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Abstract: Laser powder bed fusion (LPBF) is an additive manufacturing process that has
gained interest for its material fabrication due to multiple advantages, such as the ability to
print parts with small feature sizes, good mechanical properties, reduced material waste, etc.
However, variations in the key process parameters in LPBF may result in the instantiation of
porosity defects and variation in build rate. Particularly, volumetric energy density (VED)
is a variable that encapsulates a number of those parameters and represents the amount of
energy input from the laser source to the feedstock. VED has been traditionally used to
inform the quality of the printed part but different values of VED are presented as optimal
values for certain material systems. An optimal VED value can be maintained by changing
the key process parameters so that various combinations yield a constant value. In this
study, an optimal constant VED value is maintained while printing SS316L with variable
key processing parameters. Porosity analysis is performed using optical microscopy, as
well as X-ray computed tomography, to reveal the volume density and distribution of those
pores. Two primary defect categories are identified, namely lack of fusion and porosity
induced by balling defects. The findings indicate that, even at optimal VED, variations
in process parameters can significantly influence defect type, underscoring the sensitivity
of defect formation to the variation of these parameters. Furthermore, a minor change
in the build rate, driven by adjustments in process parameters, was found to influence
defect categories. These findings emphasize that fine tuning the process parameters and
build rate is essential to minimize defects. Finally, fiducial marks have been identified as
a source of unintentional porosity defects. These results enable the refinement of process
parameters, ultimately optimizing LPBF to achieve enhanced material density and expedite
the printing.

Keywords: laser powder bed fusion; X-ray computed tomography; porosity defects;
build rate

1. Introduction
Additive manufacturing (AM) is an effective manufacturing process for complex

engineering parts when the cost of fabrication using traditional methods is quite high [1].
AM can decrease fabrication lead time, minimize the weight of manufactured components,
and reduce waste generation. In the large domains of AM processes, laser powder bed
fusion (LPBF) stands out due to its distinctive abilities such as facilitating the production of
complex geometries, exhibiting enhanced precision, handling a wide range of materials,
etc. [2,3]. In the LPBF process, the material is printed layer by layer with the help of a laser
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beam to fabricate three-dimensional objects based on computer-aided design. The printing
process is performed in three steps: (1) Initially, homogeneous powders are spread to the
build plate by maintaining a layer thickness; (2) a laser is used to melt these powders to
form the desired shape; and (3) the build plate is lowered and fresh powders are distributed
evenly to the build plate. These processes continue until the full three-dimensional part is
fabricated [4].

Despite the recent growth of AM techniques, there remains a lack of comprehensive
understanding of the relation between the process, structure, and properties in LPBF as
opposed to conventionally manufactured components [5]. Variation in the build quality
may occur primarily as a result of employing different laser parameters [6], scan param-
eters [7], particle size distribution [8], etc. The presence of these variances might lead to
the initiation of defects in the printed components, which can have a substantial impact on
their mechanical properties. The most common process-related defects in LPBF include lack
of fusion (LOF), keyhole (K), and balling [2,9]. These defect types will be briefly outlined in
the following paragraphs.

A lack of bonding between the melt pools and layers results in a lack of fusion
(LOF) porosity [10]. Insufficient laser energy input can result in fusion deficits, leading to
incomplete melting of materials. Moreover, if the powder receives an adequate amount
of energy to undergo melting, yet the resulting melt pools fail to overlap with adjacent
ones during the printing process, it will also lead to the formation of LOF defects [11].
Research has revealed that the issue of LOF persists even when employing techniques like
hot isostatic pressing, and subsequent heat treatment has no impact on the morphology
of interconnected pores [12]. Investigations have also demonstrated that the presence of
LOF defects can diminish the fracture toughness of 3D-printed components depending on
factors like the build orientation [13]. Furthermore, LOF defects have been associated with
limited elongations of fracture surfaces in processes such as laser metal wire deposition [14],
a technique that uses a metal wire as the feedstock instead of powders melted by a laser
heat source.

