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• Decrease in laser power by half within
optimal processing regime results in
about seven-fold increase in porosity.
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dom texture.
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The effect of laser power on defect characteristics, microstructure development, constituent phases, and
crystallographic texture was studied on a laser powder bed fusion (L-PBF) processed 316L stainless steel.
A series of specimens was additively manufactured as a function of laser power ranging from 380 to
200 W with a fixed scan speed of 300 mm/s. The density, size, shape, and orientation of pores in as-
printed L-PBF cylinders were characterized using high-resolution synchrotron X-ray computed
microtomography with a 0.65 μm resolution. The changes in the texture and phases were investigated
using high-energy synchrotron X-ray diffraction. The melt pool shape and grain size/orientation were
also analyzed using metallography. The results show that the porosity increases linearly from 0.13 to
0.88% with the decrease in laser power. However, even with a decrease in laser power by about half and cor-
responding seven-fold increase in porosity, the 200 W case can still be considered as nearly fully dense. On
the other hand, with the same decrease in the laser power, the cellular spacing was refined from 1.5 to 0.75
μm and the texture changed from strong (200) to random. Therefore, within an optimal porosity range, it is
feasible to manipulate microstructure significantly using the control of laser power.
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1. Introduction

Additive manufacturing (AM), also known as three-dimensional (3D)
printing, is a process bywhich a 3D object is produced by addingmaterial
layer by layer using a computer-controlled process [1,2]. The potential
benefits of 3D printing, e.g., production of complex geometries, attracted
broad interests from automotive, aerospace, defense, and medical indus-
tries. Various types of 3D printing techniques currently exist and one of
the techniques used in metallic parts is the powder bed fusion method
utilizing electron-beam melting (EBM) or selective laser melting (SLM)
[1]. In particular, the laser beam is scanned for repeated fusion and solid-
ification of layers ofmetallic powder particles to produce near-full density
parts without post-processing steps [1,3]. Key processing parameters in
laser powder bed fusion (L-PBF) processing include laser power, scan
speed, laser beam size, layer thickness, hatch spacing, and scan strategy.

Localized and successive laser melting process in L-PBF generates
thermal residual stresses from the high thermal gradients, which can
cause cracking, delamination, and distortion of AM parts [2,4–9]. In ad-
dition, porosity is another critical issue, particularly for parts that re-
quire high tensile strength and fatigue resistance [2,4,5,10–12]. The
porosity in the L-PBF parts can be originated from incomplete melting
(i.e., lack of fusion) [4,9], pre-existing gas pores from the metallic pow-
ders from the gas-atomization production process [2,8], and entrap-
ment of gas (e.g., Ar) pores during the AM processing [4,6,13]. It is of
technical and fundamental importance to understand the extent and
characteristics of such defects for broad applications of L-PBF processing
for the manufacturing of load-bearing structural parts.

The porosity in L-PBF parts has been studied using microscopy. For
example, Cherry et al. [14] used light optical microscopy to show that
with a volume energy density (VED) input of 42 J/mm3, the porosity
can be as high as 9% in a L-PBF 316L SS. The pores were uniformly dis-
persed, irregular in shape, and interconnected, suggesting insufficient
melting. By increasing VED to 104 J/mm3, porosity decreased to 0.4%.
Liverani et al. [13] analyzed solidification defects of L-PBF 316L samples
using scanning electron microscopy (SEM) and observed three main
types of defects: binding defects, pores induced by gas entrapment,
and layered voids. The binding defects had irregular cavitieswithmetal-
lic powder particles which could be from incompletemelting or balling.
Spherical defects, associatedwith gas entrapment, ranged from 10 to 20
μm,while the layered voids, connected from layer to layer, ranged from
30 to 50 μm. In general, however, conventional metallographic ap-
proach involves limited number of 2-D images and does not provide
bulk 3D visuals or statistically-meaningful quantitative data.

X-ray computed tomography (XCT) is a non-destructive and volu-
metric characterization technique used to image internal material fea-
tures in three dimensions. Rapid advances in computation along with
cone-beam geometry and detectors have improved commercial XCT
systems to spatial resolution of b50 μm[11,15]. Digital imaging and sub-
sequent statistical analyses allow correlation between processing pa-
rameter variations and defect characteristics such as density, size,
shape, and orientation [11,15–17]. For example, Zhang et al. [12] charac-
terized porosity andmicro-cracks in 316L L-PBF samples by varying the
laser power from 50% to 150% of the optimized setting, Po. For 0.5Po and
1Po cases, XCT results showed that the maximum pore size was 340 μm
and 40 μm in diameter, respectively. Moreover, at low input of energy
(≤0.7Po), the defects were characterized as lack-of-fusion type, irregu-
larly shaped and interconnected. At high input energy (≥1.3Po), in-
creased number of thermal cracks was observed.

