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This study systematically evaluates the tensile strength, impact strength, and microhardness of 316L stainless steel
fabricated using selective laser melting (SLM) at varying scanning speeds. The results are also compared with those of
traditionally forged 316L stainless steel. The experimental findings indicate that SLM samples exhibit superior ultimate
tensile strength, yield strength, and microhardness due to the finer microstructure produced by the rapid cooling rates
inherent in SLM processes. However, the increased porosity in SLM samples leads to a reduced elongation to failure and
impact toughness compared to traditionally forged 316L stainless steel. Among the SLM samples, those fabricated at
higher scanning speeds show higher porosity, resulting in lower impact toughness and a tendency toward brittle fracture.
Despite this, there are no significant difference in ultimate tensile strength, yield strength, elongation, or microhardness
between samples produced at different scanning speeds. This study enhances our understanding of the microstructure and
multiple mechanical properties of SLM materials, laying a practical foundation for further research on their applications.
Keywords: selective laser melting, porosity, scanning speed, multiple mechanical properties.

1L.INTRODUCTION

Selective laser melting (SLM) is an advanced additive
manufacturing (AM) technology rooted in powder bed
fusion. This process employs a high-energy density laser
beam to melt and solidify metal powder layer by layer,
transforming a three-dimensional digital model into a solid
part. SLM offers greater flexibility in the fabrication
complex  components  compared to traditional
manufacturing methods such as forging and casting [1-3].
The rapid thermal cycles inherent in the SLM process often
result in a finely textured microstructure and non-
equilibrium crystal phases [4,5], but can also induce
internal  defects within the components. These
microstructural characteristics are likely to produce
variations in the physical and mechanical properties of
components manufactured by SLM compared to those
produced by conventional methods.

SLM components' mechanical properties are greatly
characterized by the setting of the process parameters. These
processing parameters, such as laser power (P), scanning
speed (v), hatch spacing (h) and layer thickness (t), can
converge into a variable of energy, commonly known as
volume energy density (E\) as given by Eq. 1 [6]:

P
E= v @)

From an energy perspective, when the focused laser
beam hits the metal powder at a higher scanning speed, it
means that the volume energy density imparted to the
powder decreases (assuming other parameters are constant),
which will lead to insufficient melting in the molten pool,
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resulting in defects like porosity and lack of melting after
solidification [7, 8]. Additionally, when high scanning
speed is combined with low volume energy density, an
unstable melting phenomenon occurs in the melt pool,
leading to the formation of the well-known balling effect,
which is detrimental to the SLM process [9]. Based on these
findings, it is clear that scanning speed plays a crucial role
in determining the performance of SLM components, which
is why it was chosen as the primary parameter in this study.

There are numerous studies in the literature focusing on
improving the mechanical properties of SLM 316SS
samples by optimizing process parameters and scanning
strategy. Liu et al. [10] and Larimian et al. [11] studied the
tensile behavior and microhardness of SLM 316L stainless
steel under different scanning speeds, laser energy density
and scanning strategy. They found that the scanning speed
significantly affects densification, microstructure, and
mechanical properties. Zhang et al. [12] studied the effects
of different parameters on the tensile strength and
microhardness of SLM 316L stainless steel, concluding that
the optimal placement orientation is perpendicular to the
tensile direction, with an optimal hatch scanning angle of
approximately 30°. Itziar et al. [13] studied the tensile
properties and Charpy impact strength of SLM 316L
stainless steel at different manufactured angles, finding that
the manufactured angle 30° with regard to XY plane
exhibited higher Charpy impact absorbed energy and
maximum tensile strength. Salman et al. [14] indicated that
the scanning strategy significantly influences the density
and grain size, which in turn directly affects the tensile
strength of SLM 316L stainless steel samples. Most of



mentioned studies mainly involved tensile strength and
microhardness, while research combining these two
mechanical properties with impact performance is relatively
limited. The aim of this paper is to fill this gap and
comprehensively present the multiple mechanical properties
of SLM 316L stainless steel.

2. MATERIALS AND EXPERIMENT
PROCEDURES

2.1. Material and methods

The feedstock material used for SLM processing is
316L stainless steel powder manufactured by Xi'an Bo Li
Te. Its chemical composition is detailed in Table 1. The
scanning electron microscopy (SEM) morphology of the
spherical powder is shown in Fig. 1 a, with a particle size
distribution, ranging from 12.4 um to 55.4 um, as depicted
in Fig. 1 b.
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Fig. 1. a—SEM morphology; b—particle size distribution of the
feedstock powder [15]

Table 1. The chemical composition of 316L stainless steel
powder, wt.%

S P C Si Mn | Mo | Ni Cr | Fe
0.005 10.02 10.02 [0.71 [1.19 |22 [10.3 [16.8 |Bal.