A high laser power and a low laser velocity may lead to the formation of keyhole
porosity. At those process parameters, the emergence of metallic vapor results in the
formation of recoil pressure on the melt pool, leading to a keyhole-shaped melt pool
creation. When the melt pool loses stability, it collapses and pinches off gas bubbles from
the vapor depression, leading to the formation of a keyhole defect [15]. Studies have
demonstrated that the addition of nanoparticles can effectively prevent the collapse and
fluctuation of keyholes [16]. Presently, researchers are employing high-speed synchrotron
X-ray imaging to comprehensively understand the dynamics of keyholes. In their research,
Kouraytem et al. [17] examined the dynamics of the keyhole and observed that, as the
laser velocity increases while keeping the laser power constant, there is a decrease in the
fluctuation of the keyhole. Cunningham et al. [18] also investigated the vapor depression
and revealed a correlation between the depth of the keyhole and the angle of its front wall,
indicating that when the front wall angle is greater than 77°, keyhole pores arise in the
print [2].

The phenomenon known as balling is characterized by the breaking up of the melt
track prior to its solidification [19]. This kind of flaw manifests in the shape of a hump or
bead when welding at a faster velocity with a greater current, which, in AM, is analogous to
higher laser scanning speed and power [20]. Current research suggests diverse mechanisms
for balling formation, three of which are discussed herein [2,21,22]. In the first mechanism,
the formation of balls is attributed to inadequate wettability and elevated viscosity, which
result from poor fusion of the powder particles. As the laser scans, the presence of both
solid and liquid phases is enhanced, which subsequently gives rise to the generation of
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disconnected balls [2]. In the second mechanism, Plateau–Rayleigh instability is identified
as a contributing factor to balling. Significant variations in surface tension within the molten
pool disrupt the continuity of the molten track, causing it to break into smaller segments,
forming balls [21]. In the last mechanism, oxygen content during printing has been found
as a significant factor in the ball formation as its presence facilitates the production of balls
during the printing procedure [22].

It has been observed that the type and characteristics of the defects that develop are
significantly influenced by the key processing parameters (i.e., laser power, scan speed,
layer thickness, and hatch spacing), which are directly related to the volumetric energy
density (VED) [2]. VED is the amount of energy delivered to the build per unit volume
during the printing process [23]. As VED plays an important role in determining defect
types, it is important to develop a better understanding of it. Previous research findings
indicate that an increase in energy density leads to the occurrence of keyhole defects,
whereas a decrease will result in the lack of fusion defects [24,25].

In this research, SS316L was chosen due to its enhanced corrosion resistance and high
strength at increased temperatures, which makes it useful in fields such as the marine,
biomedical, and energy generation industries [26]. Though VED does not necessarily
ensure the highest material density, a range of VED values can be identified to achieve
higher-density materials [27]. Several studies have provided recommendations on the
energy density for LPBF SS316L, which have yielded dense samples. In a study conducted
by Cherry et al. [28], it was observed that an energy density of 104.52 J/mm3 resulted
in the lowest observed porosity at 0.38% when printed in a Renishaw AM 250 printer
(Renishaw, Wotton-under-Edge, UK). Another study by Tucho et al. [26] reported achieving
the lowest porosity in the SS316L samples when the VED was maintained at 80 J/mm3 in a
SLM 280HL machine (SLM Solutions Group AG, Lübeck, Germany). According to Eliasu
et al. [29], the LPBF samples exhibited the greatest densification in an EOS M280 printer
(EOS GmbH, Krailing, Germany) when the VED was maintained at 88.89 J/mm3. The
analysis by Vallejo et al. [30] suggested that samples printed in an SLM 125HL printer (SLM
Solutions Group AG, Lübeck, Germany) with VED in the range of 46–127 J/mm3 resulted
in a maximum part density of 99.8%. These studies suggest that a range of 80–105 J/mm3

can lead to the greatest densification in SS316L depending on the machine type.
Previous research exploring the VED parameter has aimed to produce components

with high material density. It is important to note that an optimal VED can be achieved
by adjusting the process parameters in such a way that different combinations of process
parameters result in the same VED. This approach can lead to variations in the types of
defects observed. Additionally, adjusting the process parameters while maintaining an
optimal VED allows for variations in the build rate of the printed parts. A higher build rate
reduces production time, minimizing delays. This study hypothesizes that systematically
altering key laser process parameters while keeping an optimal VED will reveal variations
in build rates and defect types. These insights can be leveraged to refine the process
parameters, ultimately optimizing LPBF for enhanced material density and faster printing.

