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Abstract
Selective laser melting (SLM) is a promising additive manufacturing technique applied to various areas such as
aerospace and biomedical industries. Because product characteristics can be controlled by SLM process parameters,
several investigations have been conducted to clarify the relationship between process parameters and product
characteristics. Melt pool, controlled by process parameters, is a suitable resource to determine the product profile
accuracy and mechanical property. Two laser types, continuous wave (CW) and pulse width modulation (PWM), are
typically used in SLM processes, and each has distinct advantages depending on the purpose of the process. While CW
maintains its power constant, PWM presents a repeated pattern with a pulse width. Herein, the main differences in the
process parameters between the two laser types and their effects on the melt pool formation during the SLM process
are explained. The results demonstrate that CW and PWM are favorable for dense and fine structures, respectively.
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I. Introduction
Additive manufacturing (AM) is a technology that
allows the building of an object layer by layer. Current
developments in AM technologies brought attention to its
potential in manufacturing industries including automobile,
aerospace, and medical market [1-3]. AM technologies
allow to design complex objects and manufacture parts in
shorter lead time [4]. AM technologies are classified by the
International Organization for Standardization (ISO) and
ASTM (ISO/ASTM 52900:2015), including powder bed
fusion (PBF), directed energy deposition (DED), binder
jetting, and sheet lamination [5].
Each AM type presents advantages and disadvantages.
PBF is most commonly used for medical implants as PBF
results in a fine surface finish and a small spot size,
allowing the construction of accurate and complex objects
[6, 7]. PBF uses a melting mechanism with a heat source
including laser and electron beam. A layer of metal powder
is placed on a base plate, and the laser beam scan is
followed by a computer aided design (CAD). The process
continues layer by layer until it reaches the top of the plane
[3,8,9].
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As previously mentioned, PBF being the leading AM
technology for medical implants, specific types of PBFs,
such as selective laser sintering (SLS) and electron beam
melting (EBM), are the most widely used due to their
simple operating methods [10-12]. However, SLS presents
a significant challenge for the designing of an accurate
model as SLS lacks in laser precision and powder size [13].
Recently, many investigations have been published to find
an alternative to AM technology, and selective laser
melting (SLM) is one of the promising candidates [9]. In
particular, SLM is highlighted as an alternative for the
EBM owing to EBM’s high cost [14].
In the SLM process, a thin layer of powder is deposited
for each layer and levelled on a substrate plate or the
previous layer [14,15]. While the chamber is filled with an
inert gas to prevent from oxidation during the process, a
laser with sufficient energy to fully melt the powder fuses
the metal particles selectively according to the CAD data
[16].
Although SLM has a high potential to be utilized, it is
necessary to optimize the process parameters, such as the
laser type, laser power, scan speed, and hatch spacing,
which determine the total input energy density consumed to
melt the metal powder [17,18]. Among these parameters, the
laser type only characterizes the laser energy transfer,
whereas the other parameters only define the total amount of
input energy. There are two laser types in laser-based
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additive manufacturing processes: continuous-wave (CW)
and pulse-width-modulation (PWM). While CW lasers
maintain a constant power value, PWM lasers emit at a
certain energy for a specified duration with a duty cycle.
Thus, when the average power is fixed, PWM lasers can
deliver high peak power. Recently, the need for PWM
lasers has increased in the additive manufacturing industry
as the demand for microstructure printing capability has
increased, although the majority being possessed by CW
lasers [19]. However, compared to the numbers of studies
on SLM process parameters, not many publications specify
the difference between the SLM laser types.
Understanding the differences between the two laser
types is important for industrial SLM systems to become
commercially available. Since the running mechanisms of
CW and PWM are different, as mentioned above, the two
laser types have different thermal history during the
manufacture, including temperature variation and cooling
rate that are crucial to the material and mechanical
characteristics [17,20]. Differences in the thermal history
between the two laser types inevitably lead to changes in
the melt pool dimensions, directly translated into the part
accuracy. Moreover, different laser mechanisms result in
additional process parameters for PWM. For this reason,
this study focuses on reviewing how the process
parameters of the two laser types affect the melt pool
dimensions.

