Effects of shield gas flow on meltpool variability and signature in scanned laser melting
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Abstract

In laser powder bed fusion metal additive manufacturing, insufficient shield gas flow allows accumulation of condensate and ejecta
above the build plane and in the beam path. These process byproducts are associated with beam obstruction, attenuation, and thermal
lensing, which then lead to lack of fusion and other defects. Furthermore, lack of gas flow can allow excessive amounts of ejecta to
redeposit onto the build surface or powder bed, causing further part defects. The current investigation was a preliminary study on how
gas flow velocity and direction affect laser delivery to a bare substrate of Nickel Alloy 625 (IN625) in the National Institute of Standards
and Technology (NIST) Additive Manufacturing Metrology Testbed (AMMT). Melt tracks were formed under several gas flow speeds,
gas flow directions, and energy densities. The tracks were then cross-sectioned and measured. The melt track aspect ratio and aspect
ratio coefficient of variation (CV) were reported as a function of gas flow speed and direction. It was found that a mean gas flow velocity
of 6.7 m/s from a nozzle 6.35 mm in diameter was sufficient to reduce meltpool aspect ratio CV to less than 15 %. Real-time inline
hotspot area and its CV were evaluated as a process monitoring signature for identifying poor laser delivery due to inadequate gas flow.
It was found that inline hotspot size could be used to distinguish between conduction mode and transition mode processes, but became
diminishingly sensitive as applied laser energy density increased toward keyhole mode. Increased hotspot size CV (associated with
inadequate gas flow) was associated with an increased meltpool aspect ratio CV. Finally, it was found that use of the inline hotspot CV
showed a bias toward higher CV values when the laser was scanned nominally toward the gas flow, which indicates that this bias must
be considered in order to use hotspot area CV as a process monitoring signature. This study concludes that gas flow speed and direction
have important ramifications for both laser delivery and process monitoring.
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Nomenclature
AR melt-track aspect ratio
()% coefficient of variation
HS hotspot
d melt-track depth, m
w melt-track width, m
u mean
c population standard deviation

1. Introduction

The importance of optimizing shield gas flow is evident from the continuously improving gas flow provisions in industrial laser
powder bed fusion machines (LPBF). Inadequate shield gas flow is associated with porosity, lack of fusion defects, decreased strength,
increased variability in mechanical properties, and high dimensional inaccuracy in components constructed with LPBF [1-5]. The
following sections of this introduction reviews the literature on how laser melting byproducts can affect beam delivery and cause adverse
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effects on laser melting. Process monitoring approaches that may be used to detect adverse effects on melting will then be discussed.
Finally, the objective of the current investigation will be described.

1.1 Laser Melting Byproducts

The properties of shield gas play an important role in both laser welding and in LPBF. Types of gas that are used in both laser
melting processes include N, Ne, and Ar, and each gas can affect build quality with a given build material [3]. The gas solubility/reactivity
with molten metal, and the wettability of the metal in a given gas environment affects keyhole stability and the resulting porosity in laser
welding [6]. Finally, gas properties including density, thermal conductivity, and reactivity with metal vapor affect plume generation and
persistence [7].

As stated previously, a gas environment that limits reactivity with the metal is insufficient to ensure consistent melting. The need
for directional gas flow across the laser-metal interaction stems from the fact that power levels, velocities, and laser focus spot size
commonly used for LPBF result in a significant amount of vapor generation at the laser-metal interaction area [8]. This vapor jet, through
several mechanisms, produces byproducts that interfere with laser beam delivery. This interference in turn results in insufficient and
inconsistent melting of the buildup material, and therefore defects.

The hot vapor jet does not appear to be, in itself, a direct source of beam interference. As the beam passes through the hot vapor,
the vapor may become weakly ionized, but inverse Bremsstrahlung absorption due to plasma appears to be small compared to other
byproduct effects in metal melting with fiber lasers [9,10]. Beam obstruction due to the metal vapor becomes significant as the vapor
condenses in a cloud above the meltpool. When its primary constituent is iron, the metal vapor forms ultrafine condensate particles of
80 nm to 100 nm in diameter with number density of about 10'* particles per cm? [10]. These clouds of suspended condensate are
associated with beam scattering and may attenuate the laser power in excess of 10 % when welding steels with a fiber laser [10].
Furthermore, the hot vapor jet causes localized refractive index changes that may defocus and/or redirect the beam, causing poorly
controlled melting [11].

