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Abstract

While the majority of laser powder bed fusion metal additive manufacturing uses a continuous wave
(CW) laser heat source, some commercial applications of laser powder bed fusion (LPBF) additive
manufacturing instead involve the modulation of the laser power on tens-of-microsecond timescales
as an adjustable process variable. This article reports the use of iz situ, high speed X-ray and optical
imaging to probe melt pool fluid flow, defect formation, and nearby powder motion during LPBF
with both modulated and CW laser heat sources. We observe melt pool dynamics unique to modulated
laser melting even at very high duty cycles that are related to fluctuations in vapor depression depth,
complex pore formation mechanisms, and changes to denudation physics when compared to CW
melting. These behaviors are present in Ti-6Al-4V, 316L stainless steel, and AL1100 alloys but vary
slightly as a function of material, indicating a substantial dependence on the viscosity and surface
tension of the liquid metal. While high duty cycles produce weld tracks of comparable quality to CW
melting, lower duty cycles introduce substantial defect concentrations. At intermediate duty cycles,
careful control of modulation parameters can repeatably and precisely yield one pore per laser pulse,

suggesting a method for intentionally inserting engineered porosity at specific sites during an LPBF
build.



l. Introduction

Laser-based materials processing is increasingly used in industrial settings for advanced manufacturing
techniques such as laser cutting, drilling, welding, or laser-based additive manufacturing techniques
such as laser powder bed fusion (LPBF), sometimes also called selective laser melting (SLM). With
some exceptions, material removal approaches generally use short (nanoseconds or shorter) pulse
lasers to remove matetial via ablation and impart a shock to the material,' while joining and additive
manufacturing approaches usually use continuous wave (CW) lasers that are either operated
continuously or modulated with relatively long (>10 us) pulses to either form a continuous melt pool
ot series of spot welds.”> Consequently, a great deal is known about melt pool fluid dynamics in the

013 and there is also

CW regime relevant to most laser welding and additive manufacturing applications
extensive literature relating to material response under short pulse irradiation.” '*'® In contrast, there
is far less understanding of material behavior when exposed to a series of longer laser pulses where
the laser power fluctuations are on the order of tens of microseconds, especially with respect to
subsurface dynamics during laser melting. These dynamics are relevant both to additive manufacturing

as well as some laser material removal methods."’

Although unmodulated CW laser melting is the most prevalent heat source for LPBF fabrication
approaches, the use of modulated CW lasers to achieve microsecond pulses at kHz repetition rates
has also been demonstrated. Builds using long pulse, modulated CW lasers can achieve high spatial
resolution, especially in thin walls or small struts.**"* This ability to achieve fine features has been
attributed to smaller or narrower melt pool sizes achieved by tuning the energy deposition with laser
pulsing.” Pulse parameters also influence nitrogen uptake during part fabrication under nitrogen
atmospheres.” Varying pulse duration provides an approach for controlling the as-solidified
microstructure by influencing the heat input and consequently changing solidification cell sizes.”*" In
some instances, parts built with a laser pulsing strategy yield different grain sizes and phase fractions
than parts made with CW processing.” In addition to varying the thermal gradients, the melt generally
penetrates deeper into the substrate for pulsed laser welding than for CW welding at equivalent energy
densities,” which alters the shape of the weld pool and further modifies the solidification conditions
that ultimately determine microstructure. The laser pulse duration also has a substantial influence on

part density with longer pulses generally producing higher-density parts,” '

so the range of pulse
durations that can be exploited to tune the solidification microstructure is limited by the competing
need to produce fully dense parts. While single-track studies have observed changes in melt
morphology as a function of pulse duration™ and optical imaging studies have observed melt surface
dynamics and spatter behavior,” it is not clear how these dynamics would directly lead to the bulk

porosity that leads to low-density parts produced in pulsed LPBF.

High speed, i situ synchrotron X-ray imaging and diffraction are powerful tools to probe subsurface
dynamics during laser melting, especially with regard to pore formation mechanisms and bulk phase
transitions or cooling rates.””* High speed X-ray imaging expetiments have observed a variety of
different defect formation mechanisms during LPBF,”*' quantified vapor depression geometry as a
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function of process parameters, correlated subsurface melt pool behavior with spatter ejection,*



observed fluid flow in LPBF and welding,*”* and correlated pore formation with process monitoring
signatures.”** Such studies have provided a great deal of insight into the detailed physics that govern
the laser-material interaction in LPBF and laser welding, but the vast majority of these studies use CW
laser melting, although work by Shevchik ez 2/’ and Hojjatzadeh ¢z a/’ study melt pool behavior with
a modulated build laser. T'sukamoto e# a/ used high speed radiography to study long pulsed laser
welding, but their work used a CO; laser at substantially different energy densities than those relevant
for LPBF.” In this article, we use high speed X-ray imaging to systematically investigate melt pool
behavior in long pulse, high repetition rate laser melting under conditions used in LPBF. We
compliment observations from X-ray imaging with optical imaging to obtain a complete picture of
how pulsing the laser can substantially change melt pool dynamics and pore formation mechanisms
when compared to CW LPBF.

