous metallic materials give them the dual attributes
of being structural and functional [1,2], which has attracted much attention in recent years.
With many extraordinary characteristics, such as low relative density, large specific surface
area, lightweight, sound insulation, and energy absorption, porous metals are widely
applied in lightweight [3,4], medical implants [5–7], filtration and separation [8,9], sound
absorption and noise reduction [10–12], heat exchange [13–15] and battery catalysis [16,17].
Therefore, a porous structure with channeled pores and pore sizes less than 100 µm plays a
particularly important role in physical and chemical performance owing to the excellent
connectivity and high specific surface area of the micropores. For instance, interconnected
micropores in catalysis with specific channels, allowing media such as gases or liquids to
pass through, can increase the effective diffusion rate of ions and gas media and improve
the electrochemical reaction rate with a large specific surface area [18].

Many conventional methods for fabricating metallic porous structures include foam-
ing, templating, sponge replication, and dealloying [19–21]. However, these traditional
techniques often have drawbacks, such as complex processes, lengthy lead times, high
overall costs, and the need for sophisticated equipment. Therefore, a simple, effective,
and rapid method is required for producing microporous metallic materials. Fortunately,
additive manufacturing (AM), also known as three-dimensional (3D) printing, offers a
new alternative for the rapid construction of porous metals. Laser powder bed fusion
(LPBF) [22] is a mature commercial additive manufacturing technique that enables the
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single-step creation of complex components. Consequently, LPBF has become popular and
reliable for the fabrication of porous metals with lattice structures. Studies have reported
the successful manufacture of porous metals with various structures [23–27]. However,
lattice porous structures are typically limited to the millimeter scale, with a low specific
surface area [23–28], which restricts the further application of LPBF for the production
of porous structures. Very few attempts have been made to fabricate micropores smaller
than 50 µm and design pores with specific configurations using LPBF printing. Robinson
et al. [29] combined selective laser melting (SLM) with small surrogate modeling to prepare
an antiviral Cu W Ag microporous architecture with a limit pore size of 80 µm. However,
the creation of smaller pores through lattice modeling is extremely difficult.

When using LPBF to fabricate dense metal materials, it is common to observe the
generation of numerous micropores when the applied laser energy is insufficient. For
example, Shrivastava et al. [30] investigated the influence of the LPBF process parameters
on the interface characteristics of LPBF Inconel 718, revealing the behaviors of remelting,
solidification and the formation mechanism of lack-of-fusion porosity. Consequently, some
researchers have attempted to control the melting, fusion, and solidification processes
of metals to produce micropores using low laser energy density conditions rather than
relying on lattice structures. For instance, Kim et al. [31] fabricated microporous Ti using a
low energy-density process below the threshold required for the complete melting of Ti.
Similarly, Li et al. [32] prepared the porous Ti6Al4V with micropores by adjusting the laser
hatch spacing for a low laser energy density and revealed the relationship between porosity
and tensile strength. However, these studies did not investigate the relationship between
the pore distribution in structure and the laser energy, nor did they explore the effect of laser
parameters on the pore size and size distribution, which are crucial for micropore formation
and customizing pore configurations. In addition, the formation mechanism of pores with
different morphologies has not yet been elucidated. Therefore, it is necessary to investigate
the production of interconnected pores with regular and controllable pore distribution
using a specific laser parameter set. Such investigations will enable the production of metal
components with tailored microstructures and improved mechanical properties, which will
be beneficial for various applications.

In this study, we employed LPBF parameters to attain a specific laser energy that
allowed us to regulate the melting, overlapping (fusion), and stacking of metal particles. By
stacking molten particles with a considerably lower degree of fusion than that required for
fully densified fusion, we successfully prepared a microporous metal with a controllably
organized distribution of channeled micropores. This differs from the micropores that
result from the residual gas trapped within the melt. As a typical material for LPBF
printing, 316L stainless steel was selected. The effects of the printing parameters on the
porosity, pore distribution of locations in the structure, pore size, and size distribution were
investigated. The formation mechanism of pores with different morphologies was revealed.
The compressive performance of the microporous structure was evaluated and compared
to that of the lattice-porous 316L. This work provides a simple and effective way to prepare
microporous metal structures using LPBF, which may be significantly instructive and a
promising solution for customizing pore configurations and even for the preparation of
gradient microporous structures.

