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Abstract

The definition of process parameters depending on the
geometry of the workpiece is one of the main challenges
for Selective Laser Melting (SLM). The possibility to
use different emission modes is an essential feature of
the contemporary fiber lasers, which still requires
further attention for controlling the melt pool size. Most
of the commercially available SLM systems operates
with continuous wave (CW) emission lasers. As a
consequence, a substantial effort has been directed
towards obtaining full densification by considering the
variation of process parameters in CW modality. Pulsed
wave (PW) emission achieved by power modulation of
a fiber laser is preferred by a smaller fraction of the
industrial SLM systems. The differences between the
two emission regimes, advantages and disadvantages in
their use have not been fully understood.

Accordingly, this work proposes a comparative study
between the two emission regimes in SLM, namely PW
and CW. For this purpose, a single mode fiber laser is
coupled to a prototype SLM system composed of an
automated powder-bed and a scanner head. The laser
source is extensively characterized for pulsed wave
emission characteristics in a power modulated regime.
Conditions providing the same energy content over the
single track were determined and their effect on single
track densification is studied. High speed imaging (HST)
is used to observe the differences in the melt pool
formation in situ. The overall results confirm that CW
emission provides a larger and more stable molten pool
during the process, resulting in higher deposition rates.
On the other hand, under stable conditions, PW
emission provides relatively narrow tracks, which might
be problematic for porosity formation and at the same
time useful for the production of fine geometries.

Introduction

Amongst the additive manufacturing field, the selective
laser melting (SLM) technology has been identified as
capable of concurring with conventional technologies in
the manufacturing of mechanical components in terms
of mechanical properties [1-3]. The choice of this
powder bed fusion process is convenient with respect to

traditional production methods when low batch
production with high value materials and complex
geometries is required. Process parameter optimization
with the aim of minimizing porosity, reducing
geometrical errors and increasing part accuracy has
been conducted in numerous works[4-9]. The key
process parameter for regulating these part quality
indicators has been identified as fluence, which is the
energy density delivered to the powder bed. Often the
densification phenomenon and the underlying process
dynamics have been studied using fluence and single
track depositions [10-13]. Yadroitsev et al. were
amongst the first to investigate these aspects with the
aim of identifying ideal processing conditions for the
realization of fine features while Li et al. investigated
the balling phenomenon.

These studies were conducted using CW emission with
active fiber laser sources, which are currently employed
by the majority of commercially available SLM
systems[14]. However, a smaller fraction of the
available industrial systems prefers pulsed wave (PW)
emission through modulation of the pumping media
with kilohertz repetition levels. The reasons for the
choice of different temporal emission modes are yet
unclear amongst both the academic and industrial
communities.

The aim of this study is therefore of understanding the
differences in densification mechanisms between PW
and CW emission modes in SLM. A model is presented
to determine process parameters at equivalent energetic
conditions for the realization of single tracks. An open
SLM platform was used for this study, where a single-
mode fiber laser was implemented. The laser source was
extensively characterized in terms power modulation
and the resultant pulse shape and temporal emission
profiles. Subsequently, the experimental campaign at
fixed energetic levels was conducted and specimens
were characterized in terms of track width and volume
of deposited material. High speed videos were
registered on the same system to observe the process
dynamics in-situ and identify the main differences in the
melt pool dynamics during the SLM process. The results
show that CW emission deposits a higher amount of



material and larger track width due to the greater melt
pool dimensions depicted by HSI.

Modelling

PW emission results in an intermittent release of energy
during the process. The use of power modulation for
achieving PW emission results in the fast switching of
the laser source, which results in long pulses with peak
power similar to the maximum power at CW emission.
Concerning the SLM process, a comparative analysis
requires that at least the same amount of energy is
released on the powder bed both with CW and PW
emissions. With fixed power, temporal spacing of the
pulses in PW emission, hence the scan speed has to be
compensated.
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Figure 1 Temporal profile of different emission modes
at constant energetic input with same peak power Py,
(a) CW, (b) PW with 6=0.6, (c) PW with 6=0.4