The hot vapor jet also contributes to generation of ejecta that range from 10 um to 100 um in diameter via several mechanisms. The
high pressure and velocity of the vapor jet and the high surface temperature gradients driving Marangoni flows in the meltpool leads to
rapid convection and oscillations that may result in droplet ejection from the meltpool [8]. Beam power oscillations due to condensate
obstruction may occur at frequencies up to several kilohertz, which has also been shown to increase liquid ejecta (spatter) in laser
welding [10].

In addition to being a driver of meltpool flows, the vapor jet also entrains the ambient gas around it, which may further impel nearby
powder particles [12]. The powder can be drawn from the powder-bed from several meltpool widths away from the laser incidence
location [8]. The solid metal powder particles, typically of diameter of about 60 um, may be driven by cold ambient gas convection
alone, or they may become entrained directly in the hot vapor jet [8].

Regardless of how they are generated or driven, ejecta of 10 um to 100 um in diameter that intersect the beam path may obstruct
beam delivery and reduce local melt efficacy. Moreover, this material redistribution from the laser scan path to other areas on the part
and powder bed are associated with balling and lack of fusion defects [13]. Finally, material redistribution may interfere with layer
recoating, leading to further part defects [14].

Directional gas flow across the laser-metal interaction improves build quality by transporting nanoscale condensate, which reduces
beam scattering and attenuation. Directional gas flow also transports microscale ejecta away from the beam path, built part, and powder
bed, reducing beam disturbances and defects associated with redistributed material. Finally, directional gas flow also improves the
accuracy of beam delivery by reducing thermal lensing by transporting hot gas and vapor from the beam path.

The most practical implementation of directional gas flow is with a single inlet and outlet in the build chamber, as illustrated by the
gas flow design of common industrial LPBF machines. This configuration means that the gas flows one direction across the build plane
under all conditions. Studies have shown that in LPBF, laser scanning along the direction of the gas flow is associated with increased
scanning of airborne ejecta and decreased part tensile strength [14,15]. Scanning along the direction of gas flow is also associated with
increased beam interference and particle emissions from suspended condensate in laser welding [9]. Scanning nominally against or
perpendicular to the gas flow direction may alleviate these issues [9,14,15]. Similarly, gas flow direction should be considered when
developing the hatching directions in scan strategies in order to avoid scanning through suspended condensate or ejecta that were
generated by preceding scan tracks—i.e. hatching direction should be nominally toward or perpendicular to gas flow.

1.2 Melt Tracks

In the current investigation, cross-sectioning and measurement of the melt tracks was used as a method to evaluate whether sufficient
gas flow was applied to remove byproducts from the beam path. Cross-sectioning and selective etching of solidified melt tracks allow
for (destructive) analysis of the meltpool. With this approach, the mode of melting imposed on the substrate, grain structure, and
mechanical properties of the solidified material can be evaluated [16,17]. Furthermore, melt track cross-sections are a comparison
approach for validating multiphysics modeling results with experimental measurements [18].

The energy density applied to the material has a strong effect on the depth and width of the meltpool, and therefore if significant
attenuation or distortion of the beam occurred, that effect was evidenced by the dimensions of the melt tracks. There are varying



definitions of energy density reported in terms of energy per length, energy per volume, etc., but for the purposes of the current
discussion, a strict definition of energy density is not necessary. Regardless of definition, it is qualitatively known that the energy density
is proportional to applied power and inversely proportional to scan velocity and beam spot size. Therefore, for a given spot size and scan
velocity, decreased laser power decreases meltpool width and depth [18]. Beam scattering, attenuation, and lensing may widen the beam,
forming a shallower and wider meltpool [11,13].

The energy density applied to the material is also related to the rate of vapor generation from the process. At process conditions
producing little to no vapor jet, “conduction mode” occurs. Conduction mode is associated with small meltpool width and depth and an
aspect ratio (depth divided by width) of less than unity. Among other defects, too low of energy densities are associated with lack of
fusion and balling defects in LPBF [19]. At higher energy densities that result in a high rate of vapor generation, the process transitions
into “keyhole mode,” in which the meltpool depth increases substantially and the aspect ratio (AR) can become much greater than unity.
A steep increase in laser power/energy absorption is associated with the transition from conduction mode to keyhole mode due to the
deep cavity formed in the meltpool by the vapor recoil pressure [20-22]. Among other defects, excessive or unstable keyholing is
associated with residual porosity and loss of volatile alloy components [6,15]. In the current investigation, meltpool cross-sections will
be used to measure the meltpool mode and its variability due to laser delivery with differing gas flow velocities and directions.