2. Materials and Methods
2.1. Fabrication of Particle-Stacking Microporous 316L

The raw powder used in this experiment was 316L stainless-steel powder (15–53 µm,
Jiangsu Vilory Advanced Materials Technology Co., Ltd. Xuzhou, China) with good
sphericity (see the details in Figure 1a), good flowability (≤18 s 50−1 g), and high packing
density (≥4.10 g·cm−3). The compositions of the 316L powder are listed in Table 1. The
printer used in this experiment was an AmPro SP100 system (Suzhou AmPro Ltd., Suzhou,
China) with an Nd: YAG fiber laser of wavelength 1.06 µm, laser power up to 200 w, laser
scanning speed of up to 2000 mm·s−1, and layer thickness of 10–50 µm. Microporous cubic
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316L specimens (10 mm × 10 mm × 10 mm) were built on the same material substrate
without any preheating, and three of them were fabricated for each parameter set. The
detailed printing process was as follows. First, a layer of microporous structure with a
certain degree of “particle-to-particle” overlapping was formed after specific laser scanning,
where the metal particles underwent rapid melting and solidification as a result of the
superfast heating and cooling of the laser with a high laser-induced heating temperature of
up to 105 K and a rapid cooling rate of up to 106–7 K·s−1 [33]. Next, these layered porous
structures were stacked layer by layer to form a bulk porous metallic material with the
desired micropores. As shown in Figure 2, the pore distribution in the structure, pore size,
and size distribution are closely associated with laser energy, which can be determined
with the main printing parameters (e.g., laser power, laser scanning speed, hatch distance,
and layer thickness). The relationship between the laser power and laser energy supplied
to the powder particles through conduction is the most direct because it determines the
total energy per unit area of the powder particles. No other parameter, except laser power,
can directly affect the total energy supply. Other factors, such as laser scanning speed,
hatch distance, and layer thickness, can indirectly affect the energy received by the particles.
The laser scanning speed determines the contact time between the laser and particle, and
a faster scanning speed leads to a shorter contact time and less energy transmission. The
hatch distance determines the distribution of laser energy on the particles per unit area, and
a larger hatch distance results in less energy being allocated to the particles per unit area.
The thickness of the layer determines the number of particles per unit volume that receive
a specific laser energy. A thicker layer implies that more particles per unit volume receive
energy, which, in turn, leads to less average energy being allocated to each particle. The
entire printing process was conducted under high-purity nitrogen with an oxygen content
below 100 ppm in the printing chamber to protect the 316L metal powder from oxidation.

The LPBF-printed particle-stacking porous samples of 316L are shown in Figure 1b,
with no obvious visible cracks or defects on the flat surfaces.
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Table 1. Chemical composition of 316L.

Composition Fe Cr Ni O Si Mn Mo C Others

% 68.42 13.97 13.22 0.051 0.98 0.18 2.82 0.0041 0.3549

2.2. Characterization

To evaluate the porosity of the samples, three specimens were prepared for each
parameter set and meticulously polished on all sides. The polished samples were then
precisely weighed using an electronic balance with an accuracy of 0.001 g to determine their
bulk weight (Wbulk), and their bulk volume (Vbulk) was calculated based on their three-
dimensional dimensions (measured using a micrometer with an accuracy of 0.001 mm).
The volume density (ρv), or relative density, was determined using Equation (1). Finally,
the porosity (Pporosity) was obtained using Equation (2) [34]:

ρv =
Wbulk
Vbulk

, (1)

Pporosity =

(
1 − ρv

ρtheory

)
∗ 100%, (2)

where ρv, Pporosity, Vbulk, Wbulk, and ρtheory represent volume density (or relative density),
porosity, bulk volume, bulk weight, and theoretical density, respectively. All measurements
and calculations were conducted with a precision of up to two decimal places.

