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A Study of Keyhole Porosity
in Selective Laser Melting:
Single-Track Scanning With
Micro-CT Analysis
Porosity is an inherent attribute in selective laser melting (SLM) and profoundly degrades
the build part quality and its performance. This study attempts to understand and charac-
terize the keyhole pores formed during single-track scanning in SLM. First, 24 single tracks
were generated using different line energy density (LED) levels, ranging from 0.1 J/mm to
0.98 J/mm, by varying the laser power and the scanning speed. The samples were then
scanned by micro-computed tomography to measure keyhole pores and analyze the pore
characteristics. The results show a general trend that the severity of the keyhole porosity
increases with the increase of the LED with exceptions of certain patterns, implying impor-
tant individual contributions from the parameters. Next, by keeping the LED constant in
another set of experiments, different combinations of the power and the speed were
tested to investigate the individual effect. Based on the results obtained, the laser power
appears to have a greater effect than the scanning speed on both the pore number and
the pore volume as well as the pore depth. For the same LED, the pore number and
volume increase with increasing laser power until a certain critical level, beyond which,
both the pore number and volume will decrease, if the power is further increased. For
the LED of 0.32 J/mm, 0.4 J/mm, and 0.48 J/mm, the critical laser power that reverses
the trend is about 132 W, 140 W, and 144 W, respectively. [DOI: 10.1115/1.4043622]

Keywords: additive manufacturing, computed tomography, porosity, selective laser
melting

1 Introduction
Selective laser melting (SLM) is a metal-based additive manufac-

turing process that utilizes a laser to selectively melt powder parti-
cles and form the desired product after a layer-by-layer fabrication
process [1]. SLM process has been applied to fabricate parts from
different metallic materials such as aluminium [2,3], nickel [4,5],
titanium [6,7], steel [8,9], etc. Among those, titanium alloy
Ti-6Al-4 V has been favored in aerospace industries [10] as well
as biomedical applications [11–13] due to its high specific strength
and biocompatibility [14].
In spite of its freeform capability, the SLM process has issues of

process-induced defects such as porosity, cracks, part deformation,
etc. [15,16]. Pores formed during the process may be characterized
as the keyhole pores and the lack of fusion pores [17]. These pores if
present within the SLM parts would degrade its part performances
[9,10,18] and therefore part optimization by porosity reduction is
desired. Leuders et al. [18] explained that pores within SLM
samples have a drastic effect on fatigue behavior and the significant
extension of the crack initiation phase can be achieved by reducing
the porosity.
Pore formation during the SLM process is affected by the energy

density input, which is a function of the laser power, the scan speed,
the hatch spacing, and the layer thickness. Gong et al. [19] investi-
gated part quality based on different energy densities and demon-
strated that the process window in SLM of Ti-6Al-4 V could be
divided into three groups, insufficient melting, conduction melting,
and keyhole melting. When the energy density is very high, the tem-
perature within the melt pool exceeds the boiling point leading to
material evaporation. The material evaporation would generate an

evaporation pressure, and the deep depression formed within the
melt pool is known as a keyhole. Such a melting is known as
keyhole mode melting [20]. As the energy density gets reduced,
keyhole formation is not observed, and the mode of melting is
called the conduction melting. If the energy density gets further
reduced, partial melting occurs, which lead to balling behavior
and discontinuity in the track formation.
A few investigations toward part porosity developed during the