Synchrotron XCT (sXCT) offers important advantages over conven-
tional laboratory XCT owing to partial coherence, high beam brilliance,
and adjustability of experimental setup [18]. Typical benefits of sXCT in-
clude fewer artifacts, enhanced contrast, and refined spatial resolution
below 1 μm, and faster capture rates allowing in-situ measurements
[16,18]. Kastner et al. [19] demonstrated that sXCT images of both Al
and Fe alloys provided more detail, better sharpness, and higher spatial
and contrast resolutions as well as smaller signal-to-noise ratio over
laboratory XCT images. Therefore, sXCT can be an effective tool for the
analysis of pore type, size, and morphology typically present in metallic
AM specimens. In a recent in-situ sXCT study, Carlton et al. [20] evalu-
ated the damage evolution in tensile specimens prepared from L-PBF
316L SS. Tensile specimens, with low porosity, exhibited fracturemech-
anism close to that of wrought specimens. On the other hand, speci-
mens with higher porosity with heterogeneous distribution, resulted
in a flaw driven failure, where crack propagation and branching were
observed to initiate from irregular-shape pores with flat edges, which,
in turn, resulted in brittle failure with limited necking.

In variousmetallic alloy systems, it is has also been reported that the
microstructure of AM parts is strongly influenced by the processing pa-
rameter [21,22]. Amine et al. [23] studied the effect of combination of
scan speeds (300, 375, and 450 mm/min), laser power (600, 750, and
900 W), and powder feed rate (8, 10, and 12 g/min) on microstructure
ofmultilayered 316L deposits using direct laser deposition (DLD). Cellu-
lar solidification was prominently observed with secondary dendrite
arm spacing between 15 and 35 μm for the case of 600 W and
450 mm/min. As the scan speed increased, microstructural characteris-
tics changed from coarse to fine dendrites due to the changes in the
temperature gradient and solidification rate.

Any changes in key L-PBF processing variables, in an attempt to con-
trol either part dimensions, residual stress, defect density, grain size, or
texture, could significantly influence a group of properties often in a con-
flicting manner. For example, increasing laser power to reduce porosity
could change melt pool shape, grain size, and texture as well as thermal
residual stress profile. Also, dynamic and local manipulations in a combi-
nation of processing variable, e.g., laser power and speed, for dimensional
controls in a geometrically complex part could introduce local defects,
thereby, creating stress concentrations. Therefore, process optimization
requires fundamental understanding of the complex, interplaying rela-
tionships amongprocessing parameters, dimensional control,microstruc-
ture, and defect characteristics. To this end, the current study aims at
investigating the role of laser power in simultaneous changes in defect
characteristics and the microstructure using a laser powder bed fusion
processed 316L stainless steel. In this paper,wepresent (1) defect density,
size, shape, andorientationmeasuredusinghigh-resolutionsXCT, (2)con-
stituent phases and crystallographic texturemeasured using high-energy
synchrotron x-ray diffraction (sXRD), and (3) melt pool shape/size and
grain size/orientation characterized using light optical microscopy.

2. Experimental

2.1. Material and L-PBF processing conditions

The material used in this study is a commercial, gas-atomized 316L
stainless steel powder that has a particle size that ranges from 10 to
50 μmwith themean size of about 30 μm. Using a L-PBF system, a mod-
ified Aconity3D AconityLab instrument, with a 400-watt Yb-fiber laser,
cylindrical samples with nominal dimensions of 2 mm diameter and
10mm lengthwere printed in argon atmosphere at the Lawrence Liver-
more National Laboratory [24,45]. Subsequently, the diameter of the
cylinder samples was machined to 1.6-mm diameter to match the
field of view of current sXCT setup used. To study the effect of laser
power, four cylinders were printed with the laser power varying from
380, 320, 260, and 200 W with all other processing parameters held
constant. All cylinders were printed with a laser scan speed of
300 mm/s, a laser beam diameter of 0.207 mm, a nominal powder
layer thickness of 0.06 mm, and a scan strategy of continuous bi-
directional rastering with a hatch spacing of 0.1 mm followed by cir-
cumferential contouring with 0°/90° layer to layer rotation. The esti-
mated VEDs were varied from 102, 86, 70, to 54 J/mm3 based on the
following equation [24–26]:

VED ¼ P
v∙σ ∙t

ð1Þ



Fig. 1. SynchrotronX-ray tomography images of as-printed316L SS cylinders (grey) and defects (red ellipsoids)measured as a function of the laser power applied during the L-PBFprocess.
(a) 380 W, (b) 320 W, (c) 260 W, and (d) 200 W. The dimensions of the cylinders shown here are 1.43 mm in diameter and 1 mm in length (along the build direction).
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where VED has the units of J/mm3, P is laser power in watts, v is scan
speed in mm/s, σ is the beam diameter in mm, and t is the powder
bed layer thickness in mm.

2.2. Synchrotron X-ray computed microtomography

High-energy, high-resolution sXCT measurements were performed
to characterize macroscopic defects in as-printed cylinders with sub-
micron resolution at beamline 2BM at Advanced Photon Source (APS)
at Argonne National Laboratory. Using approximately 60-keV white
beam, collimated to 1.6 mm in width and 1.4 mm in height, a total of
1500 radiographic projections were taken at the tip of each cylindrical
sample over 180° with 50 ms exposure time for each projection. The
nominal pixel pitch of the detector is 0.65 μmwhich is also the nominal
isotropic resolution of the 3D reconstructed images. The raw data, col-
lected as 1500 radiographic images in HDF file format, was then recon-
structed into 2130 TIFF images using TomoPy, a python-based package
that reconstructs images via Fourier-based GridRec method and per-
forms artifact removal [27]. Subsequently, Fiji [28] was used to convert
the 32-bit TIFF images to high quality 8-bit JPEG images to import into
Simpleware ScanIP, a commercial software for 3D image segmentation
and processing. Segmentation was implemented by assigning 8-bit
grayscale values for pores, steel matrix, and the background, followed
by statistical analysis of the pores. Surface irregularities around the cir-
cumference and uneven top surface were removed from each cylinder
sample by cropping the 3D projections to 1.43 mm in diameter and
1 mm in length for all cases to perform statistical analysis of the pore
characteristics including density, size, shape, and orientation.
2.3. Synchrotron X-ray diffraction

High-energy synchrotron X-ray diffraction (sXRD) measurements
were performed to study constituent phases and crystallographic tex-
ture of as-printed cylinders at beamline 11-ID-C at APS. Thewavelength
was 0.1173 Å and the incident beam size was collimated to 600 μm
× 600 μm for volumetric measurements. The Perkin-Elmer area detec-
tor, placed at about 1120 mm from the specimen, was used to measure
the Debye-Scherrer rings using the transmission scattering geometry.
The texture data was collected at approximately 2 mm below the top
of the cylinder by rotating the specimen around the cylinder axis from
0° to 90° at 15° interval. The Debye-Scherrer rings were converted
into diffraction patterns using the Fit2D software [29]. Then, Rietveld re-
finements were performed for texture analysis using theMaterial Anal-
ysis Using Diffraction (MAUD) software [30] and the pole figures were
generated using the MTEX software [31].

Image of Fig. 1


Table 1a
Defect density in termsof pore count, surface area, and volume (i.e., porosity) as a function
of laser power and estimated volumetric energy density (VED).

Laser power
(W)

VED
(J/mm3)

Pore count
per volume
(mm−3)

Pore surface
area per volume
(mm−1)

Porosity
(%)

380 102 281 0.3720 0.13
320 86 1058 1.5090 0.48
260 70 1195 1.7004 0.55
200 54 1034 2.4221 0.88

Table 1c
Defect shape and orientation in terms of aspect ratio, sphericity, and angle between the
major axis of a pore and the build direction (z). Mean, minimum, and maximum values
are presented for each property.

Laser
power
(W)

Mean (min./max.)
aspect ratio

Mean (min./max.)
sphericity

Mean (min./max.)
angle
(Degree)

380 0.65 ± 0.19
(0.12/0.93)

0.61 ± 0.07
(0.27/0.71)

72 ± 21
(0.9/90)

320 0.61 ± 0.19
(0.08/0.95)

0.59 ± 0.09
(0.20/0.70)

73 ± 21
(1.1/90)

260 0.63 ± 0.19
(0.07/0.98)

0.61 ± 0.08
(0.22/0.69)

71 ± 23
(0.1/90)

200 0.68 ± 0.16
(0.12/0.95)

0.56 ± 0.11
(0.22/0.70)