2. Materials and Methods
2.1. Fabrication Process

SS316L samples were fabricated using Praxair gas-atomized powder that had a particle
size distribution ranging from 15–45 µm [31]. The printing procedure was conducted using
a Concept Laser M2 printer (GE Additive, Bayern, Germany). Throughout the printing
procedure, the preheat temperature was maintained at a constant value of 25 ◦C, while
argon gas was employed as an inert medium. Based on literature findings [26,28–30], all
of the samples were printed with a VED value of 100 J/mm3, and they were selected as a
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middle value of the range, which was then investigated by the research community as they
are expected to yield the highest relative density. While other studies have reported VED
values such as 80 J/mm3 [26], 104.52 J/mm3 [28], 88.89 J/mm3 [29] and 46–127 J/mm3 [30]
for maximizing density, directly comparing these results with our research is challenging
due to the limited details on the laser parameters in the existing literature [26,28–30]. When
comparing the laser beam diameters in this study with the literature, the types of lasers
used in each study were different. Cherry et al. [28] used a YAG laser with a d0 = 70 µm
spot diameter; Eliasu et al. [29] did not mention the laser type but included the spot size
of 100 µm; Vallejo et al. [30] used an IPG fiber laser with a beam diameter of d0 = 70 µm;
and Tucho et al. [26] mentioned a fiber laser was used but no spot size was mentioned.
This variability in laser types and beam diameters hinders a direct comparison between the
current study and the studies in the literature.

The VED of the printed samples was consistently maintained at the same value by
utilizing Equation (1) to adjust the laser key process parameters.

VED =
P

V × H × L
(1)

where P (W) is the laser power, V (mm/s) is the laser scan speed, H (µm) is the hatch
spacing, and L (µm) is the layer thickness. A total of 13 distinct cylindrical samples of
20 mm in height and 10 mm in diameter were fabricated by manipulating the laser power
and velocity to relate the mechanisms underlying the development of porosity defects. The
build rate of these samples was calculated using the following Equation (2):

Build Rate = V × H × L (2)

The detailed printing process parameters for the samples are in Table 1. During this
printing process, the layer thickness, hatch spacing, and laser spot diameter were kept
constant at L = 50 µm, H = 70 µm, and d0 = 125 µm, respectively.

To aid in the identification of the samples, fiducial marks in the form of differ-
ent numbers were debossed into both the top and bottom layers of the printed parts
(Figure 1 (Right)) during the fabrication process. These markers, each measuring 1 mm in
height, were embedded directly into the material structure. This marking system ensured
easy identification and correct orientation of the samples after fabrication, allowing for
consistency during characterization and analysis.

Figure 1. (Left) Specimen layout on the build platform; (Right) cylindrical sample with fiducial marking.

Following the completion of the printing, the specimens were extracted from the plate
via wire electrical discharge machining (EDM). The samples were then cut along their long
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edges using EDM, and the half-cylinder samples were polished to conduct further analysis
using optical microscopy (OM) and X-ray computed tomography (XCT), as described next.

Table 1. Process parameters for the LPBF SS316L printed at a constant VED of 100 J/mm3.

Sample
No

Laser Power
(W)

Laser Velocity
(mm/s)

Build Rate
(mm3/s)

Volume Density *
%

a 50 143 0.5 94.71
b 70 200 0.7 98.80
c 90 257 0.9 92.57
d 110 314 1.1 90.36
e 130 371 1.3 91.17
f 150 429 1.5 96.61
g 170 486 1.7 97.81
h 190 543 1.9 99.88
i 210 600 2.1 99.75
j 230 657 2.3 99.63
k 250 714 2.5 99.38
l 270 771 2.7 98.41

m 290 829 2.9 98.06
* Calculated based on X-ray computed tomography (XCT) analysis.

2.2. X-Ray Computed Tomography

High-energy electromagnetic radiation, known as X-rays, was employed to investigate
the internal defect structure of the half cylinders. X-ray computed tomography (XCT)
is a non-destructive method that enables examination of both the internal and external
geometrical characteristics of a sample [32]. The scan of the samples was performed using a
Nikon XTH 225 (Nikon Metrology, Leuven, Belgium) and a ZEISS Xradia 520 Versa scanner
(Carl Zeiss AG, Oberkochen, Germany) at the micro-CT facilities of Utah State University
and Idaho National Lab, respectively. The LPBF half-cylinders were initially mounted
in a sample holder to mitigate any potential sample displacement during the scanning
process. The samples were scanned at a slight angle to reduce the impact of edge artifacts.
During the scanning procedure, the effective pixel size of the XCT was adjusted to 9 µm.
This adjustment was made while modifying the beam energy, beam current, and power to
achieve optimal X-ray penetration.