1.3 Process Monitoring

Real-time monitoring of the build process to determine part quality is preferred as an alternative to destructive evaluation to assess
part quality. Process monitoring approaches have been suggested for assessing homogeneity of the powder bed, surface quality of as
built surfaces, and part dimensions during the build [5]. The focus of the current investigation is in assessing the state and consistency
of the meltpool in situ as a function of gas flow speed and direction.

A variety of process monitoring approaches relating to meltpool state and consistency have been reported in the literature.
Photodetectors mounted on the chamber walls can be used to indicate poor absorption events that are associated with lack of fusion
defects [1,23]. High-speed thermal imaging of process spatter and of the hot vapor plume have been investigated as a meltpool
monitoring approaches for laser powder bed fusion as well as laser welding [23-25]. The current investigation uses inline imaging of
the laser-induced hotspot. The hotspot image processing approach determines the hotspot size and variability. The in-situ hotspot size
and variability are then compared with destructively-evaluated meltpool size and variability.

1.4 Objective of the Current Investigation

An example of tracks melted in Nickel Alloy 625 (IN625) with adequate and inadequate gas flow are shown in Figure la and Figure
1b, respectively. Both sets of tracks were melted in an argon environment, but one set with adequate gas flow and one with no directional
gas flow across the laser-metal interaction area. The tracks with adequate gas flow shown in Figure 1a are highly consistent in width
and texture along the length of tracks and from track to track, including the size of the terminal meltpool on the right end of each. In
contrast, the tracks with no gas flow shown in Figure 1b are highly inconsistent in width and texture, both along length of tracks and
from track to track.

(a)
Figure 1: surface view of tracks laser melted with (a) adequate
shield gas flow and (b) no shield gas flow. Both tracks were melted
in an argon environment on inconel 625 with a 1070 nm fiber laser, a
laser spot D4c of 100 um, a scan speed of 400 mm/s, and laser power
150 W. Images are approximately equivalent scale.



And so, it is evident both from the literature and the example shown in Figure 1 that laser melting in an inert gas atmosphere is
insufficient, and that a directional gas flow across the laser-metal interaction area is essential to promote consistent melting and ensure
final part quality in LPBF. The first goal of the current investigation is to better quantify the meltpool dimensions, AR, and AR variability
generated when melting of IN625 in adequate and inadequate gas flow conditions. The second goal of this investigation was to relate
melt track cross-sectional AR and AR coefficient of variation (CV) to inline process monitoring hotspot size and hotspot size variability
in adequate and inadequate gas flow conditions. The process monitoring effort was undertaken to develop a tool that may identify
adverse gas flow effects without destructive evaluation of built parts.

2. Materials and methods

The experiments reported here were performed in the National Institute of Standards and Technology (NIST) Additive Manufacturing
Metrology Testbed (AMMT) [26]. The AMMT is a custom LPBF research platform that was designed to be highly configurable for
measurement of all aspects of the LPBF process. The AMMT includes a removable carriage that contains the build-well and a large
metrology-well, both of which may be moved laterally within the large build chamber. The laser is an Yb-doped fiber laser with emission
wavelength of 1070 nm. Laser power delivery can be adjusted from 20 W to more than 400 W, with a 4-sigma diameter (D4c,
representing diameter within which about 95 % of the Gaussian laser power profile is contained) spot size that is adjustable from 45 um
to more than 200 um. The laser spot can be scanned with full control of the laser scan path/strategy at 100 kHz and laser power control
at 50 kHz, with scan velocity from 0 mm/s to more than 4000 mm/s. In the current investigation, the working material was rolled and
annealed bare plates of Nickel Alloy 625 (IN625).3

2.1 Hotspot Monitoring

The hotspot was imaged with an inline high-speed camera coaxially aligned with the heating laser. Emitted light from the meltpool
is filtered by a bandpass filter at 850 nm (40 nm bandwidth at full-width half maximum) and diverted by a dichroic mirror to the camera
sensor with nominal 1:1 magnification and 8 um/pixel size. The images were taken with 45 us exposure time, 120-pixel x 120-pixel
window, and 8-bit grayscale. The grayscale level corresponding to the melting point is roughly determined by comparing the meltpool
image with the physical melt-track. This inline meltpool images, therefore, consisted of an approximately circular hotspot with a radiance
temperature ranging from approximately 1650 °C to 2050 °C. The camera is triggered by scan position, so the location where each
image was taken is known. The equivalent frame rate is 20 kHz.