75 ± 18
(2.8/90)

4 H. Choo et al. / Materials and Design 164 (2019) 107534
2.4. Metallography

As-printed cylinders, characterized by sXCT and sXRD, were later
sectioned for metallography on both the transverse and longitudinal
cross sections using standard metallographic procedures. Samples
were etched electrolytically with 10% aqueous oxalic acid at 3 V dc
with a stainless-steel cathode for 7 to 8 s. A NikonMA-200metallurgical
microscope with a camera resolution of 4076 × 3116 pixels and Nikon
NIS-Elements D acquisition software were used for capturing light opti-
cal micrographs (LOMs).
3. Results and discussion

3.1. sXCT analysis of defect characteristics

Fig. 1 shows 3D reconstructions of sXCT images of four cylinders
manufactured as a function of laser power. The red ellipsoids are defects
inside the 316L SS specimen outlined as a grey cylinder. It is evident that
the defect density increases as the laser power decreases from 380 to
200 W. Moreover, there are large spherical pores preferentially located
around the edge of the cylinder circumference and smaller pores dis-
persed throughout the volume. Statistical analysis of the sXCT images
provides defect properties such as density, size, shape, and orientation
as summarized in Tables 1a, 1b and 1c.

The defect densities are presented in Table 1a in terms of number,
surface area, and volume (i.e., porosity). The changes in defect density
as a function of laser power are also illustrated in Fig. 2. As the laser
power decreases, both pore surface area and porosity increased almost
linearly. Specifically, the porosity increased from 0.13% to 0.88%. On
the other hand, the number of defects saturates at around 1000 pores
per 1 mm3 of steel below 260 W. That is, the porosity continues to in-
crease without the increase in the number of pores below about
260 W, which suggests that the size of pores may increase accordingly
at low laser power input. In the literature, it has been shown that partial
melting of powder particles due to relatively insufficient deposition of
energy could contribute to the generation of pore defects. For example,
according to Khairallah et al. [32], with the decrease in energy input,
more incompletely melted powders get incorporated into the melt
pool and the voids between such particles could coalesce and increase
the pore size and density. Moreover, based on the study by Thijs et al.
[33], decrease in the overlap between melt pool tracks, caused by the
decrease in energy input, could also increase pore size and density.
Table 1b
Mean defect size in terms ofmajor axis of an ellipsoidal pore, surface area, and volume as a funct

Laser power (W) Mean (max.) major axis (mm)

380 0.017 ± 0.015
(0.135)

320 0.017 ± 0.017
(0.205)

260 0.017 ± 0.016
(0.140)

200 0.021 ± 0.018
(0.128)
The defect sizes are listed in Table 1b in terms of the length of the
major axis of an ellipsoidal (or spherical) pore, surface area, and volume.
For example, the 380Wspecimenhas defectswithmean andmaximum
major axis lengths of 17 μm and 135 μm, respectively. All three size
properties did not change down to 260 W, and only the 200 W case
shows significant increase in the defect size. The changes in mean size
with laser power are shown in Fig. 3. The comparison of size distribu-
tions for the 380 W and 200 W specimens, Fig. 3(a), does not show
any changes in distribution mode, while the changes in mean values,
Fig. 3(b), show a sharp increase from about 17 to 21 μm below 260 W.
The mean surface area and volume show the same trend. The changes
in pore count, porosity, and pore size as a function of laser power are
summarized in Fig. 4. Decreasing the laser power from 380 W to
260W, the porosity increases mostly due to the increase in the number
of pores since the average pore volume stays small and constant. On the
other hand, below 260W, the porosity continues to increase due to the
increase in average size of the pores with a slight decrease in the num-
ber of pores. It is expected that when the energy input becomes too low
to allow completemelting of powder particleswithin themelt pool or to
ensure sufficient overlap between adjacent melt pools, the frequency
and size of pores and lack-of-fusion type cracks would increase system-
atically. Eventually, the pores and cracks could link between layers cre-
ating interconnected pores and thereby increasing the size [12,34,35].
Similarly, a recent sXCT study by Cunningham et al. [36] showed that
the volume fraction of spherical pores increased with increasing scan
speed (i.e., decreasing VED) in as-printed EBM Ti-6Al-4V specimens.