It is possible to formulate a model that defines process
parameters for PW and CW emission regimes at fixed
released energy levels during the SLM process.
Concerning a single-track deposition, the energy input
Eline [J] can be calculated as:

Eline = Pavg *Lline (D

where Py, [W] is the average power output delivered
by the laser source and t;;,. [s] the period of time the
laser beam takes to complete the line. If continuous
wave emission regime is considered, it is possible to
define:

Eline cw = Pew * tiine cw 2

where Pcy is the power delivered by CW laser emission
and tecw 1S:

l
Liinecw = o 3)
cw

where / [mm] is the length of the single track and
Vew [mmV/s] is the scan speed during CW laser emission.
Therefore, we can define:

Few

1 (4)

Eline cw =
cw

where Ejj,e cw [J] s the line energy of a track produced
using CW laser emission.

Concerning the PW emission mode, the “on-the-fly”
scanning mode is commonly used, which implies that
the galvanometric mirrors are moving continuously
while the laser is pulsating. Accordingly, the average
power delivered by PW emission has to be taken into
account (P4 [W]), thus:

Eline pw = Pavg * tiine Pw )

An important parameter related to the PW emission is
the duty cycle, which is defined as:

8 =t,n - PRR (©6)

where #,, is the pulse duration and PRR is the pulse
repetition rate. PRR can be further defined as:

1
PRR = ———— 7
ton * tors )

where #,; is the laser off time between consecutive
pulses. The lower values of duty cycle indicate a larger
temporal spacing between consecutive pulses, while the
duty cycle of CW emission is 1. In the hypothesis of
using the “on-the-fly” scanning mechanism, we can
define ;e pw [S] as:

l
tiine pw = U_ (®)
pw

where v, [mm/s] is the scan speed during PW laser
emission. Hence,

P avg

1 9)

Eline pw =
w

Equating Ejine cw = Eline pw»> by applying the condition
of constant energy delivered per single track produced
in PW and CW laser emission, it is possible to define
the vy, as:

P
Upw =%'Ucw (10)
cw

Using Equation (9) it is thus possible to calculate the
scan speed required to transfer the same amount of



energy with PW and CW. In order to simplify the
comparison of the different emission modes, the scan
speed of CW emission has been taken as reference in
this work. For each reference case, an equivalent scan
speed for CW (vgygq) is determined and tested with
different PW emission.

Materials and methods
Material

Gas atomized AISI 316L stainless steel powders were
used throughout the study (Cogne Acciai, Brescia,
Italy). The particle size varied between 19.7 pm (do.1)
and 44.6 pm (doo) with the average at 29.8 um. The tap
density was 5 g/cm®, whereas the nominal material
density is 8.1 g/em?.

Prototype SLM system

Figure 2 Image of the SLM prototype system

An in-house developed prototype SLM system (shown
in Figure 2), namely Powderful, was employed
throughout the study. A complete automation of the
powder bed was implemented. The control of the system
was conducted in a LabView environment (National
Instruments, Austin, TX, USA).

The open set-up of the system allowed for operating
both in controlled atmosphere and open chamber. In the
case of processing in closed chamber configuration, a
vacuum was applied down to 50 mbar of pressure first,
and then argon gas was introduced. This procedure was
repeated 3 times.

Optical chain and laser source

A single mode active fiber laser source, which could
operate both in CW and PW emission (IPG Photonics
YLR-150/750-QCW-AC, Cambridge, MA, USA), was
used in the experimentation. The laser beam was
coupled to a scanner head (El.En. Scan Fiber, Florence,
Italy) and the scan path trajectory was designed using
LogoTag software (Taglio, Piobesi d’Alba, Italy). The
optical chain consisted in a 60 mm collimating lens and
a 255 mm f-theta lens, resulting in a theoretical beam
diameter of 55 um on the focal plane.