Il. Materials and Methods
A. In situ X-ray imaging

The laser melting experiments used a custom LPBF testbed system designed for use at synchrotron
facilities.”” The system uses a 1070 nm continuous wave Yb-fiber laser (IPG YLR-500) focused to a
Gaussian beam diameter (D46) of ~ 50 um at the sample surface. This laser has a rise time of ~ 20
us and a maximum modulation frequency of 50 kHz. Laser power was modulated via a custom field
programmable gate array (FPGA)-based control scheme, and pulse widths were specified with square
wave Transistor-Transistor Logic (TTL) pulses commanding the laser to fire at a specified frequency
and pulse duration. The actual pulse format (laser power as a function if time) was measured with a
photodiode bandpassed to collect scattered laser light when firing the laser into a beam dump. Figure
1 compares the commanded pulse shape and measured pulse shape for a square wave at a peak power
of 200 W. The commanded power is plotted as the voltage signal provided to the laser that
corresponds to a 200 W power output. There is a non-negligible difference between the commanded
and actual pulse shape. This difference varies as a function of modulation frequency and duty
cycle/pulse duration, with a few notable trends. First, the actual laser power does not drop all the way
to zero in high duty cycle cases (Figure 1a, Supplemental Figures S1 and S2), above 80% duty cycle at
10 kHz and above 60% duty cycle at 20 kHz. Second, at lower duty cycles and correspondingly shorter
laser pulses, the peak laser power is not as high as the powers reached in the higher duty cycle cases,
especially at 20 kHz (Figure 1c). Finally, behavior during the laser rise, when the pulse is starting,
includes a very brief power spike well above the maximum commanded laser power at low duty cycle
for 10 kHz repetition rates, very similar to behavior when the laser initially fires in CW operation
(Figure 1b, Supplemental Figure S3). This behavior does not occur at higher duty cycle and is less
consistent at 20 kHz modulation. These spikes are very brief and the conditions under which they
occur do not exhibit unique behavior, so we do not believe these power spikes substantially influence
the dynamics described in this manuscript.

For each experiment, the laser was scanned to produce a 3 mm melt track, and all imaging data was
collected near the middle of the track after the melt pool had reached steady state. Every experiment
used an atmosphere of Ar gas at approximately atmospheric pressure. For experiments with powder,
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a ~50 um thick powder layer was spread with a razor blade on top of the substrate and contained by
glassy carbon windows on each side of the substrate. For bare plate melting experiments the substrate
plates were clamped directly to the aluminum alloy sample holder without glassy carbon windows.
Substrates are 500 um thick, which is sufficiently wide to eliminate the influence of thermal boundary
conditions on melt pool dynamics as illustrated in Calta e a/.>*
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Figure 1. Comparison of commanded and actual laser pulse formats. (a) Commanded power and
measured laser intensity for 10 kHz, 90% duty cycle. (b) Commanded power and measured laser
intensity for 10 kHz, 50% duty cycle. (c) Comparison of measured laser intensity at 20 kHz for 90%
and 50% duty cycle.

Transmission X-ray imaging was performed at beamline 32-ID of the Advanced Photon Source at
Argonne National Laboratory. The unattenuated beam from a U18 undulator in 24 bunch mode was
used for all measurements, yielding a peak X-ray energy of ~24.4 keV. The X-rays were detected by a
scintillator-based fast detector system composed of a 100 um thick LuAg:Ce scintillator (Crytur) to
convert the X-ray photons to visible light, a turning mirror to steer the visible light out of the X-ray
beam path, a 20X magnification objective lens (0.42 NA, Mitutoyo) and a 1X tube lens. Images were
collected using a Photron SA-Z high speed camera with an exposure time of 2.5 us and 50.4 kfps
frame rate. This camera has 20 X 20 um® pixels, yielding an effective pixel size of 1 X 1 um®/pixel.
Since the frame rate of the detector is significantly slower than the time between X-ray pulses in 24
bunch mode, the detection system was not synchronized with the X-ray pulse train.