volume. The VED is expressed in Eq. (1):
P
J
VED = --------- ----------3υσt mm

(1)

where P is the laser power, υ is the scanning speed, σ is the
hatch spacing, and t is the layer thickness. Sometimes, σ
also refers to the spot size of the laser rather than the hatch
spacing, especially in the case of a single-line printing

II. Selective laser melting parameters
As mentioned before, understanding the relationships
between the SLM parameters is crucial to optimize the
SLM process as the resulting data of SLM can be varied
depending on the SLM parameters used. Because SLM is
a complicated process with irregular phenomena, it is hard
to collect all the data in a simple manner [21]. Although
PWM shares the basic process parameters with CW, such
as laser power and scan speed, it presents unique process
parameters due to its different laser pulse mechanism. For
this reason, the process parameters are reviewed separately
for both laser types.
1. Continuous wave parameters
According to Aboulkhair et al., the SLM process
parameters can be arranged in four categories as illustrated
in Fig. 1: laser-related, scan-related, powder-related, and
temperature-related [21]. Each parameter has a significant
impact on the melt pool dimension. Yet the most studied
and used process parameters are the scanning speed, hatch
spacing, laser power, and layer thickness [21-23]. Using all
the major process parameters, a concept known as
volumetric energy density (VED) is employed to examine
the physical quantities, such as the melt pool dimensions
and microstructures [17,24].
The VED is the amount of energy stored in a unit
www.e-asct.org//DOI:10.5757/ASCT.2018.27.6.113

Figure 1. Selective laser melting process parameter classified
by Aboulkhair et al. (Reproduced under a creative commons
license from ref. 21, Copyright © 2014 The Authors. Published
by Elsevier B.V.)

Figure 2. (a) Relative densities of SLM samples measured at
various laser energy density, (b), (c), and (d) are taken with
optical images at the energy densities indicated in (a).
(Reprinted with permission from ref. 26, copyright © Emerald
Publishing Limited 2017).
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experiment.
Many studies have been performed to understand how
the VED affects the melt pool morphology and mechanical
properties. Yadroitsev et al. used scanning speed and laser
power as process parameters while Han et al. varied
scanning speed and hatch spacing [25,26]. On the other
hand, Xu et al. used all three parameters, the scanning
speed, laser power, and hatch spacing, to investigate the
decomposition behavior of the α' martensitic structures under
the condition of high energy deposition [27]. Many
investigations have been performed to verify the correlations
between the process parameters and the relative density
(RD). A high RD represents a low porosity, and a low RD
represents a high porosity in the material that can cause
future defects. Usually, a high aspect ratio of the laser
power and scan speed, i.e., high energy density, can produce
a high RD in the part due to the most stable formation of the
melting line [28]. However, aforementioned researches
regarding the VED agree that there is a range of VED values
to achieve the maximum RD, as presented in Fig. 2.
As demonstrated in Figs. 2(b) and (d), insufficiently low
and high VED values cause a low RD value, resulting in a
weak bonding of metal particles and pore formations,
respectively. The statement that unsuitable VED value
causes defects agrees with the argument stated by Wei et al
[29]. Although VED has a good correlation with RD, VED
is recently considered as an inaccurate parameter to predict
the melt pool dimensions in SLM. According to Bertoli et
al., the melt pool dimensions from a same VED with
different parameter combinations are not the same [23].
For this reason, investigations with alternate parameter
combinations have been conducted. For example, the peak
temperature from a Gaussian laser source is not correlated
with the ratio P/υ, but instead correlated with P ⁄ υ [29].
Although VED cannot determine the specific melt pool
geometric dimensions, it can still be useful when
combining the four common process parameters and
available to determine a broad guideline for parameter
combinations [23].
The hatch spacing and layer thickness are factors that
affect the porosity and the roughness of the printed part
[21,30]. The larger the hatch spacing, the greater the
porosity is, due to the decrease in intra-layer overlap of the
laser beam [21]. Therefore, if the hatch spacing is large, the
porosity can be reduced by choosing a sufficiently thin
layer that produces a suitable power density to engender
the intra-layer overlap under a given laser power and scan
speed. The large layer thickness also tends to increase the
porosity and the roughness [30]. If the layer is too thick,
the Marangoni force and recoil pressure due to material
evaporation lead to a high instability of the melt flow and
melt splashing, resulting in a large porosity and roughness.
Therefore, in order to minimize the porosity and
roughness, it is necessary not only to adjust the process
parameters to determine the sufficient VED, but also to