SLM process have been carried out. Ponnusamy et al. [21] per-
formed a statistical analysis to investigate the effect of various
process parameters such as laser power, layer thickness, etc.
toward porosity. Besides, various studies have been conducted to
characterize porosity using X-ray tomography methods. Slotwinski
et al. [22] utilized X-ray computed tomography (XRCT) to measure
porosity on additively manufactured cobalt-chrome (Co-Cr)
samples. The XRCT technique can help determine the pore distribu-
tion within the sample as well as the pore morphology. However,
the accuracy of the representation would depend on the resolution
of the system. Similarly, Zhou et al. [23] used synchrotron radiation
micro-CT to observe the defects formed within SLM parts. They
concluded that such an imaging technique is a feasible method to
obtain 3D images of SLM defects accurately. Furthermore, Ziółk-
owski et al. [24] explained the advantage of nondestructive
XRCT over traditional metallographic cross-sectional analysis. Sid-
dique et al. [25] used a voxel resolution of 4.8 µm to scan the SLM
specimen. In addition, the authors performed a two-dimensional
metallographic study to calculate the porosity, and the authors
found that porosity calculated by metallographic studies and three-
dimensional tomography had no significant difference considering
the critical pores. Kim et al. [26] used X-ray microtomography to
study the track changes in the morphology of SLM Ti porous struc-
tures at a different stage of post laser melting production. They have
demonstrated that µCT can be used not only for 3D quantification
but also as a feedback mechanism to make improvements on
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initial designs. Van Bael et al. [27] used XRCT as a feedback mech-
anism to improve the geometrical and mechanical controllability of
selective laser melted Ti-6Al-4 V porous structures. The mismatch
between the designed and the measured properties such as pore size,
strut thickness, strut volume, and porosity from the first run were
integrated into the second run, which helped to minimize the
mismatch.
Kasperovich et al. [17] presented the correlation between the

process parameters and the porosity formation during SLM fabri-
cation of Ti-6Al-4 V parts. The authors showed that two types of
void defects were present in SLM parts and the optimization of
the process parameters could reduce porosity volume fraction.
Circular/spherical pores were formed with the excessive energy
input, whereas insufficient energy density resulted in elongated,
narrow crack-like voids. Besides, there are combinations of
power, speed, etc. which would result in the same energy densities.
Hence, energy density effect, as well as individual parameter
effects, should be investigated to identify the process parameters
which have more contributions toward porosity formation. In addi-
tion, it is also important to characterize the pores, as the pore loca-
tion and pore size are critical to the stress concentration and pores
near to the surface are more critical even if they are small in
size [25].
The objective of this study is to understand the characteristics of

the keyhole pores resulting from different process settings. The
effect of power and speed on pore size distribution and pore
depth is also a subject of interest. To achieve the objectives,
single tracks with different energy densities are fabricated inside
hollow cylindrical samples. The samples are scanned using a
micro-CT (µCT) scanner, and the reconstructed images are ana-
lyzed. Keyhole pore characteristics such as pore size, pore
volume, sphericity, etc. are obtained. Total pore number and pore
volume of the pores formed within the single track are also mea-
sured. In addition to the energy density effect, the effect of power
and speed toward keyhole porosity was investigated, by keeping
energy density as constant.

2 Experimental Approach
2.1 SLM Specimen Design and Fabrications. Figure 1(a)

shows the design and dimensions of hollow semicylinders
samples. The cylinder design is considered to minimize the artifacts
during the CT scanning. The diameter of the sample is limited to
7 mm to ensure proper transmission of X-ray from the sample
during CT scanning. Further, two notches are designed to help iden-
tify the end points of single tracks, which would assist during CT
scanning as they are used as a reference to align the sample for
CT scanning. Figure 1(b) demonstrates the alignment of the sin-
gle tracks on top of the previously fabricated semicylinder. The cyl-
inder samples contain four single tracks within, and the two
neighbor tracks are formed 0.9 mm apart. This gap is needed to
avoid the denuded area during the track formation [28] as well as
to minimize the effect of the residual heat from one track to another.
The Ti-6Al-4 V powder with 0–45 µm powder size distribution

was used to fabricate single-track samples using EOS M270
system and the layer thickness during the SLM build was 30 µm.
Argon was supplied to the chamber to maintain the inert atmosphere
during the build. The samples were separated from the build plate
after the build was complete, and the remaining support structures
were then removed by polishing. Figure 2 shows the as-build
samples over the build plate and the samples after the support
removal.

2.2 Process Parameter Design. Pores formed in the SLM
process are generally characterized as keyhole pores and lack of
fusion pores [17]. Keyhole pores are formed when the vapor
bubbles are trapped within the melt pool, which occurs at higher
energy densities, and lack of fusion pores are formed when some
regions remain unmelted as a result of lower energy density.
Energy density in the SLM process is defined as [29,30]

E =
P

v ∗ d ∗ t (1)

Fig. 1 (a) CADmodel of the specimen (unit in mm) and (b) representation of single track designed on top of previously deposited
semicylinder