The laser source was extensively characterized in terms
of temporal emission modes and average power output
during PW and CW emission modes using a power
meter (Laserpoint W-3000-D55-HPB-RS, Vimodrone,
Italy). The diode pumping current is the main parameter
used to set the power level. Pulse duration and duty
cycle could be set via a trigger signal. During CW
emission, maximum output power (at 100 % diode
pumping current) resulted being Pcw=244 W. The pulse
temporal profiles were acquired using a fast photodiode
at the maximum pumping current level (Thorlabs
FGA10 InGaAs, Newton, NJ, USA). Duty cycles and
pulse durations were commanded through the trigger
signal. Seven levels of duty cycle between 0.2 and 0.8
and 3 levels of pulse duration between 100 and 200 us
were tested. Average power of all the tested conditions
was measured. Pulse energy was calculated using the
following expression:

Epulse = avg/PRR (11)

The photodiode output in voltage was converted to a
power profile by a numerical derivation using the
average pulse energy.

Table 1 Factors varied to characterize power temporal
profiles during PW emission

Fixed factors Levels
Diode pumping current, PI [%)] 100
Variable factors Levels
0.2; 0.3; 0.4;0.5;
Duty cycle, 3 0.6:0.7; 0.8
Pulse duration, ton [p1s] 100; 150; 200
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Figure 3 Pulse temporal shapes during PW emission.
Effect of duty cycle (at fixed value of pulse duration
ton=100 ps). (a) =0.2, (b) 6=0.4, (c) 6=0.6, (d) =0.8.
Trigger signal commanding diode pumping current in
blue, power temporal profile in red.

In Figure 3, the effect of duty cycle on the temporal
emission modes is shown. Increase in & implies a
reduction of tof. Since the laser source employed in this
work has non-negligible fall times greater than the latter
parameter, this results in an almost-continuous emission
at high values of duty cycle. Hence, in order to achieve
a pulsed wave emission with an effective power
variation, it is mandatory to use a maximum duty cycle
of 6=0.6.

Furthermore, both in Figure 3 and Figure 4 it is possible
to view the presence of significant rise times in the laser
emission. This aspect is independent of the duty cycle
parameter whereas a minimum pulse duration of 100 ps
is required to reach a peak power emission equivalent to
the maximum power output during CW emission.
Further increases in the pulse duration imply a longer
emission maximum output power emission values
whilst the fall time of the laser emission is not affected
by this parameter.
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Figure 4 Pulse temporal shapes during PW emission.
Effect of pulse duration at different levels of duty cycle
(a) 8=0.4, (b) 5=0.6.

High Speed Imaging

The realization of single tracks during the SLM process
was also observed by means of a high-speed camera
with maximum acquisition rate of 900 000 fps, namely
FASTCAM Mini AX 200 (Photron, Tokyo, Japan). The
CAVILUX HF laser source (Cavitar, Tampere, Finland)
was synchronized with the camera shutter speed for
high speed illumination of the area of interest.
Schematic representation of the experimental set-up for
the HSI observations is shown in Figure 5. Videos were
acquired at 30000 fps with a resolution of 512x384
pixels to observe the effect of the emission modes and
512x288 pixels to view the process at different levels of
equivalent scanning speed, thus resulting in two
different fields of view (estimated respectively as
2.20x1.65 mm? and 5.43x3.05 mm?).
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Figure 5 Schematic representation of the HSI set-up

Single track characterization

Single tracks realized in the experimental campaign
were characterized in terms of track volume (¥7),mean
width (w) and mean height (#). Measurements were
done using focus variation microscopy (Infinite Focus
from Alicona, Graz, Austria). Acquisitions were made
on an area of 30x55 mm? with 5X objective on the scan
plane. Estimated lateral and vertical resolutions were 7
pm and 0.5 pm respectively.

Figure 6 Example of track width and volume
measurements of a single track.

Experimental plan

CW and PW emission modes were compared at fixed
peak power levels produced with the maximum pump
current level. Layer thickness was fixed at 50 um, which
is conventionally used for AISI 316L[15-17]. Focal
point was set at the powder bed surface. Through

preliminary experiments, stable processing conditions
with CW emission were identified at scanning speeds
between 50 and 450 mm/s. Accordingly, equivalent
scan speed levels were fixed at 50, 250, and 450 mm/s.
PW emission was tested at different levels of duty (0.4-
0.6) and pulse duration (100-200 ps), in order to better
comprehend the effect of temporal spacing of the pulses.
Experiments were carried out under Ar. The fixed and
varied factors during the realization of single tracks are
indicated in Table 2. Each experimental condition was
replicated four times.

