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Abstract

The Laser Powder Bed Fusion (LPBF) process has been historically operating with high brilliance fiber laser
sources with Continuous Wave (CW) emission. Nonetheless, temporal waveform modulation of the laser emission
power at high frequency levels can provide a means to enhance the deposition process by modifying the melt
dynamics and solidification mechanisms. In order to disclose the effect of different waveform shapes and their
parameters, an experimental study using an open LPBF system was conducted. This work configures as the second
part of an investigation on this topic with the aim of validating the analytical model proposed in the first part of
this work. The LPBF system developed enabled to program the power emission profiles during single track
depositions. Four different waveform shapes were tested (namely Square Wave, Ramp Up, Ramp Down and
Triangle Wave) at different levels of waveform amplitude (4P=200-400 W) and different frequencies (f.=2 — 4 —
6 — 8 kHz) during the single track deposition of stainless steel AISI316L. High speed imaging acquisitions allowed
to disclose the melt dynamics and identify the melt oscillation frequency. Larger waveform amplitudes and
waveforms with sudden variations of the emission power generated melt ejections and process instabilities. Stable
conditions could be identified when employing Ramp Up and Triangle waveforms with 4P=200. Melt surface
oscillation frequency corresponded to the values imposed via the modulation of the laser emission power thus
validating the analytical model of Part | which correlated the melt surface temperature to the recoil pressure
induced over the molten pool. Optical microscopy images and metallographic cross-sections confirmed the high
speed video observations. 3D reconstructions of the depositions via focus variation microscopy allowed to

determine the build rates and roughness of the single tracks. Build rates obtained in stable deposition conditions
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with waveform modulation are analogous to values obtainable with CW emission and beneficial effects over the

roughness were reported.
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List of Symbols

Symbol Name Units
BR Build rate mm?3/s
do Beam waist diameter um
facq High speed camera acquisition frequency Hz
fosc,meas Measured oscillation frequency of the melt pool Hz
fosc.theo Theorically predicted oscillation frequency of the melt pool Hz
FOV Field of view pixel x pixel / mm x mm
fw Waveform frequency Hz

I Single track length mm

I Layer thickness um

m Number of replicates -

M? Beam quality factor -

Pavg Average laser emission power w

Pk Background power of laser emission W
Prmax Maximum emission power W

Pk Peak power of laser emission W

SR Spatial resolution pm/pixel
texp Exposure time of CMOS camera us

tran Laser fall time T
tinumination ~ EXposure time of illumination light Hs

tort Laser off period T

ton Exposure time T

trise Laser rise time s

trot Waveform period us

\ Volume of deposited material mm3
0 Duty cycle Non-dimensional
AP Waveform amplitude w
Aobs Observation wavelength nm
Aprocess Laser emission wavelength nm

a Thermal diffusivity m?/s
A Spatial wavelength of the process pum




1 Introduction

The development of the Laser Powder Bed Fusion (LPBF) process and its widespread adoption on behalf of the
industrial community has progressed at an exceptional rate in the past years as demonstrated in the review by
Schmidt et al.[1]. Advancements in the architecture of laser sources, from systems with CO, or Nd:YAG active
mediums to high brightness Yb:glass fiber lasers, enabled the transition to complete melting and solidification of
the feedstock material yielding fully dense material [2]. Nonetheless, major challenges reside in the process
productivity as well as the microstructural control obtainable. The thermo-fluid dynamic aspects of the melt pool
generated by the laser material interaction are of fundamental importance in ensuring a stable and fruitful
deposition process. Thus the strong interest of the scientific community in investigating different solutions in terms

of laser beams and their parameters to maximise the process efficiency

Since the introduction of the fiber laser in the Additive Manufacturing (AM) market in the early 2000s, these laser
sources have been consolidated in industrial LPBF systems. As reviewed by Caprio et al. [3] and Gusarov et al.
[4] the majority of system manufacturers employs Gaussian shaped beams with continuous wave emission of the
laser to process the metallic powder. The process resolution and performance are intrinsically connected to the
molten pool characteristics generated by the laser-material interaction when the beam is scanned at elevated
velocities over the powder bed. Industrial solutions currently provided have been concentration on the use of

multiple single-mode laser beams over the same scanning area to improve process productivity.

Still, it has been shown that the use of spatial and temporal beam shaping techniques may be beneficial for the
process outcome. With regards to spatial modulation of the beam shape, Roehling et al. [5,6] showed the potential
of elliptical beams to obtain a greater microstructural control over the LPBF process. Other investigations were
conducted employing spatial beam shaping as solutions to crack formation or to enhance the processability and
productivity of metals [7-9]. The combined effect of single-mode laser beams is typically employed to maximise
the productivity of LPBF components as shown by Heeling and Wegener although Zhang et al. demonstrated their

use to generate periodic structures during the deposition[10,11]. Futuristic work regarding the use of an optically



addressable light valve to directly obtain a projection of a layer (or part of it) instead of scanning the process light

with galvanometric mirrors was reported by Matthews et al. for the processing of tin[12].