B. X-ray image data analysis

X-ray images were analyzed as absorption difference images to enhance contrast. These absorption
difference images for each frame (D,) were calculated via equation 1:

_ lnAt
t = na, L

Where A, is the as-collected image for a given time point #and Ay is an image of the sample collected
prior to laser melting. Pore identification used difference images from after laser melting and averaged
multiple frames to reduce noise. Pores were counted manually from these images. Visual inspection



of the corresponding 7z situ laser melting videos confirmed that these pores were formed by the laser
processing method and not some other mechanism.

Vapor depression depth measurements were conducted for a subset of laser melting conditions and
were only performed for bare plate melting data sets, to reduce uncertainty in the location of the
substrate surface induced by the presence of powder. Depths were measured manually by measuring
the distance between the location of the substrate surface and the lowest point in the vapor depression.
An example of an X-ray image with annotations showing vapor depression and divot depth
measurements is shown in the supporting information, Figure S4. The bottom of the vapor depression
could be identified with ~ 5 pixel (5 um) absolute accuracy due to phase contrast, which increases the
contrast but reduces the spatial resolution at material interfaces. The location of the top of the
substrate could be identified with slightly better absolute accuracy, leading to a conservative estimate
of the absolute uncertainty of ~8-10 um. Since these uncertainties are systematic, the relative
uncertainty is estimated to be smaller, on the order of a 3-5 um. Vapor depression depth was
complicated in low duty cycle cases because of ambiguities as to when the material was fully solidified.
The vapor depression measurements presented here exclude solidified divots that remain present on
the material surface after laser melting, but this distinction is difficult to discern so it is possible that
in some frames, a solidified divot was inadvertently classified as a dynamic vapor depression.

C. Metallography

The weld track regions were sheared from the larger substrate, then cut perpendicular to the scan
direction using a LECO Vari-cut VC-50 low speed diamond saw. The cut face was mounted with cold
mounting epoxy (Streuers Epo-fix resin), then ground down to 1200 grit with an Allied High Tech
MetPrep 3, followed by polishing in three diamond suspensions with nylon cloth (6, 3, and 1 um
diamond particles). Finally, the samples were finished with vibratory polishing (Buehler vibromet)
with the 1 pm diamond suspension followed by a 0.05 um colloidal silica final polish. Stainless steel
samples were etched electrolytically with a 10:1 water/oxalic acid mixture at 6V for 30 seconds each.
Ti-64 samples were not etched. The samples were coated with a 10 nm film of AuPd to reduce
charging in a Leica EM ACEG600. Scanning electron microscope (SEM) images were collected at 15
kV in mapping mode using a Phenom ProX desktop SEM equipped with a solid state backscatter
detector.

D. In situ optical imaging

Complimentary high speed optical imaging experiments were performed to study powder denudation
at longer length scales than can be observed in the high speed X-ray images, which have a limited field
of view and only observe 2D projections. These experiments used a similar laser melting system to
those described in the X-ray imaging section, with some differences to facilitate optical imaging rather
than X-ray imaging. The substrate was a 1 inch diameter circular build plate with a 90 pm thick powder
layer, and the experiment was conducted outside a vacuum chamber to permit access of visible light
optics. A constant cross-flow of Ar gas was used to maintain an inert atmosphere. The experiments
used a variety of duty cycles at both 10 kHz and 20 kHz modulation with 100 W peak laser power and



a scan speed of 1 m/s, a ~50 um Gaussian beam diameter (D40), and Ti-64 as the material. High
speed optical images were collected by a Photron SA-Z camera coupled to an Infinity K2 Close-Focus
Objective (CF-3). These data were recorded at 20 kfps with an exposure time of 1 ps, and the build
surface was illuminated using a 810-nm pulsed laser with 500-W peak power (Cavitar, model Cavilux
HF) using a pulse duration of 0.95 us. A 10 nm bandpass filter was used to remove melt pool
incandescence. These experiments provide images with spatial resolution on the same order of
magnitude of the powder particles, so while individual particle motion cannot be determined the bulk
denudation behavior is visible. Immediately after melting experiments, the denudation zones from the
series of single tracks were measured via optical microscopy with a Keyence VR3000 microscope to
obtain measurements of the denudation zone from each scan. These measurements averaged the
denudation zone width at 5 separate points along the track, which were manually selected at
approximately uniform intervals away from the start and end of the track where transient effects
influence denudation behavior.