In the present analysis, the X-ray beam energy was maintained within the range of
135–185 kV, while an exposure duration of 1 s was employed. To decrease the impact of
beam hardening, a copper filter with a thickness of 0.5 mm was used, effectively preventing
background saturation by eliminating the low-energy X-rays. The scans were conducted
using a circular 360-degree mode, with careful consideration given to optimizing the
number of projections. Upon completion of the scanning process, the acquired sample
data were reconstructed using CT-Pro software (Nikon Metrology, Leuven, Belgium) to
obtain a three-dimensional volume. Three-dimensional X-ray data were used to facilitate
the analyses of pores and the quantification of their dimensions and morphology.

2.3. Data Analysis

Object Research Systems (ORS) Inc.’s Dragonfly 2020.2 (Comet Technologies, Montreal,
QC, Canada) was used to perform the statistical analysis of the XCT data [33]. Initially,
the data were cropped at the upper and lower ends to eliminate the fiducial marking
layers in the analysis of the samples. The data were subsequently divided into two distinct
categories, namely pores and metals. To refine the analysis, morphological operations were
applied to remove noise. Additionally, to minimize the influence of noise, pores with a
volume of less than eight voxels were excluded. Finally, a connected component algorithm
with 26 connectivity was used to separate the single largest connected object.
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The software uses the segmentation technique to determine the distribution of porosity
and volume density. Volume percent density and pore Feret diameter data were obtained by
this process. These metrics were evaluated to understand the influence of process parameter
variation on the defect formation at optimal VED and will provide valuable insights for
the fracture mechanics and modeling community. The measurement of pore Feret diameter
involved determining the maximum and minimum caliper distances between two points
on the pore, which were selected at an arbitrary angle.

3. Results
3.1. Process Parameter Influence on Defect

Process parameters have a direct influence on the defect generated while printing.
During the inspection of the printed parts via OM and XCT, it was observed that two
primary categories of defects manifested in the printed specimens. The first category
was lack of fusion (LOF), and the second category was balling. Between the LOF and
balling process parameters, there exists an optimal process window where the formation
of dense or near-dense samples can be seen. The following sections will provide a more
detailed analysis of these defect categories to determine the mechanisms through which
they occur.

3.1.1. Lack of Fusion

From the OM images of the printed parts (see Figures 2 and 3), the occurrence of LOF
defects was observed even when the VED was maintained at 100 J/mm3. These defects can
include a variety of pore morphologies, ranging from elongated voids of significant length
to smaller voids with irregular shapes [34]. The LOF defect criterion has been explained
in different studies as a relation established between hatch spacing (H), layer thickness
(L), melt pool width (W), and melt pool depth (D). Mukherjee et al. [35] suggested that
sufficient melting between the layers can be identified using a non-dimensional LF index
(Equation (3)), which is the ratio between the melt pool depth and layer thickness.

LF index =
D
L

(3)

where the LF index is a LOF identification parameter. The article proposed that, to obtain
good interlayer bonding in SS316, the LF index needs to be around 1.15. Thus, if the LF
index calculated value is below 1.15, it can be inferred that the penetration depth will
not exceed the layer thickness, leading to the formation of LOF porosity. However, Tang
et al. [11] proposed a different model (Equation (4)), suggesting that the overlap between
the hatch spacing to melt pool width and layer thickness to melt pool depth must be
maintained to obtain full melting in the sample to avoid LOF. The requirement to avoid
LOF is calculated using a simplified inequality as follows:(

H
W

)2
+

(
L
D

)2
≤ 1 (4)

In this research, given the absence of in situ measurements conducted on the melt pool
in SS316L, it becomes necessary to derive the width (W) and depth (D) values from the
Rosenthal model [36]. In this model, the main assumption is that the melt pool exhibits
a semi-circular morphology and operates in conduction mode [37], with the diameter of
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the melt pool being double its depth. Using the properties of the powder and laser, we can
calculate the melt pool width W using the following equation:

W =

√
8 η P

πeρCV(Tf − To)
(5)

where η is the absorptivity, ρ is the material density, C is the heat capacity, Tf is the
melting point, and To is the preheat temperature. Except for absorptivity, the values
of the remaining parameters can be derived from either the properties of the powder
or the processing parameters. Different studies have employed a variety of values for
absorptivity, spanning from 0.3 to 0.4 [38–40]. In this study, an absorptivity value of
η = 0.3 was initially adopted. The remaining parameter values used in this research were
C = 500 J/Kg·K, Tf = 1808.15 K, and ρ = 8000 kg/m3. Using these values, the melt pool
dimensions calculated with the Rosenthal model yielded a mean width of 127.61 ± 0.05 µm
and a mean depth of 63.81 ± 0.02 µm.

Figure 2. Optical microscopy (OM) image of the polished cross-sections and X-ray computed
tomography (XCT) reconstructions of lack of fusion (LOF) porosity: gray represents the bulk material,
and the pore Feret diameter is indicated by colors; the scale bar corresponds to 4 mm, representing
the sample size; the color bar represents the maximum Feret diameter of the pores; and the arrow
represents the build direction (BD).

The LOF criteria were then computed using the Mukherjee and Tang models, where
a value of 1.276 ± 0.00004 was obtained from the Mukherjee model (using Equation (3)),
and a value of 0.915 ± 0.005 was derived from the Tang model (using Equation (4)) while
utilizing the calculated melt pool data from the Rosenthal model (using Equation (5)).
This illustrates that both models predicted dense samples and a lack of porosity while
using the Rosenthal model melt pool geometry. However, while observing the OM images
(see Figure 2: sample (a–b), Figure 3: sample (c–g)), it became evident that numerous
elongated pores were present within the sample. To further investigate the applicability
of the models to the LOF cases, melt pool widths were experimentally measured at the
location immediately before the start of a defect for Samples a, c, and g. The reasoning
behind this melt pool measurement was that these melt pools would have the least possible
remelting during fabrication. The analysis revealed that the average melt pool widths in
these samples at the location before a defect was less than or equal to 110 µm, which is
smaller than the theoretical melt pool width that was calculated through the Rosenthal
model (127.61 ± 0.05 µm).
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Figure 3. (Top): OM images of the polished cross-sections from the five low power–velocity parameter
samples, displaying elongated irregular pores. (Bottom): XCT reconstruction of these five samples,
showing the bulk material in gray, with pores highlighted in various colors based on their relative
Feret diameters following the color bar. The scale bar corresponds to 4 mm, representing the sample
size; the color bar represents the maximum Feret diameter of the pores; and the arrow represents the
build direction (BD).

The experimental observations suggest that a lower absorptivity value should be
used to calculate the melt pool dimensions in the models. Due to the inherent difficulty
in directly quantifying the absorptivity in LPBF, there is a potential for variability in the
absorptivity value (η) across different samples and processing parameters. Guo et al.’s [41]
research findings indicate that, despite a fixed input energy density, fluctuation in laser
absorptivity can be seen due to the roles played by laser power and velocity in developing
the depression zone. For the SS316L samples, if a value of 0.27 was chosen for absorptivity
and the melt pool width and depth were recalculated using the Rosenthal model, the Tang
model indicated the presence of LOF defects in all cases in Samples a, b, c, d, e, f, and
g. Moreover, if the absorptivity value was lowered further to 0.24, both the Mukherjee
and Tang models predicted LOF in the samples evaluated in this study. As such, at the
location where absorptivity dropped to 0.24–0.27, the melt pool failed to achieve sufficient
dimensions for adequate overlap with each other, resulting in LOF defects.

To justify the discrepancy with the models due to absorptivity, all of the samples were
subjected to XCT analysis. The analysis results are shown in Figures 2 and 3. The results
demonstrate that Samples a, b, c, d, e, f, and g exhibit a diverse range of LOF defects, which
are characterized by elongated geometries. The sample printed at the lowest power and
velocity combinations (Sample a, Figure 2) suffered from sintering defects, which is an
extreme case of LOF. Sintering is a process in which particles are bonded together without
undergoing complete melting. The incomplete melting of the powder occurred due to
insufficient power input, despite the optimal value of a VED of 100 J/mm3. As a result, the
XCT data indicated the existence of numerous pores, with the largest one characterized by
a maximum Feret diameter of 3.07 mm.