Fig. 2 (a) Samples after removal from the machine and (b) after support removal
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where P is the laser power, v is the scanning speed, d is the hatch
spacing, and t is the layer thickness.
Line scanning is the foundation of the SLM process, and the

combination of line scanning results in the formation of a layer.
The study of single-track properties at constant layer thickness
may reveal pore formation mechanisms while reducing the vari-
ables such as hatch spacing. And the line energy density (LED)
can be simplified as [31]

LED =
P

v
(2)

Table 1 shows the laser power and the scan speed used in this
investigation and their corresponding LED. Three replicates were
fabricated to assess the repeatability of the pore formation.
LED-based studies deliver the combined effect of the power and

the speed on the porosity level. Some studies claim that the use of a
specific volumetric energy density would result in high-density
parts [9,32]. However, the same energy density can be obtained
with a different set of power and speed. And the energy density
may not be the sufficient criteria to reach that conclusion as
energy density is not able to capture the complex physics such as
Marangoni flow, hydrodynamic instabilities, and recoil pressure,
which would dictate the track morphology [33]. Therefore, it is
desired to understand the effect of the power and the scan speed
on the porosity. For this purpose, a different set of parameters are
designed keeping the energy density as constant. Three energy den-
sities (0.32 J/mm, 0.4 J/mm, and 0.48 J/mm) are used to investigate

the effect of the power and the scan speed on pore formation as well
as overall single-track property. Table 2 presents the list of the
power and the speed corresponding to the three energy densities.
The maximum power of the laser (195 W) has been used for all
cases, and the speed has been modified based on the energy density.

2.3 Pore Measurement and Analysis. CT scanning of the
fabricated samples was performed using a Bruker SkyScan 1173
micro-CT scanner which has three major components: X-ray
source, sample stage, and flat panel detector as shown in Fig. 3(a).
The polychromatic X-ray source emits the conical beam and can
generate up to 130 kV X-ray. Since the absorption of Ti-6Al-4 V
is very high, the maximum voltage of 130 kV is used during the
scan. However, the X-ray being polychromatic, an appropriate
filter must be used to absorb low energy X-rays. 0.25 mm brass
filter is used to absorb X-ray with energy below 90 kV, which in
turn changes the camera sensitivity for X-ray radiation. This is nec-
essary for highly dense materials to reduce beam hardening artifact
otherwise the outer surface would appear more dense than interior
due to higher absorption of low energy X-rays near the outer
surface. Some of the filtered X-ray beams gets absorbed by the
sample, and some penetrate through the sample which excites the
camera sensor. The typical minimum transmission through the
sample lies between 18% and 19%.
Radiotransparent materials like clay, Styrofoam, and parafilm

tapes are used to mount the cylinder sample to the brass stage.
The parafilm tape is wrapped around the sample to ensure there is
no movement during the scanning. The samples were scanned
using 6 µm pixel size and 2000 magnification. Rotation step of
0.1 deg was used, and 360 deg scanning was performed to obtain
3600 raw images. After obtaining raw images, steps toward recon-
struction such as beam hardening correction, ring artifact reduction,
misalignment compensation, and smoothing were performed using
parameter fine-tuning to minimize the ring artifacts and blurring
effects, etc. Reconstruction from scan projection images into cross-
sectional images was carried out using NRECON, which is a software
from Bruker.

CT-ANALYSER (CTAN) is also a software from Bruker, which is used
for measuring quantitative parameters from scanned 3D datasets

Table 1 Process parameters used to investigate energy density
(J/mm) effect

Speed (mm/s)

Power (W) 200 400 600 800 1000 1200

125 0.63 0.31 0.21 0.16 0.13 0.10
150 0.75 0.38 0.25 0.19 0.15 0.13
175 0.88 0.44 0.29 0.22 0.18 0.15
195 0.98 0.49 0.33 0.24 0.19 0.16

Fig. 3 (a) Schematic of µCT components and (b) specimen setup in the CT system

Table 2 Process parameters used to investigate power and speed effect

ED (J/mm) Speed (mm/s) 50 100 150 200 250 300 350 406.2 450 487.5 550 609.4

0.32 Power (W) 16 32 48 64 80 96 112 130 144 156 176 195
0.4 20 40 60 80 100 120 140 162.5 180 195 — —
0.48 24 48 72 96 120 144 168 195 — — — —

The bold font was used to indicate the maximum power level of the system. This limited the applicable parameter set for all line energy densities.
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obtained with SkyScan micro-CT instruments. For the measurement
of keyhole pores, an individual volume of interest was generated
with a transverse cross-sectional dimension of 400 µm×500 µm,
and the length of 13 mm for every single track as shown in
Fig. 4. Then, the reconstructed images were converted into binary
images for pore measurement. Individual pores were analyzed in
geometry using CTAN software, and various pore characteristics
such as the pore volume, the surface area, the sphericity, etc.
were obtained as a result.