Alternatively, attempts at enhancing the LPBF process have been researched in the use of pulsed wave (PW) laser
emission to optimize. Early work by Mumtaz and Hopkinson [13] showed that different shapes of the emission
profile generated by a flash pumped Nd:Yag laser source in the millisecond regime may allow on the roughness
profiles of thin walled structures. Caprio et al. through high frequency modulation showed that pulsed emission in
the s regime yields a finer molten pool which improves the process resolution although it has a detrimental effect
on the volumetric deposition rate[14]. Successive work by Demir et al. indicates that modulated emission may be
employed to avoid the formation of overheating region during the LPBF process[15]. Evidence that temporal
modulation with respect to continuous wave (CW) emission has an impact on mechanical properties of materials
has been reported by Biffi et al. [16] for AISi10Mg and by Wilson-Heid et al. [17] for Ti6Al4V. Xiao et al. [18,19]
have showed that for powder blown directed energy deposition of IN718, modulation of the power emission in the
millisecond range can have a positive effect in improving both elongation and yield strength due to the reduced
formation of Laves phase. Recent work by Baraldo et al. [20] also shows how conventional laser power modulation

may be employed to build a control architecture.

Fiber laser systems typically employed in industrial LPBF machines enable the fast modulation of the emission
with negligible rise and fall times (< Sus in changing between zero and the peak level of emission power). This
technological aspect enables user to regulate the laser emission through arbitrary waveforms which may be
optimised to enhance the Laser Powder Bed Fusion process. Applications of power temporal waveform modulation
as a process enhancement tools may be found in other laser material processing fields. For instance, Neto et al.
[21] experimented different waveforms and square waves to obtain a finer grain structure to improve the
mechanical properties of the weld bead. On the other hand, Temmler et al. employed sinusoidal power variations
for surface structuring applications of IN718 alloy[22]. Further works in the welding field, show the applicability
of temporal waveforms during the laser welding of AZ31 Mg alloy and hybrid MIG-laser welding of pure copper

[23,24].



Observing the current industrial and scientific panorama, the use of temporally modulated laser emission profiles
emerges as a possibility to enhance the LPBF process and requires further attention. The present work configures
as the second part of a preliminary investigation on the effect of different waveforms during the single track LPBF
deposition of AISI316L. The overall logical scheme reporting the structure of the research conducted is shown in

Figure 1.
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Figure 1. Overall structure of the research conducted to investigate the effect of temporally modulated beams during the LPBF
process

The first part, presented in a separate publication, reports an analytical model to predict the effect of power
modulation over the melt dynamics. The model allows to estimate the temperature field generated by a time-
varying power input during the LPBF process. Given the temperature distribution it is possible to estimate the
recoil pressure induced over the melt and consequently the oscillatory motion induced characterised by a
theoretical oscillation frequency (fosc,theo). This manuscript, which configures as the second part of the research,
reports the results of an experimental investigation conducted to validate the model predictions and provide an
insight over the potential of waveform modulation as an enhancement tool for the LPBF process. An in-house
made flexible LPBF system with a laser source with programmable profiles was employed to obtain single track

depositions with the use of different waveforms. High speed imaging acquisitions with external illumination were



conducted to observe the effect over the molten pool dynamics and characterize surface melt oscillations by
measuring the melt oscillation frequency (foscmeas). FOCUS Vvariation microscopy enabled the three-dimensional
reconstruction in order to assess volumetric deposition and roughness of the single tracks. Results provide the first
empirical indications with regards to promising waveform shapes and their parameters as an improvement tool of

the LPBF process.

2 Materials and methods

2.1 LPBF system

An open prototypal Laser Powder Bed Fusion system was used for the present investigation since it enabled the
integration of high speed imaging equipment with the laser system and process chain. The system has been
presented in detail in previous publications where its open architecture has enabled faster process development
due to its flexibility in integrating different hardware components or laser systems [15,25,26]. A rubber recoater
is put in motion by two stepper motors to deliver the powder feedstock over the process area whilst a z-axis enables
the user to control the layer thickness. The powder delivery system and motion are controlled by an in-house
developed Labview program. (National Instruments, Austin, TX, USA). Localised inertization of the laser-material
interaction area was achieved via a gas nozzle blowing 99.999% pure Ar gas at a pressure of 3 bar delivered
through a 6 mm diameter tube. Inert gas flow can affect significantly build quality as reported by Ferrar et al.[27].
From a phenomenological perspective, gas flow rate can impact on both the thermal and fluid dynamic aspects as
observed by Zhao et al. during the welding process [28]. Hence, modifications to plasma plume induced by
different inertization conditions can significantly modify the deposition conditions as observed by Chen et al.[29].
In order to maintain the experimental conditions under control, the inertization procedure was maintained

consistent throughout the baseplate and in the different experiments conducted.