2.2 Oblique View of Meltpool and Plume

In order to visualize the relationship between the inline meltpool image and the process plume, a second high-speed camera was
outfitted with a macroscopic view lens and aligned to obliquely view the meltpool that was scanned perpendicular to the view field. The
oblique view camera was outfitted with a spectral filter to the range of approximately 830 nm to 870 nm, which is a similar range to the
inline process monitoring camera. The inline and oblique view camera images were synchronized after data was collected.

2.3 Gas Flow Conditions

Gas flow was provided to the process plane at an angle illustrated in Figure 2. Using the coordinate system detailed in Figure 2, the
gas flow tube axis was -31° from xz plane and -25° from xy plane. The unit vector formed by the nozzle orientation was i = —0.78% —
0.479 — 0.42Z. The nozzle internal diameter was 6.35 mm. The center of tube outlet was approximately 9 mm in z direction from the
surface and approximately 17 mm from the center of the origin shown in Figure 2. The gas flow speed was controlled with a rotameter
with average nozzle outlet velocities of 0 m/s, 2.2 m/s, 6.7 m/s, and 22 m/s.

2.4 Scan Strategy

As shown in Figure 2, the IN625 substrate was scanned in six subsequent patches, sequentially as they are numbered. Patches 1 and
2 were scanned with 195 W at 800 mm/s, patch 3 and 4 were scanned with 150 W at 400 mm/s, and patch 5 and 6 were scanned with
195 W at 1200 mm/s. These process parameters are equivalent to those used in the 2018 Additive Manufacturing Benchmark Test Series
(AM-Bench) and have very well characterized outcomes [27]. In patches 1, 3, and 5, the scan direction was from top to bottom and
tracks were sequentially left to right. In patches 2, 4, and 6, the scan direction was from left to right and tracks were sequentially top to
bottom. In other words, odd numbered patches were scanned nominally perpendicular to the gas flow with hatching direction nominally
toward the flow and even numbered patches were scanned nominally toward the gas flow with hatching direction nominally
perpendicular the flow. This approach facilitated two orthogonal gas flow directions relative to the scan direction. Hatch spacing of 0.5
mm was used to avoid heat accumulation and metallurgical interaction between the tracks. The lowest energy density was applied to

3 Certain commercial entities, equipment, or materials may be identified in this document to describe an experimental procedure or concept adequately. Such
identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the entities,
materials, or equipment are necessarily the best available for the purpose.



patches 5 and 6, medium energy density was applied to patches 1 and 2, and highest energy density was applied to patches 3 and 4. The
D4 laser spot size used in all experiments was 100 um.
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Figure 2: top view of scan tracks applied to the substrate. Coordinates are shown with the origin in the center and the z-axis positive direction out of
the image plane.

2.4 Cross-Sectioning

The Ra roughness (defined by ISO 4287:1997, [28]) of the IN625 substrate in which tracks were melted was 19.8 pm with standard
deviation between tracks of 3.4 um. After laser scanning, the substrates were cross-sectioned orthogonal to the scan direction. The
sections were 1 mm to 2.5 mm from either end of the melt tracks. Because of the spacing between patches, between 9 and 11 tracks
from each patch were sectioned and measured. This sample of tracks from each patch was taken as a random sample of the track cross
sections generated by each gas flow speed, scan speed, scan direction, and laser power combination.

Once cut, the substrate samples were hot mounted in mineral filled epoxy thermoset resin, then ground and polished to a mirror-
like finish. Next, the mounted samples were etched with aqua regia to enhance contrast between the melt tracks and wrought material.
The melt tracks were then optically imaged with 0.155 um per pixel resolution. An example of a meltpool cross-section image from this
work is shown in Figure 3. The meltpool width was measured from the substrate surface intersection with the meltpool edges and the
depth was measured from the substrate surface to the deepest point of the meltpool with a pixel-based bounding box.

Figure 3: example image of melt track cross-section image showing locations from which width and depth were measured.