create a stable flow of melt pool by finding an appropriate
balance between the hatch spacing and the layer thickness.
2. Pulsed wave modulation parameters
Although PWM shares common process parameters with
CW, the process parameter of CW lasers cannot be directly
transferred to that of PWM lasers owing to the difference
in laser energy mechanisms [19]. PWM parameters are
more complex and have more criteria to be considered.
Square wave shaping of laser power is a common method
to transfer the laser energy in PWM and it is convenient to
understand the energy transfer mechanisms, as presented in
Fig. 3 [19]. The pulse energy E can be expressed as [19]
E =

t on

∫0

P ( t ) dt

(2)

where P(t) is the power function of time t and ton is the
duration of the pulse. The pulse repetition rate (PRR) can
be defined as
1
PRR = -------------------t on + t off

(3)

where toff is the time when the power = 0. Therefore, the
average power (Pavg) can be described as
P avg = E × PRR

(4)

The duty cycle (δ) is another important factor in the PWM
laser. It represents the time over the pulse period and can
be calculated as
t on
δ = -------------------t on + t off

(5)

Figure 3. Schematic representation of (a) temporal and (b)
spatial disposition of pulses (Reprinted with permission from
ref. 19, copyright © Springer-Verlag London 2017).
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As the pulse is repeated with a high frequency in SLM, an
overlap between each pulse exists in PWM laser. The
overlap can be divided in two terms: pulse overlap (Op)
and line overlap (Ol). The pulse overlap happens in the
horizontal direction due to the scan speed and pulse width,
and the line overlap occurs in vertical direction due to the
hatch spacing. Op and Ol can be expressed as
( ds – dp )
O p = --------------------ds
( ds – dh )
O l = --------------------ds

(6)
(7)

where ds is the laser beam diameter, dp is the distance
between the central points, and dh is the hatch spacing.
In other words, CW lasers can also be expressed as
100 % duty cycle and pulse overlap [19,31]. These
differences between CW and PWM lasers result in
different characteristics of energy saturation and cooling
rates depending on the exposed positions.
(1) Pulse shaping
In practice, the laser power does not present a constant
rectangular pulse shape due to an overshoot, even though
the laser input has a rectangular shape [32]. For example,
it results in 75 to 100 % of the peak power for the first 0.71.1 ms, then remains in a steady state for most of the pulse
duration and loses power with rapid cooling in the end. The
details of the overshoot are decided by the SLM process
parameters. Using this characteristic, pulse shaping
techniques can be characterized in two types as shown in
Fig. 4: ramp-up and ramp-down [33]. As the name
indicates, the ramp-up emits more power in the late pulse,
and the ramp-down emits at the early pulse.
According to the investigations on pulse shape and weld
pool dimension studied by Bransch et al, the ramp-down
pulse shape results in smaller melt pool dimensions and
less porosity [32]. The biggest difference between the
ramp-up shape and ramp-down shape is the location of the
maximum power density. The maximum power density of
the ramp-up shape is located at the end of the pulse duration,
where the crater is already formed and the effective
absorptivity is the greatest. In contrast, the ramp-down has a
maximum power density where the energy coupling is the
poorest. For this reason, the ramp-up shape has a bigger melt
pool dimension than the ramp-down shape.