3 Results and Discussion

3.1 Typical Scanning Result. After generating a recon-
structed data, DATAVIEWER software was used to observe the single
track formed within the cylinder. Figure 5 exhibits the CT images
from a typical specimen with different sectional views as well as
the isometric partial cutoff view. The grayscale image shows the
density difference between the material, the light gray area repre-
sents solid Ti-6Al-4 V, the medium gray area represents powder,

Fig. 4 Selection of region of interest for porosity measurement

Fig. 5 (a) Coronal (X–Z ), (b) transaxial (X–Y ), (c) sagittal (Z–Y ) cross-sectional views, and
(d ) 3D partial cutoff view

071004-4 / Vol. 141, JULY 2019 Transactions of the ASME



and the black spots in the sagittal view, which represent the den-
sity of air, are pores. Four single tracks shown in the figure were
formed with 195 W power at scan speeds of 200 mm/s, 400 mm/s,
600 mm/s, and 800 mm/s. The sagittal cross-sectional image,
obtained from the center of 195 W and 200 mm/s track, clearly
shows the pores formed within the single track. Besides the single
track, the other solid regions were formed with the power of
170 W, a scan speed of 1200 mm/s, and hatch spacing of 100 µm.

3.2 Pore Characteristics. Pore characteristics are obtained
from the morphometry analysis of the binary images. In CTAN, the
binarization of the images is done by thresholding, which trans-
forms the grayscale images into binary images. The binarized
images have been shown in Fig. 6, where the white pixels represent
the pore and the black pixels represent the solid Ti-6Al-4 V. Indi-
vidual pore analysis is then performed to obtain the pore infor-
mation such as pore volume, pore surface area, sphericity, etc.
3D pores are rendered from the series of 2D images. Figure 6 pre-
sents an illustration of how the 18 successive images are used to
form a 3D pore.
Sphericity can be used to characterize and differentiate between

pores formed due to low energy density and high energy density
[17]. Sphericity (ψ) is a measure of how close a body is to the
mathematically perfect sphere, which can be calculated by using
the relationship

ψ =
π1/3 (6Vp)

2/3

Ap
(3)

where Vp is the volume of the pore and Ap is the surface area. Pores
formed due to lower energy density may be significant during a
layer formation or multilayer scanning as the pores are formed
due to partial melting. However, during the single-track formation,
only keyhole pores are identified, and the discontinuity observed
due to lower energy density have not been considered as pores.
Figure 7(a) shows the reference point used to measure the pore loca-
tions. The locations of the pores are measured from the beginning
of the scan track (X ), the deviation of the pore from the middle
of the track (Y ), and the depth of pore centroid from the substrate
free surface over which a single track is formed (Z ). Figure 7(b)
shows 12 pores formed at the end of a single track created with
parameters 195 W and 400 mm/s (0.49 J/mm), and Table 3 shows
the detailed characteristics of those pores. The sphericity of all
the pores is above 0.8, which mean that they have a nearly spherical
shape [17]. These are the pores formed due to very high energy
input, and the pores are formed up to 200 µm deep which indicated
that the pores are the result of deep penetration melting. In addition,
the pore centroids formed due to keyhole mode melting are located
very close to the center of the laser beam.