2.2 Laser system and process chain
A single mode 1000 W fiber laser was employed as process light during the current investigation (nLight Alta,

nLight, Vancouver, WA, USA). The emission wavelength (Aprocess) corresponded to 1078 nm. The laser beam was



collimated prior to entering a scanner head (Smart Scan, Smart Move GmbH, Garching bei Munchen, Germany)
which allowed to deflect it on the work area. The deflected beam was focused onto the workplane by means of a
420 mm F-Theta lens thus achieving a theoretical beam waist diameter (do) of 78um. The nLight Alta 1kW laser
source enables the programming of laser emission waveforms through the graphical user interface of the laser
system. The a priori programming of the laser emission enables a fast control of the power profiles with rise (trise)
and fall times (tran) lower than 5 ps thus providing a high flexibility in the choice of temporal waveforms.
Moreover, the laser source permits the programming of laser emission profiles with modulation between non-zero

values.

An EC1000 controller card was employed to coordinate the laser emission with its trajectory on the work plane,.
A 5V digital signal from the controller unit was employed to trigger the laser emission with the desired waveform
whilst controlling the motion of the galvanometric mirrors through the XY2-100 protocol. Scan Master Designer
software was used to define the scan paths and manage the digital outputs to the laser system (Cambridge

Technologies, Bedford, MA). The overall specifications of the laser system are reported in Table 1.

Table 1. Specifications of the laser system and optical process chain

Parameter Value

Maximum emission power, Pmax 1000 W

Beam quality factor, M? 1.19

Emission wavelength, Aprocess (Nnm) 1078

Rise and fall time trisesan <5us
Beam waist diameter, do (Um) 78

2.3 Materials

The baseplate for the single track depositions was a 12 mm thick AISI316L stainless steel plate machined to fit
onto the prototypal LPBF platform. Gas atomized of the same material with a granulometry comprised between
15 and 45 um was employed as feedstock material. In Table 2 the chemical composition of the AISI316L powder

is reported.



Table 2. Chemical composition of the AISI316L powder

Element C Si Mn p S Cr Mo Ni Co Ti Fe
wt (%) 0.02 052 150 0.010 0.007 173 246 114 - - Bal.

2.4 High speed imaging equipment

High speed videography of the LPBF process were obtained by using a fast acquisition CMOS camera (Fastcam
Mini AX200, Photron, Tokyo, Japan) coupled with an external illumination light (Cavilux HF, Cavitar, Tampere,
Finland). The secondary light is pulsed non-coherent laser beam (wavelength 4.,s=640 nm) which is employed to
dominate the emission from the process and disclose the actual molten pool geometry. In accordance with the
design cues for a monitoring set up defined by Mazzoleni et al. [30], the acquisition frequency of the illumination
laser was synchronised with the acquisition rate of the high speed camera, whilst the exposure time of the CMOS
sensor (texp) Was regulated to slightly exceed the pulse duration of the Cavilux HF emission (tiumination). In order to
observe the laser material interaction and molten pool with sufficient spatial and temporal resolution, the field of
view (FOV) was set to 1024 pixels x 96 pixels allowing to achieve a frame acquisition frequency facq of 50 kHz.
The imaging unit was set to obtain a high magnification which yielded a spatial resolution (SR) of 5.5 um/pixel

on the focal plane. The details of the imaging set up are reported in Table 3.

Table 3. Specifications of the high speed imaging set up

Parameter Value
Observation wavelength, Aops 640 nm
Exposure time, texp 0.49 s
[llumination time, timination 0.39 ps
Spatial resolution, SR 5.5 um/pixel

1024 pixels x 96 pixels
5.632 mm x 0.528 mm

Acquisition frequency, facq 50 kHz

Field of View, FOV

The high speed video acquisitions could be employed to measure the melt pool oscillation frequency according to
the methodology developed by Caprio et al. [25,31]. The frames acquired were analysed by identifying a region
of interest (ROI) just behind the laser-material interaction position and quantifying the specular reflections of the
secondary illumination light in such region. The specular reflections were measured through the summation of the

pixel intensities to yield a time-varying intensity indicator lsunroi. Finally, analysing this time-varying signal in
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the frequency domain and employing Thompson’s multi-taper method to estimate the Power Spectral Density of
the signal it was possible to identify the peak which corresponded to the main oscillation frequency of the melt
fmei. The overall configuration of the experimental set up showing both the LPBF system and the high speed

videography equipment is reported in Figure 2.

Figure 2. Experimental set up consisting of prototypal powder bed, laser system and high speed imaging equipment

2.5 Experimental Plan

The aim of the present work is to provide a preliminary investigation regarding the effect of different temporal
waveforms during the LPBF process. Hence, the experimental campaign was designed to explore the impact of
different temporal emission profiles on the melt motion via the high speed videos and comparing such with the
predictions reported in part I: Analytical modelling of the present work. The experiments were designed to provide
a constant energy per scan track. Hence, the laser scanning speed (v) was fixed at 300 mm/s and the average
emission power (Payg) at 200W. Such conditions, in the case of continuous wave emission of the laser power (i.e.
without temporal modulation) were shown to provide a stable process for the realisation of thin walled specimens

during preliminary experiments (which are not reported for brevity in the present manuscript). Hence, the CW

11



emission could was taken as reference condition of a stable process. Four different wave shapes were investigated,
namely Square Wave (SQW), Triangle Wave (TRW), Ramp Up Wave (RUW) and Ramp Down Wave (RDW).
Square Wave with a duty cycle level of 50% was considered representative of typical processing conditions when
employing modulated emission as investigated in past research by Caprio et al. [3]. On the other hand, the other
waveforms exhibited shapes with gradual increases in laser emission power from the background to the peak level
(corresponding to Ramp Up), gradual decreases (Ramp Down) and both a gradual increase and decrease (i.e.