The defect shape and orientation are summarized in Table 1c in
terms of mean aspect ratio, sphericity, and angle between the major
axis of the pore and the build direction. For the 380Wcase,mean aspect
ratio (i.e., ratio of minor to major axes) of pores is 0.65 (ellipsoidal),
while minimum and maximum values range from 0.12 (flat) to 0.93
(spherical). The sphericity, S, is a measure of how spherical a pore is
as defined by:

S ¼ π1=3∙ 6Vð Þ2=3
A

ð2Þ

where V is volume and A is surface area of a pore. Amathematically per-
fect sphere has an S of 1. Both sphericity and aspect ratio show similar
ion of laser power. Themaximumvalue for each property is also presented in parentheses.

Mean (max.) surface area (mm2) Mean (max.) volume (mm3)

1.32E−3 ± 3.55E−3
(3.55E−2)

4.66E−6 ± 2.62E−5
(3.53E−4)

1.42E−3 ± 4.04E−3
(6.50E−2)

4.52E−6 ± 2.21E−5
(5.59E−4)

1.42E−3 ± 3.80E−3
(5.26E−2)

4.60E−6 ± 2.29E−5
(5.11E−4)

2.35E−3 ± 4.33E−3
(3.53E−2)

8.54E−6 ± 2.29E−5
(2.29E−4)
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results except for a small discrepancy observed in the 200 W case. The
comparison of the distribution of sphericity between the 380 and
200 W cases, Fig. 5(a), shows that there is a subtle change in the distri-
bution mode in that the lower power case shows a bi-modal
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Fig. 5. Changes in defect shape in terms of sphericity and aspect ratio of pores. (a) Comparison of sphericity distributions (by count) between 380W and 200W specimens. (b) Changes in
mean sphericity and aspect ratio as a function of laser power.
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increase in defect size shown earlier. However, the mean values stay al-
most constant near 0.6 similar to the aspect ratio, Fig. 5(b). Therefore, it
appears that within the current processing conditions, the average
shape of pores does not vary significantly even when the laser power
is lowered by about 50%. Finally, the statistical analysis also provides ori-
entation of pores, Table 1c. In all cases studied, themean angle between
themajor axis of a pore and the build direction is about 70°. Themajor-
ity number of ellipsoidal pores lie nearly perpendicular (90°) to the
build direction, Fig. 6, while few pores are oriented parallel to the
build direction regardless of the laser power used.

In summary, Fig. 7 illustrates various types of defects observed in the
as-printed cylinders. Using 200 W case as an example, the size and as-
pect ratio distributions are presented together with a few visual exam-
ples of defects scouted from Fig. 1(d). First, Fig. 7(c) shows a small/flat
defect with 7 μm major axis length and 0.2 aspect ratio denoted as 7
μm (0.2). In terms of its size, this defect is prevalent based on Fig. 7
(b), but it is too flat to be representative with its aspect ratio of 0.2 as
shown in Fig. 7(a). Similarly, small/spherical pore with 10 μm (0.95) is
rare since it is too spherical with its aspect ratio of 0.95. Also, large/flat
60 μm (0.1) and large/spherical 70 μm (0.9) defects exist as shown but
they are not common according to the statistical distribution data. A
few large/flat defects observed in low power cases may be the lack-of-
fusion type. The shape is typically irregular with jagged-edges and it is
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Fig. 6. Defect orientation in terms of the angle between the major axis of pores and the
build direction. The comparison of angle distributions (by count) between 380 W and
200 W specimens shows little change under the current processing conditions.
randomly distributed throughout the specimen. The large/spherical de-
fectsmay be keyhole type. Although their number frequency is not high,
they are quite visible due to their large size. Finally, 20 μm (0.7) pore
type, shown in Fig. 7(e), is a representative defect in terms of both
size and shape. The current analysis shows that majority of pores are
small (b20 μm) ellipsoidal (about 0.6 to 0.7 aspect ratio), and oriented
about 70° to the build direction.

3.2. sXRD analysis of phase and texture

The diffraction patterns measured using sXRD for as-received 316L
SS powder and 380 W specimen are shown in Fig. 8. It should be
noted that these patterns are generated by integrating the Debye-
Scherrer rings around the azimuthal angle (i.e., around the rings) to ob-
tain powder pattern for the phase analysis. The gas-atomized powder
has predominately face-centered cubic (FCC) phase with a small
amount (about 2 to 3 wt%) of body-centered cubic (BCC) phase based
on Rietveld refinement analysis. On the other hand, all L-PBF processed
samples consist of a single-phase FCC γ-austenite. The small BCC peaks
visible in Fig. 8(b) are too small to be quantitatively analyzed and the
amount will be a fraction of a percent. For a typical L-PBF 316L SS as-
printed sample, the twomain phases present are primary FCC γ austen-
ite and a small amount of retained BCC δ ferrite [9]. According to the
Schaeffler diagram [37,38] for the case of austenitic Cr-Ni steel welds
with carbon contents up to 0.12%, single-phase austenitic microstruc-
ture is feasible according to the Creq/Nieq ratio of about 1.12 for a typical
316L SS.