SLM-316L stainless steel samples (hereafter referred to
as SLM-316L) were fabricated using the BLT-S200 SLM
forming equipment, which is equipped with a 200W laser
and features a powder bed layer. The laser equipment BLT-
S200 is a continuous wave laser with a wavelength of
1060—-1080 nm. A zoning strip scanning strategy was
employed, and the samples were built along the vertical
direction. Two sets of samples were prepared: one at a low
scanning speed of 800 mm/s and the other at a high scanning
speed of 1600 mm/s (hereafter referred to as LSLM-316L
and HSLM-316L samples, respectively). The specific
parameters are listed in Table2. For comparison,
traditionally forged 316L stainless steel (TF-316L) after
heat treatment at 1100 °C for 2 hours followed by air
cooling, was used as the reference material.

Table 2. The SLM samples processing parameters

Laser Hatch Layer Scanning
Samples power, | spacing, | thickness, speed,
w um pum mm/s
LSLM-316L 135 80 20 800
HSLM-316L 135 80 20 1600

2.2. Characterization

Phase characterization of SLM samples is measured

using a Bruker D8 Advance X-ray diffractometry (XRD).
The device uses Cu-Ka radiation from 40° to 95° with scan
speed of 10°/min scanning speed. The microstructures were
observed by using a Phenom ProX scanning electron
microscopy (SEM). The metallographic preparation of the
samples involved cutting, followed by hot mounting,
grinding, and polishing. A reagent consisting of HNO; and
HCI in the ratio of 1:3 was used as etching solution.

2.3. Tensile tests

The specimen for the tensile tests was machined from
the SLM fabricated plates. The tensile properties were
determined using the Shanghai Qingji QJ212 metal tensile
testing machine (with a capacity of 50 kN and an accuracy
of 0.5 grade) at room temperature. The test method followed
the ASTM E8/E8M-09 standard [16]. During the
experiment, the ultimate tensile strength (UTS), vyield
strength (Y'S), and elongation to failure (El) were measured
and recorded simultaneously.

2.4. Charpy impact tests

The Charpy impact test was carried out using a Tinius
Olsen N1300 impact testing machine (with a capacity of 1kN
and an impact energy of 300J). The testing method
followed the ASTM E23 standard [17]. Three batches of
standardized specimens were also manufactured by SLM.
Each specimen had dimension of
55 mm x 10 mm x 10 mm, and a V-shaped notch with a
depth of 2 mm. The test data were collected from three
specimens, and the final impact energy value was
determined by averaging the results of these tests.

2.5. Microhardness tests

The microhardness was measured by HVD-10001S
Vickers hardness tester produced by Shanghai Jujing, with
a load of 0.2kg and dwell time of 15 sesonds. Each
microhardness value represents the average of three
measurement.

3. RESULTS AND DISCUSSION
3.1. Microstructure characterizations

Fig. 2 presents the XRD diffraction patterns of 316L
stainless steel (SS) powder and SLM-316L samples
produced at different scanning speeds. The XRD results for
the 316L SS powder align with previous studies [18],
indicating a fully y-phase structure. On the contrary, the
diffraction peaks of the SLM samples reveal the presence of
not only the y phase but also some ¢ phases at lower angle
positions. This phenomenon occurs because the high
cooling rate during the SLM process inhibits the complete
transformation of J phases into y phases [19]. Additional
differences in the o phase peaks between LSLM-316L and
HSLM-316L samples have been discussed in previous
research [15].

Fig. 3 displays SEM images of the SLM-316L samples
fabricated at two different scanning speeds. As shown in
Fig.3a and b, LSLM-316L samples exhibit distinct
directional melt traces compared to the HSLM-316L
samples. Furthermore, the HSLM-316L samples show a
notable distribution of pores with varying sizes and irregular



shapes, some of which contain unmelted powder, whereas
the LSLM-316L samples predominantly feature spherical
pores.
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Fig. 2. XRD patterns of 316L SS powder and SLM-316L samples
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These observations suggest that the higher scanning
speed results in insufficient dwell time of the melt pool,
leading to inadequate laser energy, incomplete melting of
powder particles, and a lack of fusion between adjacent
tracks [20].