3.3 Process Effects. It has been recognized that laser power
and scan speed would affect the single-track property. The mode
of melting during the single-track formation depend upon these
parameters and the metallographic studies showed that at high
line energy densities keyholes pores are formed [34]. But the
number of pores formed at different LEDs is unknown. Therefore,
this study aims to find the relationship between the energy density
and the keyhole porosity. Besides keyhole pores, pores may also

Fig. 6 A 3D pore on right is rendered from the 2D images from the left

Fig. 7 (a) Pore location definition and (b) detailed view of pores formed at the end of scan track from 195 W 400 mm/s parameters
(0.49 J/mm)

Journal of Manufacturing Science and Engineering JULY 2019, Vol. 141 / 071004-5



form at the end of the track due to the collapse of the depression
upon turning the laser off [35]. Hence, a wide range of LEDs has
been selected to investigate the pore formation, and the results are
explained in Sec. 3.3.1.
In the laser melting process, power is the most significant param-

eter while determining the penetration depth [36], while laser speed
is a significant factor toward the width of the heat affected zone
[37]. The behavior of the melt pool would change with changes
in the laser power and the scan speed. As the LED does not corre-
spond to the unique laser power and scan speed, it may not be used
as an individual parameter to define the optimal processing condi-
tion. For the same LED, the level of porosity may change depending
upon the combination of the laser power and the scan speed. Hence,
it becomes important to inquire about the effect of different levels of
power and speed within the same LED toward porosity. Section
3.3.2 explains the effect of the power and speed on the porosity
within the same LEDs.

3.3.1 Line Energy Density Effect. The energy density, e.g.,
LED in single tracks determine how much energy per unit length
is being supplied to the powder bed system. Thus, the peak temper-
ature of the melt pool as well as the magnitude of depression will
change. As a result, the melt pool length, width, and depth will
depend on the LED. Figure 8 shows the single-track morphology
obtained from different LEDs. The results indicated that the track
width is proportional to the LED. As the energy density increased,
the track width increased. For the same power, the amount of heat
input per unit area increases as the scanning speed decreases. The

investigated parameters formed a dense track, and no balling beha-
vior was observed. However, for 125 W, 1200 mm/s discontinuity
in the track was observed at certain locations. This may fall
within the transition region between conduction mode melting
and incomplete melting.
Figure 9 presents the 3D rendered pores and their location along

the single tracks for three cases: 195 W and 200 mm/s (0.98 J/mm),
195 W and 400 mm/s (0.49 J/mm), and 195 W and 600 mm/s
(0.33 J/mm). The frequency of the pore decreased with increasing
scan speed for the same power level. Pores during deep penetration
melting are formed due to keyhole instability [38], and the reduction
in pore count may indicate that the severity of keyhole fluctuation is
reduced with decreasing energy density. In addition, only 4 pores
were observed for 195 W and 600 mm/s compared with 41 pores
for 195 W and 400 mm/s. This difference may be due to the transi-
tion from keyhole mode melting to conduction mode melting.
Among the four pores observed for 195 W and 400 mm/s case,
one pore formed at the end of the track was significantly larger
than the other three. The pores at the end of the tracks are observed
in other low energy density cases as well. When the laser turns off at
the end of the single track, the melt pool flows to fill the depression
formed during the laser scanning. However, due to rapid solidifica-
tion, the melt flow may not be able to fill the depression, especially
when the depression is deeper as a result of which the pores are
formed [35].

Fig. 8 Single-track morphology from different energy densities Fig. 9 3D pore view observed at different process parameters

Table 3 Location and properties of 9 pores from 195 W and
400 mm/s (0.49 J/mm)

Pore
ID

Volume ×105

(µm3)

Equivalent
diameter
(µm) Sphericity

X× 104

(µm)
Y

(µm)
Z× 102

(µm)

1 1.38 29.7 0.89 1.17 1.34 2.02
2 3.96 42.3 0.88 1.15 −3.33 1.88
3 3.15 39.2 0.89 1.14 −3.29 1.84
4 7.11 51.4 0.89 1.09 6.04 1.58
5 1.60 31.3 0.82 1.06 −3.72 1.81
6 1.02 26.9 0.95 0.98 −16.9 1.70
7 4.18 43.1 0.90 0.97 1.9 1.61
8 2.87 38.0 0.89 0.96 −2.49 1.16
9 1.97 33.5 0.88 0.94 4.81 1.53
10 3.64 41.1 0.9 0.91 14.5 1.45
11 0.25 16.9 0.84 0.88 17.5 1.42
12 9.47 56.5 0.87 0.82 −10.2 1.78
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Figure 10 shows the average diameter and depth of the pores
formed with different LEDs. The standard deviation shown in
the error bar indicated that there is a huge variation in the size of
the pores formed within the same single track compared with the
depth of the pores. In general, as the energy density increased,
the average pore diameter and depth increased. High energy
density would increase the melt pool temperature due to which
material evaporation occurs leading to the formation of a vapor
column. As the absorptivity of the melt pool increases with the
formation of a vapor column, keyhole depth is also increased
[39]. The size of the vapor column depends on the applied intensity,
and the collapse of bigger vapor column may lead to larger pores
while the collapse of narrower vapor column may lead to smaller
pores. For the highest energy density of 0.98 J/mm, average pore
depth is 252.5 µm. The average diameter of the pores formed as a
result was 47 µm, with the range from 8 µm pore to 127 µm.
The pores are formed at different depths with different process