Figure 4. Two types of pulse shaping: (a) ramp-up and (b)
ramp-down.
www.e-asct.org//DOI:10.5757/ASCT.2018.27.6.113

The pulse output is not always equal to the pulse input.
The peak power of the output pulse may vary depending
on the pulse shape. Mumtz and Hopkinson determined that
the ramp-up shape has a lower peak power than the rampdown shape and a rectangular shape [33]. The energy is
induced by the gradual heating at the beginning of the
pulse shape. For similar reasons, the ramp-up shape has a
bigger RD due to the early melt pool generation. Another
parameter to explain the difference in RD is the pulse
width. With a higher ton and a bigger pulse overlap, a
higher RD and a higher dimensional error were measured
[19]. The ramp-up has a longer pulse duration than the
ramp-down because it takes time for the pulsed laser to
create an initial spike [33]. Hence, the ramp-up shape has
a bigger RD than ramp down shape.
(2) Overlap
The overlap is one of the main differences between
PWM and CW in terms of the scanning mechanism. As
mentioned in the following section, the overlap can be
classified into pulse overlap and line overlap.
Each overlap mechanism is related with the hatch
spacing and the scanning speed, as presented in Fig. 3(b).
Therefore, the overlap percentage is one of the crucial
factors to determine the build speed. If the scan speed is
faster or the hatch spacing is larger, the overlap percentages
decrease so that the build speed becomes faster. However,
it causes smaller RD with the higher porosity as the
interlayer bonding is weaker in small overlap percentages
[21].
Compared to the line overlap that can be adapted in both
CW and PWM lasers, the pulse overlap is a parameter that
is only used for PWM lasers. The line overlap is simply
determined by the hatch spacing while calculating the
pulse overlap is relatively complicated. The pulse overlap
is determined by the distance between the central point dp
related with the pulse frequency and the scanning speed.
High pulse frequency and slow scanning speed cause short
dp, thus causing high pulse overlap percentages [19].
Although the factors determining the overlap percentages
of the pulse overlap and line overlap are different, the
overlap mechanisms are similar [21,34]. Li et al. investigated
the effect of the overlap ratio on microstructures [34].
According to their investigation, the micro-crack is reduced
as the overlap percentages increases. As the result is
similar to that of the pulse overlap, It is assumed that the
pulse overlap and line overlap are similar mechanism in
terms of energy density.
The surface roughness (Ra) is a suitable parameter to
detect a premature crack in accordance with overlap
percentages. Mumtaz and Hopkinson used the repetition
rate and scanning speed variations to investigate the
correlations between the overlap and Ra [33]. Ra of the top
surface is determined by the temperature gradients of the
laser beam, and the solidified zone while Ra of the side is

A Review: Melt Pool Analysis for Selective Laser Melting with Continuous Wave and Pulse Width Modulated Lasers 117

affected by partially melted powder particles at the end of
the melt pool.
Several studies have investigated that high laser spot
overlap, low scan speed, and high repetition rates enabling
to reduce top Ra [35,36]. However, a low scan speed and
high repetition rate may cause balling, which is may
detrimental for the density and the surface roughness [33].
By adapting this statement to CW lasers, CW can create a
denser result but with the possibility of dimensional errors
by an excess of the accumulative energy. For this reason,
PWM is more suitable for finer geometries than CW due
its controllability in pulse overlap percentages [19].