In-depth examination reveals a cellular microstructure
composed of fine anisotropic equiaxed grains and isotropic
columnar grains in both samples, as shown in Fig. 3 cand d.
These microstructural features are mainly influenced by the
thermal gradient (G) and rapid solidification rate (R) during
the SLM process. In theory, the G/R ratio plays a crucial
role in determining the morphology of the solidified
structure. As the G/R ratio increases, the crystal morphology
transitions from equiaxed to dendritic, cellular, and planar
crystals [21, 22]. Therefore, it can be clearly seen that due

to the faster cooling rate and less higher thermal gradient,
the HSLM-316L samples exhibit denser and higher
proportion of fine equiaxed grains compared to the LSLM-
316L samples.

3.2. Defect types and porosity calculation

There are notable differences in defect morphology
between the LSLM-316L and HSLM-316L samples. The
defects in LSLM-316L samples primarily consist of
spherical pores, as illustrated in Fig. 3 a. These defects are
typically caused by the keyhole effect or the entrapment of
gas bubbles [23]. On the contrary, HSLM-316L samples
exhibit irregularly shaped pores of varying sizes, with some
exceeding 100 um, as shown in Fig. 3 b. These defects,
including lack of fusion, spatter rejection, and voids, are
mainly attributed to process-related issues and are
commonly referred to as process-induced porosity [24].

To quantify the porosity of the samples, this study
employed the formula described in previous research
[25, 26] to calculate the porosity. The formula is as follows:

%) = [1- (%)] <100, ®)

where o5 is the theoretical density of 316L SS (7.985 g/cm3),
oa IS the measured density of the tested samples obtained
using the Archimedes method. Fig.4 shows the mean
porosity and density values, derived from three
measurements for each sample. The results indicate that the
porosity of the TF-316L samples is significantly lower than
that of the SLM-316L samples, with a value of 0.67 %.
Among the SLM samples, HSLM-316L exhibits the highest
porosity at 2.96 %, while LSLM-316L has a porosity less
than half that of HSLM-316L, at 1.33 %. These findings are
consistent with the microscopic observations from the SEM
I Porosity

images presented in Fig. 3.
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Fig. 4. The porosity and density of SLM-316L and TF-316L
samples
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3.3. Tensile strength

Fig. 5 displays the stress-strain curves for the SLM-
316L and TF-316L samples subjected to the axial tension
test. The ultimate tensile strength (UTS), the yield strength
(YS), and the elongation to failure (El) of these samples are
summarized in Table 3. The results indicate that the SLM-
316L samples exhibit significantly higher UTS and YS
compared to the TF-316L samples. This improvement is
attributed to the faster cooling rates associated with higher



scanning speeds during the SLM process, which result in
finer microstructures and enhanced mechanical properties.
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Fig. 5. Tensile stress-strain curves of the SLM-316L and TF-316L
samples

The increased density of grain boundaries in samples
with finer microstructures impedes dislocation slip, thereby
improving both yield and ultimate tensile strength.

Furthemore , the UTS and Y'S of HSLM-316L samples
are slightly higher than those of LSLM-316L samples. This
enhancement is likely due to the higher proportion of
equiaxed grains in HSLM-316L samples, as previous
studies have shown that a greater proportion of equiaxed
grains contributes to higher tensile strength [27, 28].
Despite the superior UTS and YS of SLM-316L samples
relative to TF-316L, their elongation to failure (El) values
are relatively low. This is primarily due to the higher
porosity in SLM-316L samples, which reduces their
plasticity and affects its elongation performance.
Specifically, the elongation values for LSLM-316L and
HSLM-316L are similar, approximately 34 % and 35 %,
respectively. This similarity indicates that porosity plays a
critical role in governing the ductility of SLM-316L
samples.

@

Fig. 6. Fracture morphologies: a—LSLM-316L; b—HSLM-316L
samples after tensile tests

The fracture morphologies of LSLM-316L and HSLM-
316L samples after tensile tests are shown in Fig. 7. It can
be observed that some crater-like voids are randomly
distributed on the fracture surfaces on both samples
(highlighted within the yellow dashed lines). These voids
result from partially melted or unmelted powder granules
trapped between the melt pools during the SLM process.
During tensile testing, these granules contribute to the

formation of crater-like voids with irregular shapes and
sharp angles, which exacerbate local stress concentration
and crack propagation [29]. This phenomenon helps explain
the observed reduction in elongation to failure for both
samples.
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Fig. 7. Impact energy and corresponding porosity of the SLM-
316L and TF-316L samples

Additionally, the fracture surface also shows
characteristics of both ductile-fracture (highlighted large
and small dimples) and brittle-fracture (highlighted brittle
area with insufficient plastic deformation) on both samples.
Thus, the fracture behavior of the LSLM-316L and HSLM-
316L samples can be characterized as a combination of
ductile and brittle mechanisms.