Morphological observations of the cross-sections of microporous 316L were performed
using an optical microscope (OLYMPUS GX53, Evident, Tokyo, Japan), and the morphol-
ogy of the 316L powders was observed using scanning electron microscopy (SEM, NOVA
NANOSEM 430, FEI, Hillsboro, TX, USA). The pore size and size distribution were mea-
sured using the post-processing software package ImageJ 1.8.0 (NIH, Bethesda, Rockville,
MD, USA). The three-dimensional microstructure was determined using computed to-
mography (CT) images obtained using a 3D X-ray microscope (Xradia 620 Versa, ZEISS,
Oberkochen, Germany) with a nominal ultimate resolution of up to 0.5 µm. The CT param-
eters employed were as follows: tube voltage, 150 kV; power, 23 w; integration time, 2 s,
4× objective; voxel resolution, 3.75 µm within a volume range of 3 × 3 × 3 mm3.

The quasi-static compressive properties of the microporous 316L samples with differ-
ent porosities were tested using an electronic universal mechanical tester (CMT4303, MTS,
Washington, DC, USA) at a constant load rate of 1.0 mm min−1 (strain rate of ~0.003 s−1).
Compression force was applied perpendicularly to the printing plane. The compressive
yield strength was calculated based on the stress–strain curves.

3. Results and Discussion
3.1. Effect of Laser Power and Laser Energy Density on Microporous Structure

Figure 3 shows the effect of laser power and the corresponding energy density on the
porosity of LPBF-fabricated microporous 316L in two modes: “high-speed scanning of the
equipment ultimate speed of 2000 mm·s−1 (“HS” mode for short hereafter)” and “low-speed
of 600 mm·s−1 (“LS” mode for short hereafter). The porosities of the samples in the two
modes first decreased sharply from an abnormally high point and then gradually leveled
off. The porosity of the “HS” mode and the “LS” mode changed from the abnormally high
value of 71.05% down to 17.06% and 75.82% down to 23.43%, respectively. Both modes at
the low laser power (i.e., 70 w for “HS” mode and 40 w for “LS” mode) clearly showed a bad
quality with some visible defects of abnormal coarse holes, having a relatively abnormal
high porosity of 71.05% for “HS” and 75.82% for “LS,” which indicated that the laser energy
at this low-power condition was not available for the formation of the stacking porous
structure. Once upon this power (“HS” went over 70 w and “LS” over 40 w), both modes
formed good-quality porous samples without any visible defects.
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Aside from the abnormal porosities, it is obvious that the porosities at the two modes
can be linearly fitted, as indicated by the dashed red line in Figure 3. Alongside this, fitting
equations were also provided, which could be used as an instructive basis to fabricate a
microporous structure with the desired porosity. The slope of the curve of the “HS” mode
(value = 0.35) was lower than that of the “LS” mode (value = 0.56), which indicated that it
had a wider operating laser power range for designing a desired porosity since applying the
high-speed scanning mode. This may be because high-speed scanning with a lower energy
density can refine the distribution accuracy of the laser energy on the particles, thereby
allowing the laser energy to be controlled and distributed more precisely for each particle.

It is very interesting that all the points of the laser energy density of the “HS” mode
were lower than that of “LS”, but not all the porosity of “HS” was higher. For instance, the
porosity at 50 w (with laser energy density of 34.72 J·mm−3) of the “LS” mode was 28.20%,
which is higher than that of “HS” at 120 w (with porosity of 25.74% and energy density of
25.00 J·mm−3) and 130 w (with porosity of 23.43% and energy density of 27.08 J·mm−3).
In particular, though the energy density of “LS” at 40 w still had 27.78 J·mm−3, which is
higher than that of “HS” at 120 w and 130 w, it still showed an abnormal porosity of 75.82%
with visible abnormal holes, indicating the failed fabrication of the microporous structure.
On the contrary, “HS” presented normal porosities until the laser energy density was down
to 14.58 J·mm−3 at 70 w, which demonstrated that the condition of high energy density did
not necessarily obtain a better formation than that of low energy density. According to the
definition and calculation formula of the laser energy density, there are several variable
factors, such as laser power, scanning speed, hatch distance, and layer thickness. Under
the single-factor condition, the laser energy density can definitely and directly determine
the formation of a porous structure and porosity. However, this was not the case for the
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two-factor condition. This illustrates that energy density was not the determining indicator,
except under the condition of a single factor.