[l Results and Discussion
A. Pore formation as a function of duty cycle and frequency

Melt pool fluid flow behavior varies significantly as a function of duty cycle (o, equivalently, pulse
duration) and modulation frequency. Here, we present laser pulse parameters by giving peak power,
commanded duty cycle, and modulation frequency. From our experiments, we observe three distinct
regimes of material behavior as a function of duty cycle, which we categorize based on defect
formation behavior. The thresholds between these regimes vary as a function of peak laser power, as
expected due to the strong dependence of keyhole physics on the laser input energy, but also the
modulation frequency. The frequency and duty cycle dependence suggest that the amount of time
between laser pulses is the most important parameter that governs pore formation dynamics that arise
due to laser power modulation on the timescale of 10s of microseconds. Two key parameters
governing these pore formation dynamics are fluid flow, discussed in more detail below, and thermal
diffusion. As a starting point to understand thermal effects, we estimate the thermal diffusion length

in this scenario, where the laser is represented as a Gaussian heat source.” This can be written as:

L=+4Dt |2

Where L is the diffusion length, D is thermal diffusivity, and T is the thermal diffusion time. For this
estimate, we use the laser off time for T, to estimate thermal effects and transport between laser pulses,
and D = 5.6 X 10°m*s" for Ti-64 at 1500 K.”* These values range from between ~10 um and ~46
um over the range of modulation parameters explored in this study and corresponds to travel distances
between 5 um and 95 um during the nominal laser off time. These calculated values are compared in
Figure 2a, and cross over at ~ 75% duty cycle.
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Figure 2. Porosity and thermal effects in modulated melting. a) Comparison of distance travelled
when the laser is off at 1 m/s and thermal diffusion length I.. Pores obsetrved in single track melting
in situ X-ray imaging experiments at (b) 10 kHz modulation frequency with 9 modulation cycles and
(c) 20 kHz modulation frequency with 18 modulation cycles. These experiments used Ti-64 substrates

and no powder. Reported laser power values indicate peak commanded laser power.

Figure 2b and 2c illustrate number of pores observed over the central 1 mm of a 3 mm long single
laser scan in Ti-64 for a variety of peak power values at 10 kHz and 20 kHz modulation frequencies
as a function of duty cycle. In both cases, the 100 W, 1 m/s scan produces no pores because that
power and speed combination does not produce the deep, unstable keyhole conditions required to
trap pores. For 200 W peak power, the situation is different. Under continuous wave (CW) conditions
(100% duty cycle), few pores are formed. Immediately upon the introduction of power modulation,
pores begin to form. The amount of pores remains small at high duty cycle, in particular at 20 kHz
where the laser off time remains low. The number of pores steadily increases until it reaches a relative
plateau at intermediate duty cycle. This plateau occurs because pore formation is primarily caused by
the collapse of the vapor cavity when the laser turns off at the end of each modulation cycle. Therefore,
the number of modulation cycles has a stronger influence on the number of pores than the duty cycle
during that plateau. As duty cycle further decreases, the amount of porosity begins to steadily decrease
until no more pores are formed at the lowest duty cycles. Each of these regimes are described in more
detail below.

B. Regime 1: 1 apor depression at high duty cycle

Even at the highest duty cycles investigated, the behavior of the melt pool is drastically different during
processing with microsecond pulsing when compared to CW laser melting. Unlike CW laser melting,
melt pool behavior is transient due to the modulation of the laser heat source and the melt pool never
reaches a steady state. The vapor depression is extremely sensitive to changes to the laser heat source
on microsecond timescales. Figure 3a illustrates changes in the vapor depression depth as a function
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of time for CW laser melting and 90% duty cycle with a peak laser power of 100 W at 10 kHz
modulation frequency. The vapor depression depth in the CW case is relatively constant, with an
average depth of ~87 um. In the 90% duty cycle case, the vapor depression fluctuates between ~20
pm to ~96 um deep, depending on the point in the pulse cycle. The laser turns on when the depression
is at ~20 pum, and the depression grows deeper for the duration of the 90 us on time. asymptotically
approaching the deepest point. The vapor depression reaches the deepest point at the end of the laser
pulse, 96 um on average. After the laser turns off, the vapor depression immediately collapses to ~20
um deep, and the cycle repeats. A continuous melt pool is maintained, and no substantial melt ejections
are observed when the laser turns on for each pulse. This rapid vapor depression collapse does not
generate any additional pores in the high duty cycle regime. In cases where pores do form, such as at
200 W and 1 m/s in Ti-64, the pore formation mechanisms are due to stochastic instabilities in the