As the magnitude of power input was increased, the samples gradually acquired
sufficient energy to undergo partial melting. However, due to the relatively low power
level at the initial level of 70 W, this phenomenon manifested as elongated pores that are
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visible in the XCT images. Such defects were observed in Samples b, c, d, and e, as shown
in Figures 2 and 3. In these samples, a significant proportion of the total defect volume
exhibited irregular geometry. As a result of this phenomenon, the samples demonstrated
the least density and the greatest pore Feret diameter within all the samples. Specifically,
Sample d exhibited the lowest volume density of 90.36% with the third-largest pore Feret
diameter of 17.55 mm, while Sample c exhibited the largest pore, with a Feret diameter
of 18.4 mm and a volume density of 92.57%. Sample b exhibited a 98.8% volume density
with a 4.88 mm Feret diameter, while Sample e exhibited a 91.17% volume density with an
18.34 mm Feret diameter. It was hypothesized that the relatively higher density of Sample
b within the LOF series (compared to Samples a–g) can be attributed to its proximity to the
gas flow inlet compared to the outlet (Figure 1 (Left)), as the flow is reduced near the outlet.
This helps to achieved a reduced beam attenuation near the inlet due to improved gas flow,
thus enhancing density and aligning with findings reported in the literature [42].

As the power increases to 150 W (Sample f in Figure 3), the maximum Feret diameter
decreases compared to the lower power samples (e.g., Sample e to Sample f). Sample f was
characterized by a Feret diameter of 8.03 mm and a volume density of 96.61%. Similarly,
Sample g (P = 170 W) exhibited a Feret diameter of 8.27 mm with a density of 97.81%,
representing a shift toward the dense process window. This observation suggests that the
process parameters were transitioning from the LOF to the optimal process window, which
constitutes the discussion in the next section.

3.1.2. Near Dense

Near-dense samples were subjected to progressively higher levels of laser power and
velocity compared to the LOF samples. As the process parameter shifts in the optimal
process window, dense samples are expected to be manufactured. Thus, we can observe
the highest density in Samples h and i (99.88% and 99.75%, respectively). Although these
samples initially looked near fully dense from the OM image (Figure 4), an additional
defect was observed in these samples when observed through XCT. These defects originate
either from the fiducial marking or from the inside of the sample.

Figure 4. Side-by-side OM images of the polished cross-sections and XCT reconstruction: gray
represents the bulk material, and the pore Feret diameter is indicated by colors; the bottom fiducial
marking is shown for visualization purposes without adding the defect at that location in the porosity
analysis (see discussion in Section 2.3); the scale bar corresponds to 4 mm, representing sample size;
the color bar represents the maximum Feret diameter of the pores; and the arrow represents the build
direction (BD).

In the case of Sample h (Figure 4), it displayed a substantial pore that originates from
the middle of the print. We postulate that the distribution of powder was not uniform
in that region, which resulted in the incomplete melting of powder particles in the root
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of the pore instantiation site, leading to the formation of porosity. This defect persisted
intermittently for about 45 layers, appearing and disappearing in a discontinuous pattern
before gradually diminishing in the sample. Sample i, on the other hand, presented an
additional defect arising from the fiducial marking (see Figure 4, highlighted in a red
box). It originated from the bottom layer, where the fiducial mark started and persisted
intermittently throughout a significant portion of the sample but eventually diminished
near the top region. We postulate that, in this case, the unevenness in the powder layer
thickness evened out as more layers of powder were spread and printed.

3.1.3. Balling

Based on the analysis of the XCT data, there appear to be elongated pores in the
remaining samples labeled as j, k, l, and m (see Figure 5). These elongated pores are
an indication of LOF. However, exhibiting LOF defects in these samples would be quite
unlikely as the powders receive adequate energy to achieve complete melting, and the melt
pools are expected to overlap; this is because the increase in power leads to an increase
in absorptivity, resulting in a wider melt pool [43]. Furthermore, the origin of some of
these pores can be traced back to the fiducial marks at the bottom layer, and their presence
is consistently observed in a sporadic pattern across the build direction (see Figure 5,
highlighted in red box).