parameters. It is difficult to explain the melt pool depth resulted
from different power level with the study of porosity alone.
However, the pore depth would provide an insight on how deep
the keyhole penetration is as the metallurgical studies show that
keyhole pores are mostly formed at the bottom of the melt pool
[20,34]. And the keyhole penetration increased with increasing
energy density. Besides, another study also showed that for the
same speed, increasing the laser power would increase the
keyhole depth which may induce more keyhole pores [40].
Figure 11 summarizes the average pore volume and the number of

pores formed from the single tracks with 24 different energy densi-
ties. The averages were taken from three replicates, and the error
bar shows the minimum and the maximum pore number and pore

volume obtained from three replicates. The keyhole porosity
decreased with decreasing energy density as the magnitude of the
keyhole effect decreased. Among the investigated energy densities,
the maximum average number of pores and volumes were observed
for 0.88 J/mm (195 Wand 400 mm/s). The pore number is obviously
higher for 0.88 J/mm compared with 0.98 J/mm (195 W and
200 mm/s); however, the range in pore volume showed no clear dif-
ference between these two energy densities. Nonetheless, the energy
densities with the power of 175 W (0.44 J/mm with 400 mm/s and
0.29 J/mm with 600 mm/s) resulted in higher number as well as
volume of pores compared with the power of 195 W with respective
scan speeds (0.49 J/mm with 400 mm/s and 0.33 J/mm with
600 mm/s). These results influenced the study of power and speed
effect toward keyhole porosity.
The results are further interpreted based on the power and the

speed in Fig. 12. A plot has been generated to identify the variation
in average pore volume within the same scan speed. The trend of
porosity is repeated, as for the same power, the porosity level
decreased with increasing scanning speed. In addition, for the
same speed, increasing the power would increase the pore volume
with an exception from 175 W to 195 W, which may have some
relationship with the keyhole depth and its stability.
After analyzing the energy density effect on porosity, it was

observed that the pore number and pore volume generally increased
with increasing energy density. However, there is a significant
drop in pore number and pore volume when LED increased from
0.31 J/mm to 0.33 J/mm and 0.44 J/mm to 0.49 J/mm. In addition,
the average pore number and pore volume also decreased when
LED increased from 0.88 J/mm to 0.98 J/mm. The energy densities
where the drop in the porosity occurred had the same power of

Fig. 10 (a) Pore diameter and (b) pore depth summary from different LEDs

Fig. 11 Total pore volume corresponding to different energy densities used
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195 W. These results suggest that energy density may not be
enough criterion to determine the porosity level, as power seems
to contribute more towards porosity. Moreover, it has been reported
that the volumetric energy density is not an appropriate metric to
quantify melt pool depth [33], which may also contribute toward
porosity. Hence, individual effects of power and speed of the
same energy have been investigated.

3.3.2 Effect of Power and Speed at the Same Energy Density.
Based on the LED effect study, three energy densities which
resulted in the keyhole pores have been selected to study the
effect of the power and the speed within the LEDs. The single-track
morphologies obtained from a different combination of laser
power and scan speed (LED= 0.48 J/mm) have been presented in
Fig. 13(a). The average widths from all the tracks were measured,
and the range of the track width and the averages have been sum-
marized in Fig. 13(b). The track morphology shows that when the
power level is low, a discontinuous track is formed even at a
higher energy density. This behavior is like that of the low
energy density cases of an incomplete melting regime. When a
low power is used, the applied energy is not enough to form a
fully developed melt pool, and partial melting leads to the balling
formation. The balling formation at the high energy density but

low power and scan speed may be explained based on the temper-
ature of the melt pool. The peak temperature within the melt pool
for a beam moving with a speed v is [20]