vapor depression similar to how pores are formed in keyhole mode processing for CW laser melting.
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Figure 3. Vapor depression depths as a function of time in Ti-64 with a peak laser power of 100 W
at a scan speed of 1 m/s. (a) Compatison of vapor depression depth for steady state CW laser melting
(100% duty cycle) and 90% duty cycle. (b) Comparison of vapor depression depth for 70% and 50%
duty cycle melting. The steady state CW data (100% duty cycle) is the same as that shown in panel (a).
(c) Maximum vapor depression depth as a function of duty cycle. Each data point is the average of
the deepest observed point for each pulse cycle, and error bars indicate standard deviation of ~6 cycles
for 10 kHz data and ~12 cycles for 20 kHz.

Interestingly, the maximum vapor depression depth at 10 kHz for high duty cycles exceeds the vapor
depression depth in CW melting (Figure 3c) despite the lower average power. This is not true for 20
kHz pulse formats. This difference between modulation frequency is due to the difference in overall
pulse length, as the shorter pulses in the 20 kHz case do not allow sufficient time for the vapor
depression to reach the maximum depth observed in longer pulses. Notably, this behavior is also not
observed at the start of laser strikes in CW laser scanning.”” Assuncao and Williams also observed
deeper penetration in microsecond/millisecond pulsed welding than in CW welding.”” They claimed
that melt pool flow counteracts the recoil pressure and reduces the vapor depression depth in the CW
case, where the laser interacts with the liquid melt. They claim that the melt pool solidified between
pulses such that the laser interacted with a stationary solid rather than a pre-existing melt pool, leading



to increased depth because of a lack of fluid flow to counteract recoil pressure. This mechanism does
not apply in the case reported here, where the melt pool does not fully solidify between pulses at the

high duty cycle where we observe increased penetration.
C. Regime 2: intermediate duty cycle

Flow behavior changes significantly at intermediate duty cycle, when pores and other defects begin to
form due to the laser modulation. These defects include subsurface porosity, surface divots, and large
spatter events (not shown) arising from each laser pulse that could lead to lack of fusion defects
elsewhere in a full part build.”® The relative magnitude of these defects depends on laser power, scan
speed, and duty cycle. For example, porosity is not observed under the regime of lower peak laser
powers.

Figure 4 Pore formation in Ti-64 at intermediate duty cycle. (a) Time series of X-ray difference images
during laser melting illustrating pore formation events at a laser peak power of 200 W, scan speed of
1 m/s, and laser modulation at 10 kHz with a 70% duty cycle. (b) Difference image from the same
laser scan shown in (a) after laser melting. The yellow arrow points to the same pore location in all
images.

As in the high duty cycle regime, the vapor depression motion and behavior depends heavily on laser
power (Figure 3b). When the laser turns off, the vapor depression rapidly collapses because the recoil
pressure maintaining the depression vanishes when the laser heat source is removed. In cases where
the laser power is sufficiently high to generate a deep vapor depression, the base of this vapor
depression collapses to form a pore, as often happens at the end of laser scan tracks in CW
processing.” The shape of these pores depends on the frequency of the laser modulation, the material
properties, and the laser power and ranges from nearly spherical (Figure 4) to more oblong (Figure 5,
6). Since these pore formation events are tied to the laser turning off rather than the length of time



the laser is on, pore count remains relatively constant across a wide range of intermediate duty cycles
at a given modulation frequency. After vapor depression collapse, the laser is off for long enough for
the vapor depression to vanish and for the melt pool to freeze completely. In some cases, this also
corresponds to surface freezing where a depression remains present but is frozen in place by the
solidifying melt pool. When the laser turns on again, the interaction with the solidified substrate
generates a very large melt pool protrusion that leads to a spatter ejection directed backwards relative
to the laser scan direction, similar to what occurs at the start of the track when the laser first fires in
CW laser processing.”” The newly created melt pool re-melts portions of the previously present laser
track, leading to a continuous molten region at the end of the process even though the melt pool was
not necessarily continuously present. For some processing conditions, this large melt protrusion is
only partially ejected, and the remainder falls back to cover the frozen vapor depression and create a
pore (Figure 4). In other cases, this backwards protrusion fully fills the depression left from the
previous frozen vapor depression and does not create a pore. At lower duty cycles, unfilled surface

divots are more common.