Triangle Wave emission). In Figure 3, their schematic representation is reported.

(a) Generic Wave ‘ (b) Continuous Wave - CW

(¢) Square Wave - SQW (d) Ramp Down Wave - RDW

(e) Ramp Up Wave - RUW (f) Triangle Wave - TRW

Time, 7 (s)

Figure 3. (a) Schematisation of parameters for a generic waveform, (b) Continuous Wave CW emission, (c) Square Wave SQW, (d)
Ramp Down Wave RDW, (e) Ramp Up Wave RUW and (f) Triangle Wave TRW

Four different levels of wave frequency were associated to the present investigation (f,=2-4-6-8 kHz) such that
the spatial wavelength of the waveform did not exceed twice the waist diameter of the laser beam (4w
correspondingly ranging from 150 to 36 pm). Two levels of amplitude 4P were associated to the waveforms such
that power oscillated between Py=100 and P»=300 W and between Pu=0 and Px=400 W (i.e. 4P=200-400 W).
The emission profiles were measured a fast photodiode prior to the experimental study. Linear paths of 20 mm
length with associated the different experimental conditions were scanned over a 50 pum thick powder bed with

12



localised Ar gas inertization (as done in previous investigations by Caprio et al.) [31]. Details of the experimental
campaign are reported in Table 4. The conditions tested empirically correspond to the simulations realised for part
I: Analytical modelling. Each experimental condition was replicated twice (m=2 ) in order to assess the main
effects of the waveforms parameters whilst considering the wide range of experimental design. This number of
replicates was considered sufficient to discern the main effects within this first investigation on the topic given
past experience of the authors and in accordance with literature which conducted investigations also with a single

replicates)[32,33].

Table 4. Fixed and variable factors of experimental campaign

Fixed factors

Shielding gas Argon
Material AISI316L
Average power, Payg (W) 200
Scan speed, v (mm/s) 300
Layer thickness, I; (um) 50
Replicates, m 2

Variable factors

Square Wave — Triangle Wave
Ramp Up — Ramp Down

Wave frequency, fu (kHz) 2-4-6-8
Wave Amplitude, AP (W) 200 - 400

Temporal waveforms

2.6 Characterisation equipment

Optical microscopy was employed for qualitative evaluation of the single track depositions. A focus variation
microscope (Infinite Focus, Alicona, Graz, Austria) was employed to obtain three-dimensional reconstructions of
all the single tracks deposited. Acquisitions with 5X magnification had a vertical resolution of 0.5 um and lateral
resolution of 7 um. By measuring the volume of deposited material V it was possible to determine the build rate

according to the following relation:

Vv
BR=——

M)
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where | is the length of the single track. In the case material was ejected from the deposition region this
corresponded to negative values of build rate. Average surface roughness of the top profile of the single track
depositions could also be measured using the focus variation microscopy acquisitions employing a cut-off
wavelength of 800 um. Measurement variability was assessed during preliminary acquisitions on representative
samples and was thus assessed as orders of magnitude smaller with respect to the measurement values. For such
reason measurement error bars are not reported in the results section but rather only the individual measurement

values.

In order to disclose the sub-surface geometry of the melt, the single tracks were cut transversally to conduct
metallographic analysis. After mechanical grinding and polishing, the cross-sectional geometry of the melt was
exposed by means of a chemical etchant which consisted in a solution with 1 part of nitric acid 65% concentration,

1 part chloridic acid 37% concentration and 1 part distilled water.

In order to verify the effective temporal profile of the laser emission, the waveform emission in the different
conditions was acquired by means of an InGaAs photodiode (FGA10, Thorlabs, Newton, NJ, USA). The

measurement procedure is described in detail by Caprio et al. [14].
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3 Results

3.1 Verification of the laser emission profiles

The emission profile in the different conditions tested throughout the experimental plan are reported in Figure 4.
The measured pulse profiles realised with the laser system reflect well the theoretical waveforms programmed.
Only a low power cut-off below 90 W occurs (which roughly corresponding to 10% of the nominal emission level
of the laser system) slightly distorting the waveforms with amplitude 4P=400 W and with rising or decaying

temporal profiles (i.e. Ramp Down, Ramp Up and Triangle Wave).