III. Melt pool dimension
As each laser type presents different advantages, the
laser should be chosen depending on its purpose. The melt
pool dimension is a significant factor that influences the
line and profile accuracy of a laser-printed part. As CW
and PWM present different process parameters, such as
pulse shaping and overlap, the melt pool dimension for
each case requires separate discussions. In this section, the
researches on the correlation between the melt pool
dimension and the processing parameters according to each
laser type are reviewed.
1. CW melt pool dimension
CW lasers commonly use four parameters: laser power,
scanning speed, hatch spacing, and layer thickness. As Eq.
(1), the formula of VED, is exactly defined by these four
laser processing parameters, it is useful to express the total
input energy transferred into the metal powder via a CW
laser. Although the VED is useful to explain the rough
trend in the experiment, there are limitations to understand
the melt pool formation. From Eq. (1), the energy density
is proportional to the laser power and inversely
proportional to the scan speed. The melt pool geometry can
be expected to be proportional to the energy input.
Yadroitsev et al. designed an experiment to examine the
availability of VED to analyze the correlation between the
melt pool formation and processing parameters [28]. When
the power was reduced, the energy was compensated by
decreasing the scanning speed to fix the VED [28]. The
width and depth of the melt pool increased as the energy
input increased, as expected by Eq. (1). However, despite
the same energy density, the melt pool formation was
different depending on the examined laser process
parameters. The higher laser power produced a stable melt
pool for a wider range of scan speeds. As previously stated,
this indicates that the VED cannot be an absolute factor to
determine the melt pool dimensions.
For instance, in single line printing experiments, the melt
pool is converted from a hemisphere- to a funnel-like shape
as the power density increases, as presented in Fig. 5
[23,37]. The funnel-like shape of the melt pool, called

Figure 5. Cross-sectional melt pool profile of the single-track
deposits produced on a 316
316L
L stainless steel (a) conduction
mode (lower energy inputs), (b) Keyhole mode (higher
(higher energy
inputs) (Reprinted with permission from ref. 23, copyright ©
2016 Elsevier Ltd.).
Ltd.)

keyhole, is engendered by deep penetration of the heat
transferred by conduction and convection inside the melt
pool. The keyhole mode conduction results in vaporization
of the metal and, in many cases, trapped pores in the melt
pool [37]. Therefore, in order to reduce the porosity and
improve the mechanical strength of the printed part, it is
commonly preferable to avoid the keyhole mode
conduction.
In addition to the process parameters mentioned above,
another parameter affecting the melt pool dimension can be
considered. M. Cloots et al. demonstrated that the profile of
the laser beam also has an influence on the shape of the
melt pool [38]. A vortex-lens was placed between the
scanning head and the beam collimator to create a
doughnut-like beam profile at the focal plane. Compared to
the Gaussian beam profile generated by the conventional
laser set-up, the doughnut-like beam profile suppressed the
keyhole mode melt pool even at a low scan speed.
2. PWM melt pool dimension
Although PWM lasers present more process parameters
than CW, the basic melt pool mechanisms can also be
adapted to PWM. For example, in the PWM laser process,
if the power is large or the scan speed is slow, a large melt
pool is formed.
It is necessary to analyze studies of laser welding process
as its dynamics of melt pool is similar to the SLM process
and there are several researches conducted with PWM
lasers. Akman et al. examined the effects of the peak pulse
power and pulse duration on the weld pool formation
during the laser welding process of TiAl6V4 [39]. They
defined the weld pool dimension using four factors: the
width of the heat affected zone (h1), penetration depth of
the weld pool (h2), underfill defects (h3), and width of the
weld pool (h4), as presented in Fig. 6(a).
The result demonstrated that the penetration depth and
the width can be controlled by the pulse energy and pulse
duration. The peak power, rather than the pulse duration,
Appl. Sci. Converg. Technol. | Vol. 27, No. 6 | November 2018
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Figure 6. Laser welding experiment for TiAl6V4 (a) definition
of a weld pool dimension (b) peak power effect on the
penetration depth (c) peak power effect on the heat affected
zone and the weld pool width (Reproduced with permission
from ref. 39, copyright © 2008 Elsevier B.V.).