There are notable differences in behavior between 10 kHz and 20 kHz modulation frequencies
reflected in the total number of pores formed during scanning in this regime (Figure 2b and 2c).
Figures S5 and S6 in the Supplementary Information show X-ray images of the post-scan condition
for each duty cycle that showed periodic pore formation with a laser power of 200 W and a scan speed
of 1 m/s. In spite of the fact that the fixed field of view for our expetriment leads to twice as many
modulation cycles at 20 kHz than at 10 kHz, a similar number of pores are observed between the two
because at 10 kHz far more small, near-surface pores are formed during vapor depression collapse.
These near-surface pores are in addition to what tends to be a single larger pore near the base of the
vapor depression trapped at each laser off instance. These pores are far less common at 20 kHz
because for a given scan speed, the distance travelled during each modulation cycle is half that of the
10 kHz case, so the following laser pulse distupts small neat-surface pores. For example, at 1 m/s the
travel distance at 20 kHz is only 50 um, smaller than the diameter of the build laser. These surface
instabilities are more stochastic than the pores generated at the base of the vapor depression, leading
to a more consistent plateau in the number of pores per modulation cycle at 20 kHz than what is
observed at 10 kHz. The exception to this trend in the 20 kHz case, at 60% duty cycle, corresponds
to the only observed case where the balance between duty cycle and travel time lead to those near-
surface pores being preserved at 20 kHz. The plateau in number of pores at 20 kHz between 80% and
40% duty cycle corresponds to depositing one subsurface pore per laser modulation cycle, suggesting
that this behavior could be exploited to insert controlled porosity in LPBF parts.

D. Regime 3: low duty cycle

At low duty cycle, the process is better viewed as a series of consecutive and adjacent but independent
spot welds. In these instances, the vapor depression collapse and melt freezing is too rapid to be
captured by our 50.4 kfps frame rate (Figure 5). As is the case at intermediate duty cycle, each laser
strike induces the ejection of a significant jet of molten metal, and a vapor depression is present. The
vapor depression freezes to leave a significant surface divot and a subsurface pore in cases where the
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vapor depression is sufficiently deep because of the laser power. These trapped pores are vertically
elongated, occur very regularly at each laser strike point, and do not occur at lower laser powers. In
some cases, these pores do not fully pinch off from the surface divot and are instead a larger, deep
cavity connected to the surface divot by a thin neck rather than true fully-enclosed pores.

Figure 5 Pore formation in Ti-64 at low duty cycle, using a peak laser power of 200 W, scan speed of
1 m/s and modulation frequency of 10 kHz with a 20% duty cycle.

E. Material Dependence and scaling

The overall behavior observed in Ti-64 also occurs in both 316L steel and Al1100. While all three
regimes are observed in each material, many of the details of materials behavior, such as defect and
melt ejection morphology and laser parameters corresponding to each defect formation regime vary
as a function of the specific material properties. These differences in behavior are highlighted in Figure
6, which compares pore and surface divot morphology for 3160L steel, A11100, and Ti-64 substrates
produced with a peak laser power of 200 W, scan speed of 1 m/s, modulation frequency of 10 kHz,
and 50% duty cycle. Pore depth correlates strongly with melt depth and therefore is governed by well-
established scaling relationships for LPBF. The morphology of pores and surface divots is determined
by the dynamics of fluid flow after the laser shuts off during each modulation cycle. These dynamics
primarily depend on a combination of surface tension and viscosity of the liquid metal and are
therefore strongly influenced by oxygen concentration as well as the major alloy constituents. Another
critical parameter is the amount of time the melt pool remains liquid between when the vapor
depression collapses to form a vapor bubble and when the solidification front passes through this
bubble, trapping it as a pore. This is governed by the solidification front velocity as well as the
temperature difference between the boiling and freezing temperature for the alloy. For the conditions
studied here the solidification front velocities are approximately the same order of magnitude across
the conditions we explore, and the difference between boiling and freezing temperature are also on
the same order of magnitude: ~1390 K for 3161, 1860K for pure A"’ and 1900 K for pure Ti."!
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Figure 6 Material dependence of pore and surface divot morphology for a laser peak power of 200
W, scan speed of 1 m/s, and a 10 kHz modulation frequency at 50% duty cycle. (a) 316L steel. (b)
Al1100. (c) Ti-64.