Laser power temporal pulse profiles
f,=4kHz f,=6kHz f,=8kHz
; 4 400 | ;

AP=200 W
AP =400 W
Nominal trend |\ |

400 st

Power, P (W)

Square Wave
o
=3
(=]

200

=}

400

4 20017

Triangle Wave

0

0 0.2 0.4 0.6 0.8 1
Time, ¢ (ms)

Figure 4. Temporal profile of the laser power in the different waveform employed during the experimental plan. Nominal trend in
black dashed lines and measured temporal profile for AP=200 W in red and for AP=400 W in blue.
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3.2 High speed imaging and melt oscillation frequency measurements

The interaction between the laser beam and the metallic powder was captured by means of high speed videography
and still frames of the acquisitions are reported in Figure 5 for deposition at fixed level of waveform frequency
(fs=2 kHz) in the different variations of the process parameters (the full recordings of a representative condition
are shown in Supplementary video n°3). The molten pool contours shown in Figure 5 allow to qualitatively identify
the molten pool geometry at the specific instant reported. On the other hand, the melt geometry is more easily
detectable observing dynamically the high speed imaging videos reported in Supplementary video n°3. The melt
geometry is easily identifiable in the illuminated frames acquired since it appears to be in motion with respect to
the static background and it is characterised by a dark black appearance with occasional bright reflections over the
melt surface. More advanced analysis techniques to identify and measure the molten pool geometry such as those
presented by Caprio et al. in previous work however could not exploited due to the significant challenges posed

by the considerable melt ejections[31].

Observing the high speed acquisitions, it can be clearly noticed that the higher level of waveform amplitude
(4P=400 W) generates greater melt ejections with respect to the case with 4P=200 W. This aspect confirms the
estimates reported in Part I: Analytical modelling which indicated that higher values of recoil pressure would be
instantaneously induced over the melt due to the higher peak temperatures achieved at greater levels of waveform
amplitude. Concurrently, the conditions with greater melt ejections correspond to situations where the molten pool
length results being shorter of hundreds of microns. This phenomenon is consistent with the loss of material which
appears more significantly in the case of waveforms with sudden increases in emission power (i.e. Ramp Down
and Square Wave). Moreover, lower waveform amplitude conditions (4P=200 W), beyond exhibiting fewer

gjections, also report a more stable and constant molten pool geometry.
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Figure 5. Frame from the high speed imaging acquisitions at a fixed level of waveform frequency fw at different levels in terms of
waveform and wave amplitude 4P. The reader is also referred to Supplementary Video n°3. Molten pool contours highlighted
manually in yellow.

In terms of waveform shapes, a stable melt formation may be observed in the case of the Ramp Up and Triangle
Wave profiles. Contrarily to observations by Mumtaz and Hopkinson [13] during the deposition with a ms-pulsed
Nd:YAG source, Ramp Down pulse waveform appear to have a detrimental effect during single-track depositions.
The reason for such effects appears to be related to the sudden increase in laser power emission over on the molten
liquid which generates an immediate rise in recoil pressure and may cause melt ejections. The principles of such
physical mechanism were described by Semak et al. [34] when defining the onset of keyhole formation.
Analogously, melt instability effects may be denoted when the Square Wave is employed. This aspect is once
again in accordance with the predictions of the analytical model which identified peaks in terms of recoil pressure
whenever a fast variation in terms of emission power occurs. The high speed imaging acquisition Triangle Wave
and Ramp Up profiles at 4P=200 W, on the other hand, show a stable melt formation which is symptomatic of a

consistent deposition process.

The effect of the waveform frequency is more difficult to be observed qualitatively from the high speed

videography. Thus in order to characterize the effect of the waveform frequency over the melt dynamics, the melt
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surface oscillations where characterised by measuring the reflections of the illumination light. The time-varying
indicator of the intensity of the surface reflections was analysed in the frequency domain and the power spectral
density (PSD) of the experimental conditions can be estimated. Figure 6 reports the PSD estimates as a function
of the waveform frequency and for the two levels of waveform amplitude tested for the Square Wave whilst Figure
7 for the Triangle Wave. The predicted values of the oscillation frequency according to model estimates of Part
1:Analytical modelling are reported as black dashed lines in Figure 6 and Figure 7. The oscillation peaks of the
PSD can be clearly identified in correspondence of the theoretical frequency induced over the melt or in multiples

or dividers of such frequency.
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Figure 6. Power Spectral Density estimate of the lsumroi indicator for the Square Wave condition which allowed to identify main
oscillatory peaks. Black dashed line indicates expected oscillation peak according to analytical model. PSD estimate of replicate 1
and replicate 2 respectively in blue and orange.
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Triangle wave, AP=200 W
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Figure 7. Power Spectral Density estimate of the Isumroi indicator for the Triangle Wave condition which allowed to identify main
oscillatory peaks. Black dashed line indicates expected oscillation peak according to analytical model. PSD estimate of replicate 1
and replicate 2 respectively in blue and orange.

As predicted in Part I: Analytical modelling of the present work and confirmed by the correspondence between
theoretically predicted values and oscillation peaks reported in Figure 6 and Figure 7. The correspondence between
imposed frequency and melt oscillations has also been confirmed by Heider et al.[35] during the laser welding of
Cu alloys. Interestingly enough, the melt oscillation induced over the material occurs independently of the

waveform shape employed, as demonstrated in the power spectral density estimates reported in Figure 8 for f,=2
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kHz and with 4P=200 W. Also in the case of the different waveforms an agreement between the imposed

waveform frequency and the oscillatory peaks of the power spectral density may be found.