Tmax =

��
2

√
AIσ

k
��
π

√ tan−1
����
2D
vσ

√
(4)

where A is the absorptivity, σ is the half width of Gaussian beam at
the surface, I is the laser intensity which is related to the laser power
(P) as I=P/2πσ2,D is the thermal diffusivity of the molten material,
and k is the thermal conductivity. Based on the analytical expression
presented in Eq. (4), the peak temperature to a great extent depends
on the laser power rather than scan speed. Hence, lowering the laser
power within the same energy density would mean lowering the
melt pool temperature. If the power is too low, partial melting
may occur like that in 24 W and 50 mm/s case. Such discontinuous
tracks are observed for lower power cases in other energy densities
as well: 16 W and 50 mm/s and 32 W and100 mm/s for 0.32 J/mm
and 20 W and 50 mm/s for 0.4 J/mm energy densities.
As the power and speed was increased, it resulted in the forma-

tion of continuous and wider tracks. 48 W laser power with
100 mm/s speed only resulted in an average track width of
146 µm, whereas track width beyond this power and speed were

Fig. 12 Average pore volume at different power and speed

Fig. 13 (a) Single-track morphology and (b) track widths at different process parameters for LED=0.48 J/mm

071004-8 / Vol. 141, JULY 2019 Transactions of the ASME



over 190 µm. The melt pool width remained indifferent with further
increase in the power and the speed. This may be due to the keyhole
mode melting as the flow became dominant along the depth which
resulted in almost a similar track width.
The longitudinal cross sections of the single tracks for 0.48 J/mm

LED have been presented in Fig. 14. The longitudinal section of the
single track with 24 W and 50 mm/s shows wavy profile due to dis-
continuity in the track. As the power and speed were increased, the
waviness was reduced, and continuous, dense tracks were formed.
Single tracks with 48 W and 72 W did not reveal pores, while as
the power increased beyond 72 W, numerous pores were observed.
Furthermore, the average depth of the pores increased with an
increase in power as shown in Fig. 15(b). Pore depth has a lower
deviation compared with the pore diameter within the same track.
The results show that the characteristics of the keyhole highly
depend on the level of power.
The increase in pore depth with an increase in power within the

same energy density may be explained with the nondimensional
depth during laser melting. It has been shown that in the laser
welding, the nondimensional depth of the weld (δ*), which is the
ratio of depth to the beam diameter, is related to the laser parameters
and material properties by the expression [41]

δ* = fn
ACP

ρhs
������
Dvσ3

√
( )

(5)

where C is a constant with no dimensions and hs is the enthalpy at
melting. From Eq. (5), it is apparent that the power has more effect
on the depth of the melt pool.
Figure 16 presents the summary of the effect of the power and the

scan speed on the pore count and the pore volume. The average pore
number and pore volume along with their range obtained from three
replicates are presented. It is observed that the level of porosity
increased with increasing energy density for the same level of
power. In addition, as the power and speed increased for the same
energy density, the pore count and the total pore volume increased.
As the power would affect the keyhole depth, pore count and
volume may increase with increasing power. However, this was
not always true for the same energy density as increasing power
after a certain level decreased the pore number as well as pore
volume. In addition, power appeared to be more significant
toward the pore volume as the critical power seems to be similar
for all three cases. At low power and low speed, no or very few
pores were observed. The pore count increased significantly
around the power of 100 W and continued to increase until
140 W. For 0.32 J/mm LED, the average maximum volume of
the pore was observed at 130 W. However, for 0.4 J/mm and
0.48 J/mm, the maximum number and volume of pores formed at
140 W and 144 W, respectively. As the power was further
increased, the total pore volume decreased while the depth of the
pores increased.
The observed results in Fig. 16 may be explained with the help of