The crystallographic texture analysis was conducted using the sXRD
patterns and pole figures are generated for all L-PBF specimens. For the
γ-austenite phase, (111), (200), (220), and (311) pole figures are pre-
sented in Fig. 9. Note that the pole figures represent the bulk texture
as describe earlier and also the center of all pole figure is parallel to
the build direction of the L-PBF cylinders. The scale bar at the bottom
of each pole figure shows texture intensity in terms of multiple of a ran-
dom distribution (m.r.d.). The 380 W case shows a clear (200) texture
along the build direction (1.9m.r.d.), consistentwith the strong solidifi-
cation growth direction in cubic materials. For the 260 W case, (220)
texture was observed (with 1.9 m.r.d.). With lower energy input, the
(220) texture weakens to 1.5 m.r.d. and the texture eventually becomes
almost random.

3.3. Role of laser power in defect and microstructure development

Fig. 10 shows the light optical micrographs of cross sections of raw
316L SS powders used in this study. The lowmagnification micrograph,
Fig. 10(a), shows powder particle shape and size distribution as well as
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inherent gas pores inside. These small spherical pores are believed to be
caused by the argon gas trapped in the powder particles during atomi-
zation process [9,36]. They tend to have an aspect ratio of close to 1
with a size of 10 μm or less as shown in Fig. 10(b). Also, it has been re-
ported that such inherent gas poreswould often survive the AMprocess
and remain in the as-printed parts [36]. To put this into a qualitative
context, let us approximate that the average particle size is about 30
μm and assume the average gas pore inside the particle is about 10
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Fig. 8. Synchrotron X-ray diffraction patterns measured from (a) as-received 316L SS
powder and (b) 380 W L-PBF 316L SS specimen. The Debye-Scherrer rings were
integrated around the azimuthal angle (i.e., around the rings) to obtain powder patterns
to visually identify constituent phases. Note that the intensity is in log scale to reveal
small BCC peaks, which are otherwise unnoticeable in the AM specimens.
μm, which is an overestimation. Then, even if one powder particle out
of every fifty particles contains such an inherent gas pore, which again
is an overestimation based on visual assessment of a 3-D XCT rendering
of powder sample, the inherent porositywould be about 0.07%,which is
half of the porosity observed in the current 380 W case. It is likely that
the inherent gas porosity inside the powder particles is an insignificant
contribution to overall porosity especially for the lower laser power
cases.

The light optical micrographs of transverse and longitudinal cross
sections of as-printed cylinders are shown in Figs. 11 and 12, respec-
tively. First, large spherical pores with keyhole geometry are observed
predominantly at the edge of the cylinder circumference for all laser
power cases. The keyhole pores are spherical, relatively large, and detri-
mental to mechanical properties and often observed in L-PBF 316L SS
specimens processed with relatively high energy inputs, e.g., King
et al. [39]. In general, conduction of heat controls the depth of the mol-
ten weld pool. However, during a L-PBF process, conduction could also
change to keyhole mode due to the evaporation of metal powders
influencing the depth of the molten pool. This creates a vapor cavity
that collapses and produces a trail of voids. Especially, when the melt
pool shape is deep and narrow, insufficient time exists for the gaseous
bubbles to travel to the top of themelt pool to be released prior to solid-
ification. The formation of this type of defect is associated with the fluid
flow in the melt pool affected by buoyancy force, Lorentz force, surface
tension gradient, temperature gradient, recoil pressure, and/or shear
stress of the laser similar to a welded molten pool [39–41].