To analyze the effect of laser power on the porous structure, the morphology of the
corresponding cross-sectional microstructure of the as-printed microporous 316L was
examined, as shown in Figure 4. It was found that the particle-stacking microporous
structure showed an irregular pore morphology formed by the interaction of “particle-
to-particle” overlapping and stacking. This was quite different from the pores with a
spherical morphology caused by some bubbles remaining in the molten pools because
the rapid cooling rate of the laser prevented them from escaping out of the metal melts
before complete solidification [35]. Typical sintered necks were clearly observed on the
overlapping joints between the particles, as indicated by the yellow mark in the magnified
image in Figure 4a. The pores of the “HS” mode were distributed randomly, especially
in its low-power sample, which containined a lot of localized large interconnected pores.
Many isolated small spherical particles were observed within the pores, indicating that
they were most likely caused by the splash deposits. Many smaller spherical pores formed
within the sintered struts because of rapid solidification at a high scanning speed. In the
high-power sample, the number of localized large pores was clearly reduced, whereas the
high power led to excessive overlapping of molten particles, resulting in the disappearance
of pores within the bands. This could be confirmed by the red mark in the magnification of
Figure 4b.

On the contrary, the samples of “LS” showed a homogenous distribution of pores along
the uniform molten tracks with good particle melting and overlapping. There were fewer
localized large pores and less-isolated spherical particles than in “HS”. Small spherical
pores were not observed within the struts. The main reason may be that a large temperature
gradient, strong laser impact pressure, and Marangoni flow [36–38] are caused by the high
laser power in the “HS” mode. This had a serious impact on the 316L particles, leading to
many more movements or splashes of the particles, which finally disordered the stacking
pores. However, the low-speed scanning mode provided more time for the gas in the metal
melts to escape before solidification. Low-speed scanning with a low impact pressure of
the laser would thus be beneficial for mildly melting the particles and maintaining a good
stacking state of the particles on the bed, which could result in the fabrication of a structure
with orderly distributed pores along the laser scanning.

To quantify the relationship between the laser power and porous structure, the arith-
metic mean particle size, median pore size, and size distribution were statistically analyzed,
as shown in Table 2 and Figure 5, respectively. Almost all arithmetic diameters of the pores
built with particle stacking were less than 100 µm. The mean particle size was larger than
the median pore size of D50. With an increase in laser power, both pore sizes decreased
transparently, in agreement with the porosity. As seen from the size distribution, all samples
showed a semi-Gaussian distribution concentrated on the left side, with a near-horizontal
variation at 1–10 µm, indicating a high percentage of small-sized pores with a size distri-
bution of 1–10 µm. When the pores were larger than 10 µm, the relative proportion began
to decrease slowly. The pore size in the “LS” mode decreased significantly from (D50)
30.00 µm to 14.75 µm and (D90) 85.50 µm to 73.75 µm, with an increase in laser power from
50 w to 70 w. On the other hand, the pore size in the “HS” mode decreased from 50.75 µm
(D50) to 14.00 µm and from 135.75 µm (D90) to 72.75 µm as the laser power increased from
80 w to 130 w. In particular, the sample of the “HS” mode with low laser power at 80 w
showed a much larger pore size, with an obviously wider pore size distribution compared
with the other samples. There were some large pores, larger than approximately 500 µm,
which corresponded to the massive localized large pores owing to the low laser energy
density supplied by the laser, as shown in Figure 4a.
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Table 2. Pore size corresponding to the cross-sectional porous structure in Figure 4.

Sample LS-50 w LS-70 w HS-80 w HS-130 w

Mean (µm) 41 22 64 29
D50 (µm) 30.00 14.75 50.75 14.00
D90 (µm) 85.50 73.75 135.75 72.75

Porosity % 28.20 ± 0.62 17.06 ± 0.47 42 ± 1.05 23.42 ± 0.58
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3.2. Effect of Laser Scanning Speed on Microporous Structure