Figure 5. XCT 3D reconstruction of the samples processed with high power–velocity parameters
leading to porosity induced by balling, as discussed in Section 3.1.3. In XCT reconstruction: gray
represents the bulk material, and the pore Feret diameter is indicated by colors; the bottom fiducial
mark (marked in red) indicates the suspected origin of porosity defects; the scale bar corresponds to
4 mm, representing sample size; the color bar represents the maximum Feret diameter of the pores;
and the arrow represents the build direction (BD).

When the process parameters are graphed in the P-V space, it becomes evident that
these samples (j–m) fall within the high-power and high-velocity region when compared to
other samples presented in this study. In this particular region, it is anticipated that either a
keyhole or balling will emerge. The presence of elongated and non-spherical geometry in
the pores observed in XCT precludes the occurrence of keyhole porosity formation. Thus,
it is more likely that the root cause of the porosity formation is balling or beading up.

Li et al. [22] investigated the balling formation in the single-track LPBF of SS316L.
Their research suggested that oxygen content, laser power, and scan speed play a significant
role in ball formation. Based on the findings, the authors suggested that maintaining laser
power at 190 W and printing speed at 600 mm/s leads to the occurrence of balling with
a rough surface. Gunenthiram et al. [44] also investigated the phenomenon of balling in
LPBF SS316L. The researcher’s findings indicate that balling can be attributed to insufficient
wetting with the substrate, which can be observed when maintaining a laser power of
159 W and a velocity of 600 mm/s. Moreover, increasing the scanning velocity leads to the
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occurrence of powder spatter, hence facilitating the formation of surface roughness. The
process parameters for Sample j are 230 W and 657 mm/s, which is printed with a higher
power and velocity compared to the studies of Li et al. [22] and Gunenthiram et al. [44].
As such, it is more likely to undergo an increase in spatter, rough surface, and insufficient
wetting during the printing of this sample. Sample j suffered from a hump, which can
be easily seen in the top layer of the printed part (see Figure 6, representing an XCT
reconstruction of the surface of the sample). Based on the 3D rendered image of this
sample, it can be inferred that the observed sample process parameter was situated in
close proximity to the dense-balling process window since there is a presence of significant
humps. Thus, it is reasonable to anticipate the occurrence of balling defects in the remaining
samples of k, l, and m as a result of increased power and velocity given that their respective
processing parameters are in the high-power and high-velocity region.

Figure 6. 3D rendering illustrates the balling phenomenon in the samples: red box indicates balls and
humps, and the scale bars correspond to 2 mm.

During the solidification process of these samples, humps or beads form along the
melt track. Therefore, alterations in the layer thickness are expected to give rise to defects in
fusion, which are caused by balling. Among the samples, Sample j exhibited the maximum
density in the balling series, measuring 99.63%, while Samples k, l, and m had densities of
99.38%, 98.41%, and 98.06%, respectively. In addition, the maximum pore Feret diameter
gradually increased from 8.09 mm for j and to 13.73 mm for m. These values suggest that
the percent volume density of the samples decreases and the pore Feret diameter increases
with increases in power and velocity. Based on the available evidence, it is possible to
identify the observed flaw as porosity induced by balling.

3.2. Build Rate Influence on Defects

The build rate is the volumetric material deposition rate during the printing process.
It is calculated using Equation (2). This equation takes as inputs the laser scan speed, hatch
spacing, and layer thickness to determine the volumetric rate of material deposition. For all
13 samples, the hatch spacing and layer thickness maintained constant. Only the variation
in the laser scan speed caused the variation in the build rate. From the optical microscopic
images of all the samples (see Figure 7), it was observed that, with the increase in build
rate, there was a great deal of variation in the cross-sectional structure and observed defect
type. The samples that were printed with a build rate of 0.5–1.7 mm3/s suffered from
a lack of fusion defect. Samples that were printed with a build rate of 1.9–2.1 mm3/s
showed near-dense defect structure. Finally, samples that were printed with a build rate
of 2.3–2.9 mm3/s showed porosity defects attributed to balling. This indicates that small
variations in the build rate can cause variations in the defect structures.
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To further validate that minor variations in build rate can significantly impact the
density of the printed samples, another batch of samples from a series with constant
velocity (see Figure 8) was analyzed. These samples were printed using V = 829 mm/s
and variable power and hatch spacing, as shown in Figure 8 while maintaining an optimal
VED of 100 J/mm3 and a layer thickness of L = 50 µm. The analysis shows a trend similar
to previous observations. At lower build rates, ranging from 0.5 to 1.5 mm3/s, samples
suffer from LOF defects. At a higher build rate of 2.5 to 4 mm3/s, defects associated with
balling appear. In between the LOF and balling cases, the highest densification of the
samples is observed. This suggests that, even with an optimal VED, slight variations
in the build rate as small as 0.2 to 0.5 mm3/s can significantly affect the defect types in
printed parts, ultimately impacting their densities. Therefore, optimizing the build rate and
process parameters is crucial to achieving the highest density and minimizing the defects
in LPBF-printed components.