Table 3. Mechanical properties of the SLM-316L and TF-316L
samples after tensile tests

LSLM-316L | HSLM-316L TF-316L

YS, MPa 676+0.5 682+0.4 420+0.5

UTS, MPa 732+0.1 713+0.9 602+0.5
El, % 35 34 60

3.4. Impact strength

The Charpy V-notch impact test is commonly used to
evaluate the toughness of metallic materials. In this study,
this test was employed to assess the impact toughness of the
SLM-316L samples at room temperature and compare them
with the TF-316L samples.

From the results shown in Fig. 7, it can be observed that
the average impact absorption energy of the LSLM-316L
samples is 176.8 J, which is much higher than that of the
HSLM-316L samples (53.8 J). However, both SLM-316L
samples exhibit significantly lower impact toughness
compared to TF-316L samples (240.4 J). A comparison of
impact energy and porosity reveals that lower porosity
correlates with higher impact absorption energy,
highlighting the dominant role of porosity in influencing
impact performance.

Fig. 8 illustrates the fracture surface morphologies of
impact tested samples. It can be observed clearly that the
TF-316L samples, with lowest porosity, exhibit completely
typical ductile fracture characteristics compared to the
SLM-316L samples. As for the SLM-316L samples, the
LSLM-316L samples exhibit plastic deformation to some
extent and with partial ductile fracture characteristics. In



contrast, the HSLM-316L samples show a flat fracture face
indicative of a brittle fracture. These observations are
consistent with the impact test results presented in Fig. 7.

Fig. 8. Fracture morphologies: a—LSLM-316L; b—HSLM-316L;
c¢—TF-316L samples after impact tests

3.5. Microhardness

Vickers microhardness measurements of SLM-316L
samples are shown in Fig.9, with TF-316L samples
included for reference. The results indicate that the average
microhardness values for SLM-316L samples are notably
higher than those for TF-316L samples, with LSLM-316L
samples showing 286.8 HV and HSLM-316L samples
showing 270 HV, compared to 207.2 HV for TF-316L
samples.

When comparing microhardness with porosity, it is
apparent that microhardness values are not significantly
affected by porosity but are closely related to the grain size
of the microstructure formed by different manufacturing
methods. This observation aligns with the Hall-Petch
relationship, which suggests that smaller grain sizes lead to
increased hardness [10].

The differences in microhardness between the LSLM-
316L and HSLM-316L samples are relatively minor. The
large deviation of both microhardness values, as depicted in
the figure, may be attributed to factors such as the random
selection of testing areas, uneven distribution of defects, and
the number of samples tested. Further research and
verification are ongoing to confirm these findings.
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4. CONCLUSIONS

In this study, the influence of scanning speed on the
mechanical properties of 316L stainless steel (SS) fabricated
by SLM was evaluated and compared with traditionally
forged 316L SS. The study highlights two primary effects
induced by varying scanning speeds: changes in
microstructure and generation of porosity. The major
conclusions can be summarized as follows:

1. The ultimate tensile strength (UTS) and yield strength
(YS) of the SLM-316L samples are significantly higher
than those of traditionally forged TF-316L samples.
This enhancement is attributed to the finer
microstructures resulting from rapid cooling rates
during SLM. Among the SLM samples, HSLM-316L
exhibits slightly higher UTS and YS compared to
LSLM-316L, likely due to a higher proportion of
equiaxed grains in HSLM-316L.

2. Theelongation to failure (El) of the SLM-316L samples
is lower compared to the TF-316L samples, primarily
due to increased porosity in the SLM samples. Defects
such as lack of fusion, voids, and pores observed in
microstructures significantly influence the fracture
behavior of the SLM-316L samples.

3. The impact absorption energy of SLM-316L samples is
significantly lower than that of TF-316L samples, due
to the higher porosity in the SLM samples. A similar
porosity effect also led to LSLM-316L samples with
higher impact energy compared to HSLM-316L
samples, indicating that porosity plays a crucial role in
affecting impact toughness.

4. Vickers microhardness values for SLM-316L samples
are considerably higher than those for TF-316L
samples. The difference in microhardness between the
LSLM-316L and HSLM-316L samples is minimal,
suggesting that microstructure refinement has a more
significant impact on microhardness than porosity.
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