Changes to melt behavior as a function of material is expected, as material-dependent scaling laws for
CW laser melting are well established and can accurately predict melt pool depth, the onset of keyhole-
mode melting, and keyhole porosity formation.”” > However, existing scaling laws developed for
CW melting are based on assumptions of steady-state melting conditions and therefore are not
necessarily directly applicable to pulsed laser melting presented here, because the melt pool never
reaches a steady state condition. However, at high duty cycle the heat flux near the edges of the melt
pool likely reaches a near-steady state condition, so these steady state assumptions may hold. Here we
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explore the limits of the normalized enthalpy relationship®® to determine if this scaling approach still

applies to the transient behavior present in modulated laser melting. The normalized enthalpy scaling
law for steady-state melting is given Equation 3:

AH _ AP i
hs  mpCTymVDva3 B3l
Where i—H is the normalized enthalpy, or the change in enthalpy AH divided by the enthalpy at melting

hs, A absorptivity, P is average laser power, p is density, C is heat capacity, T,, is melt temperature, D
is thermal diffusivity, » is scan velocity, and ¢ is 1/¢ beam radius. Enthalpy at melting is equivalent to

12



hs = pCT,,. Here we use the same form, but with some slight modifications to specific terms to
account for changes to the process induced by modulating the laser power. Most materials properties
variables are independent of the laser pulse format so p, C, T,, and D remain unchanged. However,
the laser absorptivity value 4 likely changes as a function of the pulse format and duration, making
robust scaling difficult. Absorptivity values depend heavily on the geometry of the vapor depression
on the surface of the melt pool,’” %" and are particulatly sensitive to the vapor depression depth.®
The rapid changes to vapor depression geometry on short timescales discussed above suggest that the
absorptivity dynamically changes during the 10-100 us long laser pulses studied here due to multiple-
reflection effects.” For accurate scaling, it is critical to use the correct time-averaged value for A4,
which will depend not only on laser power and scan speed, as shown in previous studies,"* but also

on pulse duration and frequency.

A subset of samples were cross sectioned for metallography melt pool depth measurements, which
are shown in Figure 7. These melt depth values were measured from cross sections of a subset of
samples generated in the X-ray imaging experiment. For these calculations, absorptivity values of 4
= 0.56 for Ti-64 and A = 0.6 for 3161 steel were used was used based on data from Ye ¢t a/* at
comparable CW process parameters. The data point at 20 kHz sampling exhibits a lower melt pool
depth than an equivalent duty cycle for 10 kHz cases, which is likely due to a reduced average
absorptivity caused by lower vapor depression depths at higher modulation frequency (see Figure 3c).
This discrepancy suggests that differences in dynamic vapor depression geometry at different duty
cycles strongly influence time-averaged absorptivity value and limits the accuracy of this scaling

calculation.
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Figure 7 Melt pool depth as a function of normalized enthalpy for experiments using 1 m/s scan
speed at 80% and 90% duty cycle. The Ti-64 samples used 100 W and 316L 200 W.

F. Influence of powder
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The previous discussion focuses on bare plate experiments, which are valuable for understanding the
laser-material interaction but cannot quantify the influence of powder on melt dynamics. Therefore,
we performed complimentary experiments with powder to confirm that the behavior observed in the
bare plate cases translates to LPBF build conditions that include a powder layer. Figure 8 compares
pore formation in Ti-64 with and without powder at 1 m/s scan speed. The introduction of powder
does not significantly influence the duty cycle dependence of pore formation. While pore formation
begins at slightly higher duty cycle in the bare plate case, the overall behavior remains qualitatively
similar. Detailed surface wave behavior and start of track melt ejection in the powder case is obscured
by the powder layer, but vapor depression behavior is quite similar to the bare plate case so it is likely
that the melt pool surface flow behaviors are similar as well.
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Figure 8 Influence of powder on pore formation in Ti-64 at a scan speed of 1 m/s. (a) Porosity as a
function of duty cycle at 10 kHz with powder, with a 200 W plate case as a comparison. (b) Porosity
as a function of duty cycle at 20 kHz.