Figure 7. Dimension error corresponding to various exposure
time (Reproduced with permission from ref. 19, copyright ©
Springer-Verlag London 2017).

has a significant influence on the weld pool dimensions, as
depicted in Fig. 7. When the peak power is lower than
2 kW, the weld pool dimensions expand linearly to the
peak power. In particular, as illustrated in Fig. 7(c), the heat
affected zone enlarges faster than the width of the weld
pool. This is due to the heat transfer to the keyhole wall
being larger than the laser beam direction. For a peak
power higher than 2.5 kW, the penetration depth increases
abruptly due to the enhancement in laser plasma absorption
of the keyhole, as presented in Fig. 7(b). Because the long
pulse duration increases interaction time between the laser
and the material, it can expand the heat affected zone and
the weld pool width, whereas it has a negligible effect on
www.e-asct.org//DOI:10.5757/ASCT.2018.27.6.113

the penetration depth. An insufficiently large peak power
may cause vaporization and crater in the weld pool. In this
case, increasing the pulse duration is an alternative way to
increase the penetration depth with as few defects as
possible.
While Akman et al. focused their research on peak
power and melt pool dimensions, Akbari et al. focused on
the PWM laser parameter relationship between the welding
speed and the melt pool dimension [40]. According to the
result, the width and the penetration depth increased as the
laser welding speed decreased. Nevertheless, the authors
mentioned that keyhole can be caused at lower welding
speed due to a long interaction time.
Pulse overlapping is also an important factor that
contributes to the melt pool dimensions of the parts printed
via PWM laser. The factors that decide the overlapping
area are pulse frequency, laser beam spot size, and
scanning rates [41]. The overlapping area is proportional to
the pulse frequency, and inversely proportional to the scan
rate. Tzeng considered an overlap theory of the pulse
energy to explain the correlations between the melt pool
dimensions and the processing parameters, such as the scan
speed, pulse duration, and average peak power density
(APPD) [42]. The author observed that the increase in
scanning speed associated with a decrease in the overlap
caused a reduction in the melt pool depth and
hemispherical shaping owing to the specific low energy.
This hemispherical shaping can lead to improper welding.
However, increasing the pulse duration results in a high
specific energy, tends to maintain the keyhole mode
formation of the melt pool with a deep depth, despite of the
high scan speed, and increases the volume of melt pool.
This trend is increased by the increase in APPD while the
average power and scan rate are fixed.
Width modulated laser pulse generates different size and
dynamics of melt pool and microstructures compared to
CW lasers owing to the pulsed energy injection. There is a
comparative study between PWM and CW lasers for direct
laser metal deposition processes (DLMD) [43]. According
to the study, PWM creates a beat-like motion of the melt
pool according to the pulse duration and presents a rapid
cooling rate. The melt pool of PWM presents a higher
curvature than that of CW. As a result, the finer columnar
dendrite structures with relatively high tilting angle were
developed by PWM lasers owing to the curved
solidification front and the rapid cooling rate. This study
was conducted for DLMD; however, the results on melt
pool dynamics and microstructure formations are expected
to be applicable for SLM process owing to the similar
mechanisms of PWM.
Although the pulse duration may be considered as a less
defect-causing factor, it engenders dimensional errors. In
Demir et al.’s study, the geometrical error has been
increased when the exposure time increased [19]. The
results are presented in Fig. 7, where eavg, ton, and Op are the
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average dimensional error, pulse duration, and pulse
overlap, respectively. It can also be concluded that moving
towards CW from PWM causes more dimensional errors.

IV. Conclusion
The SLM process parameters for both CW and PWM
have been identified. The basic melt pool mechanism is
similar in both laser types: the high energy input causes
large melt pool dimensions. The concept of VED can
approximately predict the melt pool dimensions; however,
it cannot be an accurate criterion for melt pool dimensions.
In particular, the heat conduction mechanism must be
carefully considered to achieve the correct characterization
of the melt pool dimensions. The review considered the
main process parameters for CW and PWM lasers. As
PWM presents different laser mechanisms compared to
CW in terms of pulse shaping and overlapping, it presents
more process parameters, such as pulse duration, repetition
frequency, and peak power density. Moreover, the melt pool
dimensions have to be considered with the respective
process parameters. PWM is advantageous for fine structure
printing due to its pulse control capability, whereas CW can
provide lower porosity. It is important to determine the
difference in process parameters and characteristics of the
two laser types and choose the favorable laser type
accordingly.
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