Even though the VED inputs used in the current study are not con-
sidered high enough for keyhole-mode melting, numerous keyhole-
type pores are observed predominantly at the edge of cylinders,
e.g., Figs. 11(b), 12(a) and (b). The formation of keyhole-type defects
at the end of scan tracks or turning points has been reported previously.
For example, Thijs et al. [42] reported keyhole defects at the start and
end points of linear scan tracks, where the melt pool shape is narrow
and deep. The formation of large spherical pores was attributed to
heat accumulation and instability of keyholes at these locations. Simi-
larly, in the current study, when the laser reverses its direction during
a linear bi-directional scan, excessive heat can be deposited due to

Image of Fig. 8
Image of Fig. 7


Fig. 9. Pole figures measured from as-printed L-PBF 316L SS cylinders as a function of laser power. (a) 380W, (b) 320 W, (c) 260 W, and (d) 200W. (111), (200), (220), and (311) pole
figures are presented for the FCC phase. Note that the center of the pole figure coincides with the build direction (z). The color scale bar and associated numbers at the bottom of each pole
figure provide texture intensity in terms of multiple of a random distribution (m.r.d.).
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laser dwelling during the sequence of deceleration, stop, and accelera-
tion involved at the end of each linear track. This resulted in a deep
and narrow melt pool, as shown in Fig. 12(a) and (b), which, in turn,
caused keyhole-type pores to form. It is also visible in Figs. 11(b–d)
that keyhole pores are located at the end of linear raster tracks near
the edge of the cylinder. In the current study, the choice of processing
window resulted in edge keyhole defects in all laser power levels stud-
ied. The detailed analysis of laser track speed variations in the x-y build
plane and its synchronization with laser power control is beyond the
scope of the current paper. However, a recent report by Yeung et al.
[43] illustrated the need for basic understanding and control of
interactions among speed- and power-mode controls, beam size, and
scan pattern that are required for the optimization of such parameters
to avoid the formation of keyhole defects and achieve uniform dimen-
sional control. This study also showed that excessive energy deposition
at turning points due to laser dwelling could result in keyhole defects.

Figs. 11 and 12 also illustrate the effect of laser power on changes in
the microstructure development. The 380 W case, Fig. 11(a), shows
large and irregular melt pools indicative of a relatively high energy
input. Note that the laser beam diameter used in this study is approxi-
mately 207 μm and the hatch spacing is about 100 μm. On the other
hand, the 320 W case starts to show discernable bead shape with an

Image of Fig. 9
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Fig. 10. Light optical micrographs of as-polished cross sections of raw 316L SS powders used in this study. (a) Lowmagnification showing particle size distribution and inherent gas pores
inside the powder particles. (b) Individual powder particles show small spherical gas pores (marked by arrows).
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average bead width of about 200 μm. The bead pattern of the 200 W
case clearly depicts the bi-directional raster scan pattern and 0°/90°
layer-by-layer rotation employed. Moreover, the bead overlaps are
clearly visible with average width of about 100 μm. It is expected that
single bead width during L-PBF processing would decrease as laser
power decreases [44,45]. As reported by Cunningham et al. [46] in
their recent study on EBM Ti-6AL-4V, the optimization of melt-pool
overlap depth in terms of the ratio of hatch-spacing to melt-pool-
width is important in minimizing process-related defects. Smaller
than optimal ratios can cause keyhole defects, while the opposite
would result in lack-of-fusion defects. In the current study, however,
the changes in laser power did not push the melt-pool overlap depth
into either extremes according to the characteristic pore size and
shape as well as the overall porosity as discussed in Section 3.1.

Themelt pool shape in longitudinal cross sections shows themultiple
passes made layer by layer along the build direction, Fig. 12. In the center
of the cylinder away from the edges, systematic changes in the melt pool
shape can be observed as the laser power decreases from (a) to (d). Such
change is strongly correlated to the heatflow,which, in turn, affects solid-
ification direction. As compared in Fig. 13, for the 380 W case, the melt
pool shape is flat and wide (i.e., longitudinal weld pass pattern) with co-
lumnar grains aligned vertically towards the build direction resulting in a
strong (200) texture, Fig. 9(a). For the 200 W case, the melt pool shape
changes to overlapping weld beads as in multi-pass welding, often de-
scribed as a fish scale pattern. In this case, the heat extraction is expected
to be more radial causing grains to grow radially towards the center of
eachmelt pool resulting in a rather random grain orientation distribution
as observed in Fig. 9(d).