Based on the “LS” mode with an ideal pore distribution, as previously discussed, we
attempted to raise the porosity and, meanwhile, further optimize the pore structure by
appropriately increasing laser scanning speed. Figure 6 shows the porosity of microporous
316L fabricated with a fixed laser power of 60 w, and the laser scanning speeds varied from
600 mm·s−1 to 1400 mm·s−1 at 200 mm·s−1 intervals. With the increase in laser scanning
speeds, the porosity increased from 27.03% to 72.11%, which is much higher than that
of “LS”. This is because increasing the scanning speed reduces the contact time between
the laser and particles at constant laser energy, which indirectly decreases the amount of
energy received by the particles per unit time. It is worth noting that the porosity increased
by 57.08% when the laser scanning speed increased from 1200 mm·s−1 to 1400 mm·s−1.
However, the porosity increased by only 17.31% when the laser scanning speed increased
from 1000 mm·s−1 to 1200 mm·s−1 with the same increment. This corresponds to the
macroscopic defects of abnormal holes (see the red mark in Figure 6) generated owing
to some unmelted particles with insufficient laser energy when the laser scanning speed
increased to 1400 mm·s−1, which indicates that the particle-stacking porous structure could
not be formed normally beyond this speed.
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Figure 7 shows the cross-sectional morphologies of the microstructures at different
laser scanning speeds. As expected, pores with an irregular morphology were distributed
homogenously and orderly along the scanning tracks when the laser scanning speed
was less than 1200 mm·s−1. Compared with the sample printed at a scanning speed of
1400 mm·s−1 (with macroscopic defects of abnormal holes, as shown in Figure 6), although
no macroscopic defects were found on the surface of the sample at a laser scanning speed of
1200 mm·s−1, many abnormally localized large pores with sizes of approximately 500 µm
and massive isolated unmelted particles within the pores were observed. This indicated
that the pores could maintain a small size and a good distribution when the scanning speed
was below 1000 mm·s−1.
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Figure 7. Cross-sectional pore structure of microporous 316L samples fabricated with different laser
scanning speeds: (a) 800 mm·s−1, (b) 1000 mm·s−1, and (c) 1200 mm·s−1.

Table 3 lists the pore sizes corresponding to the cross-sectional porous structures
obtained at different laser scanning speeds. With the increase in laser scanning speeds, the
pore size increased from 28.00 µm (D50) to 55.75 µm and from 84.25 µm (D90) to 159.25 µm.
The pore size of D50 increased 38.51% from 40.25 µm to 55.75 µm as the scanning speed
increased from 1000 mm·s−1 to 1200 mm·s−1. However, it could be observed that a
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relatively large increment in the pore size of D90 increased by 68.07% from 94.75 µm to
159.25 µm. This corresponded to a microstructure with massive localized large pores at a
scanning speed of 1200 mm·s−1, as shown in Figure 7c.

Table 3. Pore size corresponding to the cross-sectional porous structure in Figure 7.

Sample Mean (µm) D50 (µm) D90 (µm) Porosity%

800 mm·s−1 41 28.00 84.25 34.15 ± 0.53
1000 mm·s−1 51 40.25 94.75 38.64 ± 0.84
1200 mm·s−1 75 55.75 159.25 45.33 ± 0.72

Figure 8 shows the size distribution at different laser scanning speeds. Similarly, the
pore size distributions showed the same semi-Gaussian distribution, concentrated on the
left side, indicating that the porous structures also had a high percentage of fine pores. With
the increase in scanning speed, the percentage of pores distributed in the small size range
(<100 µm) gradually decreased, and on the other hand, large pores continuously appeared,
even some localized large pores over 500 µm.
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Figure 8. Pore size distribution of microporous 316L samples fabricated with different laser scanning
speeds.