From the width (w) and depth (d) measurements, the aspect ratio (AR) of each meltpool was calculated with Equation (1).
AR = — (1

Coefficients of variation were calculated for both the meltpool AR and the hotspot area as a measure of how much variability there
was from the mean value at each combination of gas flow speed, scan speed, scan direction, and laser power. The coefficient of variation
(CV) is simply the standard deviation of the population (o) divided by the mean (p1) expressed as a percentage, as shown in Equation

Q).
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2.4 Uncertainty
The laser power of the AMMT was calibrated with a commercial power meter with reported accuracy of 2.5 % and 0.5 %
repeatability and is, therefore, assigned 2.6 % uncertainty with 16 confidence. The spot size has been measured and reported with two



independent methods, and has been shown to be within 10 um for all measurements taken at 100 um spot size; Zhirnov et al. [29]
compared measurements of the AMMT spot size with both low duty cycle attenuated laser power on a common camera, as well as a
dynamic full-power beam sampler. Spot size is therefore assigned a 5 pm uncertainty with 1o confidence.

The gas flow velocity was set with a manual rotameter that had an uncertainty of approximately 10 %. The orientation of the gas
flow nozzle was estimated to be within 10° of the measured value. Gas flow speed and direction accuracy will be improved in future
experiments.

Preliminary experiments have found that the uncertainty of change in position on the AMMT laser spot were within 0.25 % and is
therefore assigned that value with 16 confidence. Finally, it was estimated that the subjectivity uncertainty associated with the pixel-
based bounding box used to measure meltpool width and depth results in a 67 % likelihood that the meltpool boundary lies within £5
pixels of the assigned location. Therefore, with a pixel scale 0.155 um per pixel, the measurement uncertainty is 0.8 um with 1o
confidence. The uncertainty is summarized in Table 1.

Table 1: uncertainty of measured values with confidence intervals

Measurand Uncertainty Confidence

Laser power 2.6 % lo

Spot size 5 um lo

Gas flow speed 10 % Conservative
estimate

Gas flow 5° Conservative

direction (X, y, estimate

and z)

Track length 0.25% lo

Meltpool width 0.8 um lo

Meltpool depth 0.8 um lo

3. Results and discussion

The experimental results are presented in this section. First, examples of the melt track cross-sections generated under adequate and
inadequate gas flow are shown. The AR and AR CV of the tracks as a function of gas flow rate are then presented, then are used as a
criteria to define adequate gas flow. Next, the obstructing effect of lack of gas flow on laser delivery is shown with synchronized inline
hotspot images and an oblique view of the meltpool and hot vapor plume. After that, the inline hotspot area and its CV are presented as
a function of gas flow speed. The relationships between hotspot area, hotspot area CV, meltpool AR, and meltpool AR CV, are finally
presented.

3.1 Effects of Gas Flow Speed on Meltpool Cross-Section

This section will first qualitatively, then quantitatively, describe the effects of gas flow speed on meltpool AR and AR CV. Three
laser energy densities were applied to the sample, and are shown in increasing order in Figure 4. The lowest energy density was applied
in patches 5 and 6, medium energy density was applied in patches 1 and 2, and highest energy density was applied in patches 3 and 4.
A gas flow velocity of 6.7 m/s was found to be adequate to remove process byproducts under the conditions tested (to be discussed in
more detail further in this section), and is representative of adequate gas flow conditions, as shown in the left column of Figure 4. The
right column of Figure 4 shows meltpools generated with no gas flow.



6.7 m/s directional flow No directional flow
Patches 5 and 6 Y
P=195W : 4 T
V =1200 mm/s ;o e

B o ¥
P ~

Patches 1 and 2
P=195W
V =800 mm/s

e, ot CALT O

Patches 3 and 4
P=150 W
VYV =400 mm/s

Kysuo(q A31ouy Surseaiouy

Figure 4: Cross-section views of melt tracks generated with varying energy density and gas flow speed. All tests were
with IN625 in an argon environment. All images are same scale.

Starting with the meltpools generated with 6.7 m/s gas flow, the lowest energy density used in patches 5 and 6 forms meltpools in
conduction mode with a low AR. With the increased energy density in patches 1 and 2 and 6.7 m/s gas flow, the meltpool width increases
slightly and the depth increases significantly, with the AR increasing proportionally. The meltpool mode of patches 1 and 2 is in transition
mode. With the
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Figure 5: (a) meltpool AR (a) and meltpool AR CV (b) as a function of gas flow speed. Odd numbered
patches were scanned nominally perpendicular to the gas flow with hatching direction nominally toward the
flow and even numbered patches were scanned nominally toward the gas flow with hatching direction was
nominally perpendicular the flow. The lowest energy density was applied to patches 5 and 6, medium energy
density was applied to patches 1 and 2, and highest energy density was applied to patches 3 and 4.

highest energy density tested in patches 3 and 4, the meltpool width and depth both increase to the maximum observed. The track
generated in patches 5 and 6 are toward keyhole mode than patches 3 and 4, but still in transition mode. All tracks generated with 6.7 m/s
gas flow were highly symmetric about their centerline.