In addition to analyzing the influence of powder on melt pool and fluid flow behavior, the behavior
of the powder itself is important to understanding contrasts between CW and pulsed melting. The
dependence between powder denudation has been well established as a function of ambient pressure,”
" but powder motion and denudation behavior under pulsed laser melting conditions is less well
investigated. X-ray imaging data permit the observation of a 2-dimensional projection of powder and
spatter motion. This provides valuable insight into how ejections relate to subsurface melt behavior
but limits the conclusions that can be drawn when evaluating powder motion alone, as motion parallel
to the X-ray beam cannot be distinguished. Control experiments with 100 W, CW melting in Ti-64 at
1 m/s (100% duty cycle) exhibit behavior broadly similar to previous reports.” * Powder is pushed
forward in front of the laser beam and large spatter particles are ejected in various directions near the
vapor depression. Powder moves upward slightly behind the vapor depression and there is additional
motion in the powder layer itself, likely related to the denudation effect,’ but since denudation motion
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is largely perpendicular to the laser scan direction and parallel to the X-ray beam, this motion cannot
be analyzed in detail from X-ray images alone. At high duty cycle (80-90% duty cycle for both 10 kHz
and 20 kHz pulse frequencies), powder motion during pulsed melting does not exhibit significant
differences when compared to CW melting. At lower duty cycle (60-70% for 20 kHz, 70% for 10
kHz), more large spatter ejection events are evident than is the case in CW melting, but these arise
from the start of track ejections observed in the bare plate case and are unrelated to the presence of
powder. Powder motion other than these melt ejections remains broadly similar to the CW and higher
duty cycle cases. At lower duty cycles, regimes that are unattractive for full scale printing due to melt
pool behavior and pore formation, the powder motion visible in the X-ray imaging begins to exhibit
substantial differences from CW melting. At 50% duty cycle and 20 kHz, more powder is ejected
vertically from the substrate surface. At 60% duty cycle and 10 kHz, in contrast, substantially less
powder is ejected, and the powder ejection events correspond to specific laser pulses. When the laser
fires, powder is ejected near the location of the laser strike, but powder outside 100 — 150 pm is not
displaced.
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Figure 9. Width of the denudation zone. (a) microscope image after laser melting illustrating
differences in denudation zones as a function of pulse parameters. (b) Denudation zone width
measurements as a function of duty cycle for 10 and 20 kHz modulation frequencies.

To evaluate powder motion in the plane of the powder bed, we performed high speed optical imaging
experiments at a scan speed of 1 m/s and a peak laser power of 100 W with the same pulse formats
that were used for the X-ray imaging. The results are broadly consistent with what is observed in the
X-ray imaging data. In CW melting, denudation behavior is consistent with previous reports. Powder
is drawn towards the single track behind the melt pool due to gas entrainment. For pulsed melting,
the in-plane powder motion and resulting denudation depends substantially on the frequency of the
pulsing. At 10 kHz modulation frequency, powder motion appears broadly similar to the CW case
with powder swept towards the laser scan line behind the melt pool due to vapor entrainment. The
width of the denudation zone, measured via ex sit# microscopy, remains relatively constant down to
50% duty cycle (Figure 9). At 20 kHz modulation frequency, however, powder motion is substantially
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different. At duty cycles above 80%, denudation behavior does not substantially differ from CW. At
lower duty cycles, however, powder motion exhibits less and less entrainment behavior and begins to
be dominated by powder expulsion at the start of the pulse. This also leads to larger denudation zones,
because the initial laser strike causes a vapor jet that expels powder, but then before that vapor jet can
cause substantial entrainment the laser pulse stops and the vapor jet decays. This effect is more
prevalent at 20 kHz than at 10 kHz because the laser pulse durations are half as long for a given duty
cycle, so the dynamics during the initial laser strike dominate overall behavior.

V. Conclusions

This article reports 7z situ X-ray experiments that probe melt pool fluid flow and defect formation
behavior unique to modulated laser melting during LPBF. While pulsing adds duty cycle as an
additional dimension to the process window for producing fully dense parts, reducing duty cycle too
far results in unique pore formation mechanisms that prevent high quality part production. Our
experiments show that the time between laser pulses has the most significant influence on pore
formation, and longer laser off times correlate with a greater likelthood of defect formation. This is
because with long laser off times, the laser pulse strikes a solidified substrate, which causes a start of
track type ejection and traps pores. Such large ejection events do not occur when the laser strikes a
pre-existing melt pool. We also apply the commonly used normalized enthalpy scaling approach to
understand variation between different materials and show that modifications to accommodate
modulation frequency must also account for changes to absorptivity caused by changes to vapor
depression shape as a function of modulation. Finally, we observe that for specific laser pulse
conditions it is possible to deterministically create one subsurface pore per laser pulse, which provides
a powerful approach to control porosity and intentionally build in failure points at specific locations
during a build.

Supplementary Material

The supplementary material includes details of the actual laser output compared to the commanded

behavior. It also contains additional X-ray image data.
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