3.3. Effect of Hatch Distance (HD) and Layer Thickness (LT) on Microporous Structure

Figure 9 shows the porosity of microporous 316L printed with different hatch distances
at a scanning speed of 600 mm·s−1 and layer thicknesses of 30 µm and 42 µm. As the hatch
distance increased, the porosity of the samples fabricated with an LT of 30 µm showed a
tendency to first increase rapidly and then gradually level off. However, the porosity of the
samples with an LT of 42 µm was extremely high at an HD of 0.14 mm. This may be related
to the growth of pores with increasing hatch distances. On the one hand, the increase in HD
decreased the laser energy distribution per unit area, and on the other hand, the intervals
between adjacent molten pools were enlarged. Likewise, for a large layer thickness, less
laser energy was allocated for each particle because more particles per unit volume had to
be heated, resulting in more unmelted particles with a higher occurrence of large localized
pores and abnormal porosity.
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Correspondingly, the microstructures of the microporous 316L samples fabricated
with different HD at two LTs of 30 µm and 42 µm are shown in Figure 10. All pores
displayed irregular morphologies distributed homogenously along the molten tracks and
laser scanning routes (see further details in the magnifications). The distances between the
two adjacent molten tracks were consistent with the set HD used in the printing parameter,
as verified by the red dashed lines in the magnifications in Figure 10a–d. With increasing
HD, the porous structure changed from a particle-stacking net porous structure with small
pores to large interconnected pores, illustrating that the pore structure can be arranged
using the laser-scanning routes. Comparing the two LT samples, a large LT indicates that
less energy is distributed per particle, making localized large pores more likely to appear,
which agrees with the porosity results.

Table 4 and Figure 11 display the pore size and size distribution of the samples
fabricated with hatch distances (HDs) of 0.08 mm and 0.14 mm at layer thicknesses (LTs) of
30 µm and 42 µm, respectively. As the HD increased from 0.08 mm to 0.14 mm, the pore
sizes of the samples printed with an LT of 30 µm exhibited a significant increase. Specifically,
the pore size in D50 increased by 61.76% from 25.50 µm to 41.25 µm, while the pore size in
D90 increased by 40.61% from 65.25 µm to 91.75 µm. In contrast, the samples printed with
an LT of 42 µm showed a more modest increase in the pore size of D50, which increased
by only 21.19% from 37.75 µm to 45.75 µm, while the pore size in D90 largely increased
by 67.69%. This indicated the presence of many more localized large pores. The pore size
distribution exhibited a semi-Gaussian distribution with a concentration on the left side and
a particularly high percentage of pores distributed in the range of approximately 10–50 µm.
However, the size distribution below 10 µm was significantly reduced, indicating that
the pore size controlled by HD was more concentrated and uniform. In comparison, the
sample printed with an LT of 42 µm at an HD of 0.14 mm showed a clear lower distribution
percentage of small-sized pores but a higher size distribution over 100 µm, which is related
to the formation of localized large pores, as discussed in the microstructure.
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and (d) 0.14 mm at an LT of 42 µm.



Coatings 2024, 14, 348 13 of 18

Table 4. Pore size corresponding to the cross-sectional porous structure in Figure 10.

Sample Mean (µm) D50 (µm) D90 (µm) Porosity%

30 µm
0.08 mm 31 22.5 64.25 27.03 ± 0.54

0.14 mm 41 33.00 79.25 37.33 ± 0.67

42 µm
0.08 mm 35 26.5 66.25 28.20 ± 0.64

0.14 mm 57 34.75 136.25 43.24 ± 0.88
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3.4. Three-Dimensional Pore Structure

To observe the overall pore structure, the three-dimensional microstructure of micro-
porous 316L was examined using a 3D X-ray microscope, as shown with the computed
tomography in Figure 12. The CT image showed that the sample formed a microporous
structure with interconnected pores. The pores in the XY plane (Figure 12b) were evenly
distributed along the direction of the laser scanning routes and were mainly interconnected
along the molten tracks, whereas those in the planes (Figure 12c,d) in the Z direction
showed a relatively disordered distribution and were mainly linked along the layered
direction. Within the pores, many unmelted particles were adsorbed on the struts. Struts
formed by particle-to-particle overlap in the molten tracks and layer textures were clearly
observed. Comparatively, the distribution of the struts in the XY direction, dominated by
low laser power, rapid laser scanning, and large hatch distance, was more organized than
those determined by the layer thickness and laser impacting pressure in the Z direction,
indicating that the pore distribution was more controllable in the horizontal direction by
controlling the laser scanning route with proper laser parameters.