The detriment of no directional gas flow is evident in the tests with no directional gas flow, shown in the right column of Figure 4.
The melt tracks are consistently asymmetric about their centerline, while also being wider and shallower than those with adequate gas
flow. The meltpool depth generally increased with increasing energy density but was highly irregular. These results are consistent with
beam scattering, attenuation, and lensing may widen the beam and form a shallower and wider meltpool [11,13].

Figure 5a shows the measured meltpool AR as a function of gas flow speed. With no gas flow, all patches exhibit low AR, generated
by shallow and wide meltpools. Because the low energy density tracks (patches 5 and 6) are in conduction mode, they generate little to
no vapor, and the low meltpool AR exhibited with no gas flow may be a product of residual suspended condensate from the previous



higher energy density scans. The higher energy density (patches 1 through 4) all exhibit their highest AR at 6.7 m/s. Then, AR decreases
slightly for the higher energy density patches from 6.7 m/s to 22 m/s. This decrease in AR is associated with reduced laser delivery and
may be a product of excessive gas flow causing rapid condensation directly above the meltpool, which causes slight beam attenuation.
This inference is consistent with the very small change observed in the conduction mode patches (patches 5 and 6) from 6.7 m/s to 22
m/s, because there is little or no vapor generated, and therefore, little or no possibility of rapid condensation above the meltpool.

As shown in Figure 5b, increased gas flow rate is associated with decreasing meltpool AR coefficients of variation (CV). With no
directional gas flow, patches 4 and 6 exhibited a CV of more than 40, indicating a highly inconsistent process. From 6.7 m/s to 22 m/s,
some patches increased slightly in variability and
some decreased slightly, with no clear trend. But, as a whole, the scans with 22 m/s showed less variability than the scans at 6.7 m/s,
which appears to be due to the effective (although excessively high velocity) removal of process byproducts from the beam path. Neither
the meltpool AR nor AR CV showed a clear dependence on gas flow direction, with both varying stochastically from patch to patch with
x-direction scans compared with y-direction scans, as shown in the appendix in Figure 13 and Figure 14.

In summary, the meltpool AR showed only slight changes with a gas flow velocity above 6.7 m/s and the meltpool AR CV fell
below 15 % above 6.7 m/s. Therefore, it was a gas flow velocity of 6.7 m/s was said to be “adequate” gas flow to facilitate a consistent
process without adverse effects of byproduct accumulation.

3.2 Effects of Gas Flow Speed on Meltpool Signature and Hot Vapor Plume

Figure 6a and b show the synchronized view of the inline meltpool monitoring camera and an oblique view camera at 2,000 fps
with adequate gas flow and no gas flow, respectively. As it can be seen that with adequate gas flow (22 m/s), the inline hotspot remains
a consistent size and shape from frame to frame. Similarly, with adequate gas flow, the hotspot in the oblique view remains a consistent
size and shape. The hot vapor jet can be seen directly above the oblique view hot spot, and although the jet size, shape, and direction
vary slightly, its general profile remains quite consistent throughout the sequence.
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Figure 6: inline hotspot image synchronized with an oblique view of meltpool and vapor plume with (a) 22 m/s
directional gas flow and (b) no directional gas flow. Both tracks were melted in an argon environment on IN625 with
a 1070 nm fiber laser, a laser spot D4c of 100 um, a scan speed of 400 mm/s, and laser power 150 W. The inline and
oblique view images were taken at nominally 850 nm wavelength. Images are gamma-adjusted to enhance contrast,
so intensity is not directly indicative of temperature.