PSD estimate: AP =200 W, f,=2 kHz
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Figure 8. Power Spectral Density estimate of the lsumror indicator which allowed to identify main oscillatory peaks. Black dashed
line indicates expected oscillation peak according to analytical model. PSD estimate of replicate 1 and replicate 2 respectively in
blue and orange.

3.3 Characterization of single track depositions

Figure 9 shows top view optical microscopy images of the single tracks deposited with the different waveform
profiles. The melt dynamics observed via the high speed videography find a correspondence in the consolidated
track geometries. Evidently, the conditions which present sudden increases in the temporal profile of the emission
power (i.e. Ramp Down and Square waveforms) displayed greater instabilities in the deposition process such as
melt ejections and report a discontinuous track formation with the presence of humps similar to balling instability.
On the other hand, conditions where a stable melt formation could be denoted in the high speed videos (Ramp Up
and Triangle wave) exhibit a continuous seam symptomatic of a stable process. As reported in literature by
Yadroitsev et al., these single track deposition conditions should be investigated attentively when moving toward
multi-track and multi-layer depositions[36]. Although evidence of stable single track deposition may be considered
as the first step towards the development of an additive manufacturing process, when moving towards multi-track

and multi-layer processing conditions significant challenges can be expected due to the effect that neighbouring
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scan tracks can have. For instance, variations in the melting conditions when moving from the first track to multi-
tracks during a single layer deposition have been observed experimentally by Bruna-rosso et al.[37]. Further
attention towards the deposition of bulk specimen is therefore required to extend the applicability of temporal

waveform modulation to multi-track and multi-layer conditions.
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Figure 9. Top view image of the single track depositions obtained with the different waveform shapes and the two levels of waveform
amplitude. Images representative of the different frequency levels.

In order to disclose the sub-surface melt geometry, metallographic analysis was conducted on the deposited
samples. Figure 10 shows representative conditions for the different waveforms and waveform amplitude tested
in the current work. Although the cross-sections have been cut transversally to the laser advancement direction
and can thus be considered representative of a instant of the deposition, the . In general, depositions with a lower
waveform amplitude (4P=200 W) tend to not exhibit pores . Contrarily, at 4P=400 W, porosity is often found in

the single track depositions and a high variability in terms of penetration depth may be observed. The higher
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waveform amplitude oscillation in the case of the Square Wave clearly exhibits the morphology of keyhole induced
pores which are generated by an elevated level of recoil pressure which enables the a deep penetration within the

base material.
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Figure 10. Metallographic cross-sections for the various combination of waveform shapes and wave amplitude 4P. Cross-section
representative of the different wave frequency levels.

An important indicator in terms of process stability is the build rate achievable at single track level, reported for
the different conditions in Figure 11. This parameter allows to clearly display conditions which enable a stable
LPBF process. On the other hand, negative build rates might be of greater interest for material removal processes
where waveform modulation can be an useful tool as indicated by Ly et al. for the laser drilling process [38].
Waveform shapes with sudden increases of the emission power (i.e. Ramp Down and Square waveforms), appear
to be more apt for material removal processes considering the negative build rate reported for such conditions in
Figure 11. This aspect thus suggests that rather than employing the conventional Square Wave shape for temporal
modulation, gradual ramping of the power emission can avoid generating sudden rises in terms of recoil pressure
over the melt surface and with a reduced perturbation of the melt dynamics (as confirmed by the high speed

imaging observations previously discussed).

As anticipated by the high speed imaging acquisitions and optical microscopy images, conditions with a large
waveform amplitude (4P=400 W) tend to be detrimental for the deposition process and are generally below the
reference level of the CW emission deposition. On the other hand, when the waveform oscillation is limited in

terms of magnitude (4P=200 W) the deposition process stabilizes and values comparable to CW emission are
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reported. Once again, the waveform shapes which promote a stable deposition behaviour are Ramp Up and

Triangle Wave.

Always analysing the data reported in Figure 11, there appears to be a significant trend, whereby lower levels of
waveform frequency tend to promote higher values of build rate. Such effect appears to be most significant in the
case of less stable depositions where defects typical of keyhole formation are observable. This aspect may be
correlated to the fact that lower levels of waveform frequency, from a single pulse temporal perspective, imply a
longer period where the melt is exposed to the higher levels of emission power and consequently greater levels of
recoil pressure (in accordance with higher peak temperatures reported in Part | for such conditions). Thus at single
plus level, a greater deformation of the melt-surface may be expected possibly modifying the coupling behaviour
between the incident laser beam and the melt due to a greater amount of internal reflections. Such effects which
imply modifications in the process dynamics have been reported in literature for the keyhole welding [39]. Similar
changes have been reported by Cunningham et al. at different power levels under CW emission during the LPBF
process, but may be expected to occur periodically during time-modulated laser emission[40]. In order, to validate
such hypothesis, further investigation are required to analyse the melting front of the keyhole (for instance via X-
ray transmission imaging of the process). Nonetheless, the fact that at lower levels a higher build rate is reported
is most likely correlated to the coupling efficiency between the laser beam and the underlying material. However,
a limiting effect may be expected in employing excessively low modulation frequencies since the process might

well revert to surface structuring dynamics as in the work by Temmler et al.[41].
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Figure 11. Individual value plot of build rate for each combination of process parameters. Dashed line in red to indicate reference
level for CW emission deposition. Error bars reporting measurement variability are not reported due to low standard deviation.