3.5. Compressive Performance of Particle-Stacking Microporous 316L

The compressive performance of microporous 316L samples LPBF-fabricated at scan-
ning speeds of 600, 800, 1000, and 1200 mm·s−1 and porous 316L prepared by combining
LPBF with lattice modeling (i.e., lattice porous 316L) was evaluated for comparison. The
stress-strain compressive curves are plotted in Figure 13. All samples exhibited an elastic
linear rising stage, a long period of inclined plastic yielding stage, and a dramatic dropping
stage, in accordance with the compressive stress-strain curve of a typical porous metallic
material [28,39,40]. This indicates that the pores in the structure can absorb part of the
loading energy before being completely fractured. It can also be observed that the periods
of the inclined plastic yielding stage and energy-absorbing dropping stage of the sample
with a porosity of 28.02% were longer than those of the other samples, indicating longer
plastic deformation and worse buffer effect because of its low porosity. With an increase
in porosity, the compressive performance of the samples decreased, which was in agree-
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ment with the Ashby and Gibson model [41] of the relationship between porosity and
mechanical properties.
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The compressive yield strengths of the particle-stacking microporous structure clearly
decrease from 318.42 MPa to 79.44 MPa, with the porosity ranging from 28.02% to 45.33%,
which could be attributed to large pores generally yielding ahead of the finer pores under
the stress concentration. As the porosity increases, the amount and thickness of the strut
walls acting as support skeletons in the architecture would reduce, generating numerous
microcracks, where local stress concentrations are created and serve as locations of failure
initiation upon mechanical loads in the end [35,42]. A comparison of the compressive
yield strength of lattice porous 316L with a similar porosity of 29.05% was considered.
Interestingly, the yield strength was 250.00 MPa lower than that of the particle-stacking
microporous sample with a porosity of 28.02%, showing a yield strength of 318.42 MPa.
In particular, even the sample with higher porosity (34.15%) still showed a yield strength
of 271.71 MPa, which is slightly higher than that of the 316L lattice sample and much
higher than that of the porous 316L (only 79 MPa) prepared by the conventional method of
foam replication [43]. These results indicate that microporous 316L fabricated with laser
melting and particle stacking has more advantages in terms of compressive performance.
The particle-stacking microporous structure had more fine pores and a few localized large
pores without systematic orientation and uneven pore surfaces, which better satisfied the
conditions of the Ashby and Gibson model [44] and may contribute to a higher compressive
strength. Conversely, the lattice porous structure had more homogenous and larger lattice-
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designed pores with a systematic orientation, which might have a detrimental effect on the
mechanical properties.

Coatings 2024, 14, x FOR PEER REVIEW  16  of  19 
 

 

numerous microcracks, where  local stress concentrations are created and serve as loca-

tions of failure initiation upon mechanical loads in the end [35,42]. A comparison of the 

compressive yield strength of lattice porous 316L with a similar porosity of 29.05% was 

considered. Interestingly, the yield strength was 250.00 MPa lower than that of the parti-

cle-stacking microporous sample with a porosity of 28.02%, showing a yield strength of 

318.42 MPa. In particular, even the sample with higher porosity (34.15%) still showed a 

yield strength of 271.71 MPa, which is slightly higher than that of the 316L lattice sample 

and much higher than that of the porous 316L (only 79 MPa) prepared by the conventional 

method of foam replication [43]. These results indicate that microporous 316L fabricated 

with  laser melting and particle stacking has more advantages  in  terms of compressive 

performance. The particle-stacking microporous structure had more fine pores and a few 

localized large pores without systematic orientation and uneven pore surfaces, which bet-

ter satisfied the conditions of the Ashby and Gibson model [44] and may contribute to a 

higher compressive strength. Conversely, the lattice porous structure had more homoge-

nous and larger lattice-designed pores with a systematic orientation, which might have a 

detrimental effect on the mechanical properties.   

The corresponding deformation mode of the compressed samples exhibited a differ-

ent fracture morphology from the typical shear fracture upon compression (i.e., the sam-

ples with a porosity of 28.02% to 38.64%) to a destructive deformation of the bulk inte-

grated collapse (i.e., the sample with a porosity of 45.33%), as shown in Figure 13c, which 

illustrates an intergranular fracture feature [43]. It is worth noting that the porous 316L 

sample fabricated with a lattice structure showed integral bending deformation without 

fracture, indicating quite different deformation mechanisms of the skeletons between the 

particle-stacking porous and lattice porous structures under compression. The lattice po-

rous 316L with a lower yield strength, however, still showed compressed deformation of 

integral bending without generating any fractures, indicating good toughness of the lat-

tice porous material, which might be related to its denser struts. 