Fig. 17, which shows the relationship between the excess pressure
due to evaporation ((p+ po)/po) and the surface tension pressure,
depending upon the normalized keyhole radius a/σ [42]. The pres-
sure on the keyhole wall (p+ po) is normalized with an ambient
pressure po, and the keyhole radius (a) is normalized with laser
beam radius σ.
Equations (6) and (7) show the energy balance and pressure

balance equations, which can be solved numerically to obtain equi-
librium keyhole radius [42]. The energy balance equation is

qabs = qλ + qabl (6)

where qabs is the absorbed energy flux density, qλ is the heat con-
duction losses, and qabl is the energy carried away by evaporation.
And the pressure balance equation is

pabl(a) = pΥ(a) (7)

where pabl(a) is the evaporation pressure and pΥ(a) is the surface
tension pressure. Based on these, there exist two equilibrium
states as shown in Fig. 17: point A and point B. Point A is called
an unstable equilibrium as the surface tension exceeds evaporation
pressure to its left which leads to collapsing keyhole, while to the
right, evaporation pressure exceeds the surface tension pressure
and keyhole will expand to the equilibrium state B. Furthermore,
five different evaporation pressure curves are shown for different
absorbed laser power per thickness (Pabs/d). It shows that there

Fig. 14 Longitudinal sections from the single tracks with ED=
0.48 J/mm

Fig. 15 Pore diameter and pore depth summary from process parameters of LED=0.48 J/mm
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exists a threshold value of the absorbed laser power per thickness
(curve 3) below which a keyhole cannot exist. This would
explain the formation of keyhole pores at higher power and speed
and incomplete melting at lower power and speed, which has
been shown in Fig. 14. That is, for the same energy density,
when the power and speed keep on increasing, the melting mode
changes from partial melting to conduction melting to keyhole
melting. In addition, the probability of pore formation increases
around unstable equilibrium, and as the keyhole diameter further
increases with an increase in power, the keyhole melting is stable,
and the probability of pore formation decreases. This may be the
reason for the trend observed in Fig. 16. As the power was increased
to around 140 W, the unstable equilibrium was reached, and with a

further increase in power, the keyhole became more stable thus
reducing the number and volume of pores.

4 Conclusions
In this study, laser single-track scanning was conducted using

an EOS M270 and Ti-6Al-4 V powder with different parameters,
total 24 different LEDs, ranging from 0.1 J/mm to 0.98 J/mm,
to investigate the relationship between the porosity severity
and the LED. Keyhole pores formed in the single tracks were mea-
sured using a SkyScan 1173 micro-CT scanner, followed by data
analysis to obtain individual pore geometry and the overall charac-
teristics such as the pore volume, the pore depth, the sphericity,
etc. Moreover, to investigate the laser power effect under the
same energy density on the keyhole pororisty, three energy LED
levels, 0.32 J/mm, 0.4 J/mm, and 0.48 J/mm, were tested with a
wide range of laser powers. The results and analyses lead to the
following conclusions.

(1) At the same LED, increasing the laser power shows a distinct
transition from incomplete melting to conduction melting,
and to keyhole melting. Considering 0.48 J/mm, at a low
power level (24 W and 50 mm/s), balling formation due to
incomplete melting is observed. On the other hand, as the
power increases from 96 W to 195 W, keyhole pores are
observed, and the depth of the pores increases with increas-
ing the laser power.

(2) Keyhole porosity generally increases with increasing the
LED. However, it is observed that the porosity decreases
when the LED increases from 0.31 J/mm to 0.33 J/mm,
from 0.44 J/mm to 0.49 J/mm, and from 0.88 J/mm to
0.98 J/mm.

(3) For the pore size, the equivalent pore diameters measured
are in a wide range, from 8 µm to 127 µm and the fre-
quency of larger pores appears higher in higher LEDs,
which show increased average pore diameters. In addition,
the pores are deeper from the surface with the increase of
LED.

Fig. 16 Pore count and pore volume obtained at different process parameters from different energy densities (a) 0.32 J/mm,
(b) 0.4 J/mm, and (c) 0.48 J/mm

Fig. 17 Stability of keyhole formation affected the evaporation
pressure and the pressure due to surface tension at different
energy densities [42]
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(4) The power/speed effect study shows that the level of the laser
power is highly influential toward the keyhole porosity due
to its influence on the keyhole stability. For the same LED,
e.g., 0.40 J/mm, the pore number and the pore volume
increase with increasing the power until about 140 W and
then both the pore number and volume decrease, if the
power is further increased. This may be due to the stability
of the keyhole formation at different laser energy intensities.
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