In terms of quality, the single track deposition were characterised by means of roughness which are reported in
Figure 12. As a consequence of the instability generated by the excessive power variations, single tracks deposited
with large levels of waveform amplitude (4P=400 W) yielded inconsistent results with values well beyond the
reference level of CW emission. Analogously, the Ramp Down and Square Waveform at 4P=200 W exhibit high
values of roughness. On the other hand, Ramp Up and Triangle Wave deposition appear to be promising
candidates, even achieving beneficial effects at single track level with respect to the CW deposition. In such cases,
the use of lower waveform oscillation frequencies yielded lower values of roughness. Thus, the use of waveform

modulation may be a viable solution to improve the surface finishing of AM produced components.
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Figure 12. Surface roughness of single track top profile for each combination of process parameters. Dashed line in red to indicate
reference level for CW emission deposition. Error bars reporting measurement variability are not reported due to low standard
deviation.

4 Discussion

Results of the present work are still preliminary and obtained at single track level which thus implies that further
work is required to disclose the effect over multi-track and multi-layer components. Nonetheless, indications
towards the appropriate choice of parameters for temporal modulation in the LPBF process has been provided and
are in accordance with the theoretical predictions of the analytical model presented in Part | of this work. Beneficial
effects appear to be correlated to the surface finishing of the depositions but may also have an impact over the
metallurgical aspects. For instance, the possibility of controlling the melt flow and its motion frequency may allow
the breaking of dendrites during the rapid solidification process or alter the solidification rates. Similar approaches
have been implemented via beam spatial oscillation by Hagenlocher et al. and by Wang et al. to modify the
solidification conditions during the laser welding of crack susceptible Al-alloys [42,43]. Future developments

related to a more detailed analysis of the metallurgy of the deposited samples may help disclose such aspects.
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Figure 13 reports the mapping of the measured molten pool oscillation frequency against the nominal values in
the different experimental conditions (i.e. waveform shape, amplitude and frequency). As reported previously, the
oscillation frequency foscmeas Measured via the high speed imaging videos in this work found a strong

correspondence to the imposed waveform frequencies fy.
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Figure 13. Molten pool oscillation frequency foscmeas measured via the high speed imaging acquisitions against nominal waveform
frequency fw for experiments at (a) 4P=200 W and (b) 4P=400 W. Dashed lines report analytical model prediction for fosc theo

The majority of the measured values of foscmeas ShOwn in Figure 13 correspond to f. with a directly proportional
relationship confirming the analytical model predictions (fosctheo = ). On the other hand, in some cases multiples
or submultiples of the frequency are identified via the PSD analysis of the high speed acquisitions. The relationship
fosctheo = fw is in agreement with the analytical model formulated in Part | of the present work based on the
assumption of a linear transfer function between the forcing frequency and the melt pool. However, the fact that
the melt pool oscillatory motion evolves towards sub-multiples of the forcing frequency is typical of non-linear
systems[44]. This phenomenon can be observed in a pronounced manner at the higher levels of waveform
frequency tested in the current experimental campaign independently of the waveform amplitude and shape
employed. A non-linear behaviour, as the one denoted at higher levels of waveform frequency (and consequently
Simon’s number), may be found in a wide variety of physical problems dealing with both mechanical and fluid
dynamic aspects of the latter[45,46]. As could be expected, this indicates a complex dynamics associated to the

molten pool motion under study which may require more advanced modelling approaches. Computational fluid-
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dynamics could be of aid in representing the full complexity of the problem and proposing exact predictions. Still,
the analytical modelling proposed in Part | which indicates the recoil pressure as the dominating factor in
influencing the molten pool oscillations may be considered valid if we can accept the hypothesis of a linear

mechanical system.

The experimental results reported in the present investigation allow to validate the model correlating the melt pool
surface motion to a temporally modulated power input for stainless steel AISI316L. Nonetheless, considering that
the recoil pressure generation mechanism has been documented for different materials and that analytical model
presented in Part | may adapted to consider different thermophysical properties, it is possible to consider that the
relationship between laser waveform modulation and melt pool oscillation will be found consistent also for other
materials typically processed by LPBF. Clearly, the interaction area and magnitude of the pressure field over the
molten pool surface will be strictly regulated by the thermal field generated by the laser material interaction (thus
the thermophysical parameters of the material and the energy coupling mechanisms). Still, it is possible to expect
that the temporally modulated behaviour will be maintained and that the material oscillatory behaviour will
correspond to the input waveform frequency value. Analysing the scientific literature it is possible to observe that
the oscillatory behaviour generated by a temporally modulated beam has previously been reported by Stritt et al.
during the laser welding of Cu[47,48]. Considering the results by Temmler et al. on IN718 with waveform
modulation of the laser power, it may be expected that such relationship may also be found truthful for Ni-based

alloys[41].