 
Figure 13. Compressive performances of the particle-stacking microporous 316L with different po-

rosities, with  a  representative  sample of  lattice porous  316L  as  a  comparison:  (a)  representative 

stress-strain curves, (b) morphologies of the fractured samples, and (c) yield strength. 

Figure 13. Compressive performances of the particle-stacking microporous 316L with different
porosities, with a representative sample of lattice porous 316L as a comparison: (a) representative
stress-strain curves, (b) morphologies of the fractured samples, and (c) yield strength.

The corresponding deformation mode of the compressed samples exhibited a different
fracture morphology from the typical shear fracture upon compression (i.e., the samples
with a porosity of 28.02% to 38.64%) to a destructive deformation of the bulk integrated
collapse (i.e., the sample with a porosity of 45.33%), as shown in Figure 13c, which illustrates
an intergranular fracture feature [43]. It is worth noting that the porous 316L sample
fabricated with a lattice structure showed integral bending deformation without fracture,
indicating quite different deformation mechanisms of the skeletons between the particle-
stacking porous and lattice porous structures under compression. The lattice porous 316L
with a lower yield strength, however, still showed compressed deformation of integral
bending without generating any fractures, indicating good toughness of the lattice porous
material, which might be related to its denser struts.

In summary, the findings of our study on microporous structures did not perfectly
align with the theoretical model, which featured a completely aligned pore distribution with
an absolutely uniform pore size. This discrepancy was attributed to various factors, such as
the size homogeneity and sphericity uniformity of the particles, laser output stability, uni-
formity of the laser energy distribution, and particle migration owing to the real gas field.
Furthermore, human error, measuring equipment accuracy, and environmental conditions
such as room temperature and humidity may have contributed to errors in the tested data.
However, we have developed a simple, efficient, and rapid approach for fabricating micro-
porous metals with specific porosities, pore distributions, pore sizes, and size distributions
controlled using laser energy. Our method allows the customization of pore configurations
with more refined laser parameters, such as interconnected pores, as channels for enhancing
the mass transfer rates [45]. These controllable pore characteristics with variable sizes and
distributions are crucial for applications such as electrochemistry, catalysis, filtration, and
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separation. In the future, we plan to systematically investigate the performance of these
applications involving gas or liquid flow through specific channeled pores.

4. Conclusions

316L with a microporous structure was successfully fabricated by controlling the
melting and overlapping behaviors of 316L particles using the characteristics of superfast
heating and cooling of the laser energy. The main conclusions are as follows.

1. Overall, the particle-stacking microporous 316L possessed interconnected pores dis-
tributed homogenously, with a controllable normal porosity ranging from 17.06% to
45.33%, a pore size of D50 that is less than 50 µm and that of D90 that is less than
100 µm, and a high percentage of fine micropores distributed in the pore size of
1–10 µm in the semi-Gaussian distribution. The pores in the XY plane were evenly
distributed along the direction of the laser scanning routes and were mainly intercon-
nected along the molten tracks, whereas the pore distribution in the Z direction was
relatively disordered and mainly linked along the layered direction.

2. The laser energy density was not a determining indicator of the porosity or the for-
mation of microporous structures. The high-speed scanning mode showed a general
effect on the porosity variation, but it required high laser power for the formation
of a porous structure, which might have disrupted the pore structure. In contrast,
low-speed scanning weakened the impact of the laser energy on the stacking particles
and formed pores distributed along the laser scanning tracks with an organized pore
arrangement. The narrow hatch distance could contribute to the stacking of a net
porous structure with small pore size, whereas a wide distance was beneficial for
forming a particle-stacking porous structure with large interconnected pores.

3. With a variation in porosity from 28.02% to 45.33%, the yield strength of microporous
316L varied from 318.42 MPa to 79.44 MPa, showing a higher compressive yield
strength compared with the lattice porous 316L with similar porosity.
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