Moreover, the changes in VED also affect the grain size significantly.
For example, themean primary dendrite spacingwas shown to increase
with the increase in VED by decreasing the laser scan speed and
influencing the thermal history and the degree of undercooling in the
Fig. 11. Light opticalmicrographs of transverse cross sections of as-printed L-PBF 316L SS cylind
shape, size, and hatch pattern is visible.
melt pool [47]. In the current study, the columnar grains consist of
groups of cellular substructures, expected to have parallel growth direc-
tions, as often observed in L-PBF 316L SS specimens [36,44,45] under
relatively high cooling rates and non-equilibrium conditions during so-
lidification [13,48,49]. These groups of cells are usually separated by
low-angle grain boundaries and the cell boundaries have a network of
dislocations. Also, Mo and Cr solutes have shown to segregate at cell
boundaries during solidification [50]. Based on the current analysis of
micrographsmeasured at a higher magnification, average cellular spac-
ing obtained for the 380 W case is about 1.5 μm (±0.5 μm) and that of
200W case is about 0.75 μm(±0.5 μm). This corresponds to an increase
in average cooling rate from about 1.7× 105 to about 1.4× 106 K/s based
on an equation used to calculate the cooling rate, T (K/s), and primary
cellular spacing, λ1 (μm), for austenitic stainless steel according to [36]:

λ1 ¼ 80∙T−0:33 ð3Þ

Therefore, for lower laser-power cases, the cooling ratewill be faster,
the resulting cellular structure will be finer, and G∙R is expected to be
larger. (Note that the ratio or product of temperature gradient, G, and
growth rate, R, is often used to predict themorphology and size of solid-
ification microstructure.) On the other hand, at a high laser power,
cooling rate is much slower also allowing more time to grow in a pre-
ferred crystallographic orientation of 〈100〉, Fig. 9(a). The current results
are also comparable to a pair of literature values available for L-PBF 316L
SS where average cell size (and cooling rate) of about 1 μm (5.8
× 105 K/s) and 0.5 μm (4.8 × 106 K/s) are reported [36,44].

4. Conclusions

The effect of laser power on defect properties, constituent phases,
texture, andmicrostructurewas studied using a laser powder bed fusion
ers. (a) 380W, (b) 320W, (c) 260W, and (d) 200W. The effect of laser power onmelt pool

Image of Fig. 11
Image of Fig. 10
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Fig. 12. Light optical micrographs of longitudinal cross sections of as-printed L-PBF 316L SS cylinders. (a) 380W, (b) 320W, (c) 260W, and (d) 200W. The effect of laser power on melt
pool shape and size is clearly visible. The arrow in eachmicrograph is located at the central axis of the cylinder pointing to the build direction. The asymmetry (differences between left and
right sides) shown in (a) and (b) is simply due to the rotational misalignment around the z-axis (build direction) when the longitudinal cross section was machined.
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(L-PBF) processed 316L stainless steel. A series of cylindrical specimens
was printed as a function of laser power ranging from 380 to 200 W
with a fixed scan speed of 300 mm/s using a selective laser melting
system.

As the laser power decreased from 380 to 200 W, the porosity in-
creased from 0.13 to 0.88%, the size of pores in terms of mean major
axis length increased from 17 to 21 μm, and the total pore count in-
creased from about 300 to 1000 mm−3. It was also shown that the po-
rosity increased mainly due to the increase in pore count with
constant defect size, down to 260W. However, below 260W, the poros-
ity increased due to the increase in defect size with a nearly constant
number of defects. The statistically representative pore, for example,
in the 200W specimen has the following characteristics: 21 μm long el-
lipsoid with 0.6 sphericity oriented at 75° to the build direction.

The raw 316L powder consists of mostly FCC phase with about
2–3 wt% BCC phase, but all L-PBF builds are single-phase austenite.
The FCC pole figures show that the 380 W specimen has strong (200)
texture along the build direction. With the decrease in laser power,
the texture becomes random below 260W.

The melt pool shape, for the high-power cases, is flat and wide with
coarse columnar grains oriented nearly parallel to the build direction,
while the lower-power cases exhibit a fish-scale pattern with fine co-
lumnar grains oriented radially along the heat extraction direction.
The average cellular spacing decreases from 1.5 to 0.75 μm, which cor-
responds to an increase in average cooling rate from 1.7 × 105 to 1.4
× 106 K/s for the 380 and 200 W cases, respectively.

Within the range of laser power studied, all L-PBF specimens could
be considered near-fully dense with over 99% density. Therefore, it
should be feasible to manipulate the microstructure significantly by
(a)

Fig. 13. Comparison of longitudinal cross sections between (a) 380 W and (b) 200 W cases, w
direction is from bottom up.
controlling laser power, while maintaining the porosity level well
below 1%. For instance, the 260 W case would provide 99.5% dense
parts with fine grain structure and random texture, whose mechanical
performance is expected to be much better than as-cast counterparts.
The formation of large keyhole pores near specimen edges must be
avoided by actively controlling a combination of speed and power
modes.
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