Table 2 Fixed and varied factors for HSI process
observation for CW and PW emission single tracks

Fixed factors Value
Single track length, / [mm] 30
Layer thickness, ¢ [um] 50
Diode pumping current, PI [%] 100
Peak power, Py [W] 244
Focal position, Az [mm] 0
Variable factors CW emission Value
Scan speed, ve,, [mm/s] 50; 250, 450
Variable factors PW emission Value
Scan speed, veweo [mm/s] 50; 250, 450
Duty cycle, & 0.4; 0.6
Pulse duration, #o, [pus] 100; 200

Results
High Speed Imaging observations

High speed imaging observation of the process was
done for each experimental condition with the off-axis
configuration previously indicated.

Effect of scanning speed

Figure 7 compares the images obtained at different scan
speeds using CW emission. At lower values of scan
speed the melt pool is notably wider. As the energetic
scan speed is increased, the melt pool elongates. Rather
than a more effective heat transfer along the scan
trajectory, this is expected to be due to a more limited
heat transfer in the powder bed depth.

With reference to the particle motion surrounding the
melt pool, at higher values of scan speed, advancement
of the laser beam is faster than the particle motion
therefore the phenomenon is more contained. The
smaller interaction time of the laser beam with the



powder bed with greater scan speed affects the melt pool
dynamics and results in a smaller denudation effect and
suction of neighboring particles. Nonetheless, an
excessive increase in terms of scan speed generates a
balling phenomenon therefore a balance between the
two conditions must be considered.

50 mm/s

Vew

250 mm/s

Vew =

450 mm/s

Vew

Figure 7 High speed images of the melt pool during the
SLM process with CW emission at different levels of
scan speed (contour indicated in red). (a) ve,=50 mm/s;
(b) ven=250 mm/s; (¢) ve,y=450 mm/s

Effect of emission modes

The variation of the temporal emission modes greatly
affects the melt pool dimension and its behavior. As
shown in Figure 8, the melt pool is effectively larger and
longer during CW emission. The HSI videos also depict
an intermittent behavior in the melt pool dynamics when
PW emission is employed. The effect of pulse duration
on the melt pool dimension when observing the HSI
videos on the other hand is less evident and does not
sensibly affect the length and width of the melt pool. If
we consider CW emission as effectively having a
unitary value of duty cycle (6=1), we can state that the
melt pool stability increases with increasing values of
duty cycle and is notably wider.

cw

0.6, T,, = 200 us

4=

6 =0.6,1,, =100 us

04, 1,, = 200 us

6=

Ton = 100 us

6 =104,

Figure 8 HSI of the SLM process at constant ve,zo=50
mm/s showing effect of emission modes on melt pool
dimension (contour indicated in red).

The particle motion in proximity with the melt pool is a
relevant phenomenon that could be observed with high



speed imaging. With CW emission, the majority of the
gas atomized particles in the surrounding of the melt
pool area tended to be attracted towards its center whilst
a few were ejected possibly due to the formation of
metallic vapor. This effect was much less evident with
PW emission, due to the narrower melt pool, thus
resulting also in a smaller denudation effect in the
surrounding melt pool area.

Track width

The qualitative observations of the high-speed imaging
acquisitions were confirmed by the track width
measurements (shown in Figure 9), which can thus be
considered as representative of the melt pool width. A
significant increase in terms of track width with
different emission modes can be noted. Furthermore, at
lower energetic input values (i.e. higher values of
equivalent scan speed) there is a decrease in terms of
track width, representative of the melt pool restriction
in these operating conditions. On the other hand, within
the same equivalent speed conditions, differences in the
temporal characteristics of the pulses related to duty and
pulse duration appear to be insignificant.
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Figure 9 Track width with respect to process
parameters. Error bars represent standard error.