Figure 7. Variation in build rate and corresponding defects across printed samples (constant hatch
spacing series, H = 70 µm). Defects change with build rate: low rates (0.5–1.7 mm3/s) show lack
of fusion, intermediate rates (1.9–2.1 mm3/s) are near-dense, and high rates (2.3–2.9 mm3/s) show
porosity due to balling.

Figure 8. Variation in the build rate and corresponding defects across printed samples (constant
velocity series, V = 829 mm/s). Defects change with build rate: low rates (0.5–1.5 mm3/s) show
lack of fusion, intermediate rates (2.0 mm3/s) are near-dense, and high rates (2.5–4.0 mm3/s) show
porosity due to balling.

4. Conclusions
A comprehensive defect analysis, using X-ray computed tomography data, was con-

ducted on the laser powder bed fusion (LPBF) SS316L material, which was printed under
conditions of an optimal VED of 100 J/mm3. This study demonstrates that, despite main-
taining an optimal VED and a constant hatch spacing, variations in key process parameters
(power and velocity) lead to differences in defect formation and build rate within printed
parts. Samples printed at lower power–velocity combinations resulted in a reduced build
rate, ranging from 0.5–1.7 mm3/s, and they exhibited defects associated with lack of fusion
(LOF). These samples had densities ranging from 90.36–98.8%, with one sample showing
the lowest density and another exhibiting the largest Feret diameter of all the printed
samples. In contrast, samples printed with a build rate of 1.9–2.1 mm3/s exhibited the
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highest density, reaching near-full density of ≥99.75%. These samples had optimized
process parameters, which resulted in a reduction in defects, thus increasing density. The
samples printed at high power–velocity combinations with a build rate of 2.3–2.9 mm3/s
exhibited defects associated with the formation of undesirable humps and balls, which
is commonly referred to as balling. These samples showed a decrease in density ranging
from 98.06–99.63% when compared to the near-dense samples. The density decreased as
the Feret diameter started to increase in the samples from 8.09–13.73 mm. The variability in
defect types, based on process parameters, suggests that defects can still occur even under
optimal VED conditions.

The changes in the defect category based on the build rate indicate that a small change
in the build rate can cause a significant variation in the defects present in the printed
components. To confirm this finding, a second set of samples printed with a constant
velocity and variable power and hatch spacing, at the same VED value, was analyzed.
Surface imaging data analysis showed that a build rate of 0.5–1.5 mm3/s causes LOF
defect formation, a build rate of 2.0 mm3/s results in a near fully-dense sample, and build
rate values of 2.5–4.0 mm3/s result in samples that exhibit balling defects. The second
set of samples allowed us to confirm that the build rate effects on densification in the
constant velocity series followed a similar trend as the constant hatch spacing series. A
value of build rate around 2 mm3/s is recommended while fabricating SS316L at a VED
value of 100 J/mm3 when using a LPBF system that is equipped with a beam diameter of
125 µm. This highlights the necessity of precise control of process parameters and build
rate in the power–velocity (P-V) space to achieve dense, defect-free parts. Additionally,
it was observed that fiducial marking can serve as a source of defect generation. Due
to the change in the underlying structure in the marking zone, defects instantiate from
this region. Therefore, to avoid any unintentional imperfection in the printed parts, it is
recommended to limit, and avoid when possible, the design of overhanging geometrical
features or fiducial marking in the samples.
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