A parameter which can be extrapolated from the analytical model of Part | and that governs the thermal field of

the process is Simon’s number Si which is defined as[49,50]:

_ 8nfya

Si
12

)

where a is the thermal diffusivity. Simon’s number represent the ratio between the speed of the thermal waves and
the waveform frequency of the heat source employed. Although in the present work this non-dimensional number

was varied by modifying the waveform frequency parameter only, the results reported suggests that the ratio
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between scan velocity and the waveform frequency is a significant parameter to take into account since it may
eventually induce changes in the oscillatory behaviour of the melt. The other parameter which is often employed
to characterise the waveform emission spatial behaviour is the spatial wavelength of the process (4w) which
represents the distance travelled by the laser beam between two successive peaks. Such a parameter is strictly

correlated to the definition of Simon’s number and is formulated as[22]:

.
 fw

Accordingly with observations by Temmler et al., a lower super-position between successive peaks (i.e. a greater

Aw (3)

Aw) generates a periodical structuring of the surface which may be beneficial in the case of surface texturing
applications whilst it might be detrimental for an additive manufacturing process where stable bead formation is
preferred[22]. Thus it may be argued that elevated values of Simon’s number may be considered symptomatic of
a tendency of the system towards a non-linear dynamical behaviour whereas in the case the waveform frequency
results too low, a significant separation between successive peaks in the power emission profile may generate a
periodical deposition. Hence, in order to control the molten pool oscillation frequency, a compromise between
these two conditions must be sought beyond limiting the amplitude 4P which has proven detrimental due to the

increased melt ejections.

An further point of discussion, is correlated to the hypothesis of the recoil pressure dominating the other dynamical
aspects involved (such as viscous forces and Marangoni convection). This consideration is valid in the case of
large amplitude forces such as does induced in the conditions tested throughout this work (4P=200-400 W) where
oscillations could be clearly identified at multiples or submultiples of the imposed waveform frequency. On the
other hand, lower amplitude variations of the laser power may be ineffective in modifying the melt flow should
the forces generated over the molten liquid be smaller than the other dynamic aspects involved. A valid approach
to quantify the recoil pressure exerted may be found in the work by Cullom et al. and may be the subject of future
activities[51]. The sensing principle employed in the present work effectively allowed the measurement of the

oscillation frequency via the PSD estimate of the intensity signal from the high speed videography. However, such
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method is not appropriate for a quantitative measurement of the recoil force exerted. Once again, computational
fluid-dynamic approaches may provide quantitative estimates of the necessary 4P to control the oscillatory motion

in terms of amplitude.

The results of the present work may be of interest and applicable to different advanced laser manufacturing
technologies, ranging from welding to surface structuring or directed energy deposition. Knowledge of the driving
relationships regarding the thermal and dynamic phenomena may eventually enable the means to develop novel
closed loop control architectures as well as enhance the process development and applicability of laser based
manufacturing techniques to crack-susceptible materials. Moreover, such techniques may be implemented in
different additive manufacturing processes yielding positive effects in terms of resolution and metallurgical
features. Evidence of modulated emission impacting the metallurgical features of Laser Metal Deposition has been
reported by Xiao et al.[18,52]. In general, further studies aimed at investigating the material metallurgy with the

the proposed temporal waveforms may also be of interest.

5 Conclusions

The present work demonstrates that the use of temporal waveform modulation of the laser power during the LPBF
process effectively modifies the melt flow. The analytical model developed in Part | of the present research which
correlated the temperature field generated by the laser beam to the recoil pressure induced over the melt surface
thus generating variations in the melt flow has been validated. The melt oscillation frequencies measured from the
high speed videography of the process in the different conditions are well in agreement with the theoretical
predictions of the analytical model. The experimental investigation also provides the design cues for future
experimental design by outlining the effect of different temporal modulation parameters and waveform shapes

over the solidification process.

In terms of waveform shapes, rapid rising profiles of the power emission induced significant disturbances over the

melt causing the formation of defects and melt ejections. The most promising waveforms for LPBF depositions
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resulted being the Ramp Up and the Triangle Wave whereas Ramp Down and Square Wave emission are more

prone to process instabilities.

Waveform amplitude should be restrained in order to avoid excessive variations in terms of recoil pressure which
can causes process instabilities such as melt ejections or the formation of keyhole pores. Limited oscillations
around the average emission power showed to be more effective in inducing melt oscillations whilst maintaining

process stability conditions.

Waveform frequency has a second order effect over the melt dynamics and solidification behaviour observable
via the high speed videos, although there is a tendency to induce lower order harmonics in the melt flow at high
levels of f,. This is a behaviour symptomatic of a non-linear mechanical system. On the other hand, lower

roughness can be achieved if lower levels of waveform frequency are employed.

Build rate achievable in stable conditions with waveform modulation are comparable to values obtainable with
continuous wave emission. Moreover, at single track deposition level, the use temporal profiles of the power

emission appears to have a beneficial effect over the roughness.

The possibility of modifying the molten pool oscillatory motion by modulating the laser emission power may
impact significantly the metallurgical aspects of the material, thus future investigations will study such aspects in
a detail. Moreover, the tools developed in the present work for the LPBF technology may be applied transversally

to different laser manufacturing technologies.
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