Volume of deposited material

Analogously to the track width, the volume of deposited
material is coherent with the HSI observations. As
previously illustrated, increasing the duty cycle
(culminating with CW emission with =1) results in a
clear increase in terms of deposited volume, possibly
due to the greater melt pool dimensions, higher stability
and increased suction of neighboring particles. The melt
pool elongation and restriction at higher levels of
equivalent scanning speed, on the other hand, can be

seen as the reason for the lower volumetric deposition
at lower energetic input levels.
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Figure 10 Volume of deposited material with respect to
process parameters. Error bars represent standard error.

Aspect ratio

Variations in terms of track height with respect to
process parameters were analogous to those of track
width. CW emission allowed for higher aspect ratio
deposition (as shown in Figure 11) thus underlining the
effect of different temporal emission modes on melt
pool geometry and solidification phenomena whereas
smaller changes were denoted at different equivalent
scanning speed values.
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Figure 11 Track aspect ratio (2/w) with respect to
process parameters. Error bars represent standard error.

Discussion
The results of the current study evidence a significant

difference in the densification behavior of the powder
bed under the effect of different temporal emission



modes. The in-situ process diagnosis through high
speed imaging allowed for a descriptive analysis of the
phenomena occurring during the process. A strong
correspondence between emission modes and melt pool
dynamics was evinced and this aspect reflects in the part
quality indicators, namely track width and volume of
deposited material. Previous studies using meso-scale
simulation models identify an important link between
the laser radiation interaction with randomly packed
powder beds and melt pool dynamics[18-20],
confirming these observations. Furthermore, according
to the simulations, the strong Marangoni forces
generated by elevated surface tension and steep
temperature difference between the melt area and the
neighboring powder bed determines the lack of particles
near the single-track formation (i.e. the particle suction
previously denoted)[19]. Furthermore, the presence of
recoil pressure in the simulations generates the
spattering effect which was also observed in the present
work[19].

As the experimental results depict, an increase in
process resolution (i.e. reduced track width) can
obtained by employing PW emission which yields a
smaller, more contained melt pool. This effect might be
related to a less efficient heat transfer mechanism
generated by a lower optical coupling between the
powder bed and laser light. Possibly, a result of this
phenomenon is linked with the higher volumetric
deposition with CW emission. In order to explain the
underlying physics of the process it often useful to refer
to analogous processes to SLM and is the case of laser
[21]. According to Assuncao et al., it is possible to
identify the output difference between PW and CW
emission in a variation of the interaction time with a
specific point which modifies the keyhole formation
during the process [22]. Yet it is not possible to confirm
the presence of plasma in the high speed imaging
observations and is hence opportune to refer to models
specifically developed to represent the laser powder
interaction of the SLM process.

In literature, it is commonly accepted to model the
process during CW emission as a volumetric heat source
due to the multiple reflections of the emission radiation
within the powder bed[23,24]. However, no study exists
describing the different physical phenomena underlying
the laser-powder interaction due to different temporal
emission modes. It therefore stands out as a relevant
question whether a variation in the emission regime
affects this aspect and can be taken as a starting point
for future developments of the present work.

Overall, it may be stated that the choice of the emission
regime should be made depending on the workpiece
geometry. For bulk areas, where a higher volumetric

deposition rate is required, CW emission is preferable
whereas the use of PW emission is advantageous in the
realization of finer geometries, requiring greater
precision.

Conclusions

The present investigation compares the effect of
different temporal emission modes during the SLM
process. The laser source used in the experimentation
was characterized in terms of emission profiles and
power output to define the emission radiation.
Successively, an experimental campaign comparing
single tracks realized at fixed energetic deposition
values was conducted.

Results show increases in deposited volume up to three
times with CW emission with respect to pulsed wave
although this also coincides with a significant increase
in terms of track width. Therefore, with the aim of a
higher process resolution it would be helpful to employ
power modulation of the laser source whereas higher
amounts of volume may be deposited with continuous
wave emission.

Process diagnosis, through high speed imaging
observations of each experimental condition, relates
these results to the melt pool dynamics. Melt pool
elongation was observable at increasing levels of
scanning speed. CW emission determines a higher melt
pool stability, larger and longer with respect to PW, thus
yielding a higher deposition of the material.
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