In contrast with adequate gas flow, it can be seen in Figure 6b that the inline hotspot image is changing significantly in size and
shape along the length of the track. The hotspot in the oblique view changes in size and shape slightly, but the vapor jet changes
significantly along the length of the track. From 0.0 ms to 2.5 ms, no vapor jet is visible, suggesting that the beam energy density is
diminished so much that vapor generation is not occurring during that period, indicating that the beam is scattered and attenuated by
lingering condensate generated by previous tracks. After 2.5 ms, the vapor jet re-forms with rapidly changing size and shape until its



endpoint at 6.0 ms. This obstruction of beam delivery is consistent with the findings of Shcheglov et al. [10] when gas flow inadequately
removed process byproducts from the beam path in laser welding. In comparing Figure 6a and b, it is evident that a large and consistent
inline hotspot size is associated with a consistent vapor jet from the meltpool.

Figure 7a shows an optical image of a set of melt tracks (all 6 patches) generated with 22 m/s directional gas flow. In Figure 7a, the
tracks are visibly consistent in width and texture along the length of each track and repeatable from track to track. The chevron patterns
are relatively evenly spaced and the terminal meltpool at the end of each track have consistent sizes for each set of process parameters.
Figure 7b shows a contour plot of the inline image pixel count (above 80 digital levels) at each location along scan path of the track
shown in Figure 7a. The number of pixels is proportional to the area of the laser-metal interaction. The hotspot area is largest in patches
1 through 4, at about 600 pixels to more than 800 pixels. The large hotspot area is generated by the higher laser energy density applied
in those patches. The smallest hot spot is generated in patches 5 and 6, in the range of about 400 pixels because of the lower energy
density applied to
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Figure 1: (a) surface image of tracks melted with 22 m/s directional gas flow, (b) contour plot of inline image hotspot
pixel count at each location along tracks of (a), (c) surface image of tracks melted with no directional gas flow, (d)
contour plot of inline image hotspot pixel count at each location along tracks of (c)

those patches. The hotspot size is quite consistent and repeatable along the length of each line and from line to line.

In contrast to Figure 7a, Figure 7c shows that the melt tracks are visibly inconsistent with no directional gas flow applied to the
process. The melt tracks are unstable, unrepeatable, and highly variable in width and texture. The hotspot contour map in Figure 7d
shows high variability in the hotspot size, ranging from nearly 0 to 800 pixels sporadically along the length of the tracks and from track
to track. Areas of small hotspot size appear to correlate with visible widenings in the melt tracks. The only track with low variability is
the first track scanned (furthest left in patch 1) because of the lack of accumulated suspended condensate in the beam path.

Figure 8a shows the relationship between hotspot area and gas flow speed. From 0 m/s to 6.7 m/s all patches show an increasing
trend in hotspot area with gas flow speed, with slightly more scatter occurring at 2.2 m/s compared with 0 m/s. From 6.7 m/s to 22 m/s,
each patch hotspot size decreases slightly. This is likely due to rapid condensation of vapor directly above the meltpool caused by the
excess gas flow, as was discussed previously. This condensate directly above the meltpool may attenuate the beam and reduce the beam
energy density delivered to the process. The condensate directly above the meltpool may also attenuate the light emitted from the process
and detected by the inline imager. No clear trend was associated with hot spot size and scan direction relative to the gas flow direction,
as is shown in Appendix Figure 12.



Figure 8b shows that from 0 m/s to 6.7 m/s all patches show a monotonic decrease in hotspot CV, with the exception of patch 5 at
2.2 m/s. After 6.7 m/s, all patches show a slight increase in the hotspot variability. The slight increase in hotspot variability at 22 m/s
may be due to increased emission and emission variability from the rapidly condensing
vapor jet directly above the meltpool, essentially generating a “flickering” effect and an apparent increase in hotspot variability
interpreted by the inline imager. The trend observed in hot spot
size variability with meltpool AR variability as a function of scan direction will be discussed in the following section.

3.3 Relationship Between Hotspot Area and Meltpool Aspect Ratio

One of the intentions of the current investigation was to better understand the relationship between inline image hotspot size and
meltpool AR, and the results are shown in Figure 9. With no gas flow, there is a significant amount of scatter in the average hotspot size
produced in each patch; the hotspot size is also generally smaller with no gas flow than with >6.7 m/s in each patch. With gas flow >6.7
m/s there is an increasing trend with hotspot area and meltpool AR in each path. In the low energy density patches in conduction mode
(patches 5 and 6), that generate an AR of about 0.3, a hotspot size of about 0.25 mm? was generated. In the higher energy density patches
(patches 1 through 4) with AR greater than 0.3, the hotspot size increased to about 0.04 mm?. It can be observed that in transition mode
(AR > 0.3), HS area increases only slightly with a significant increase in meltpool AR. This lack of sensitivity of hotspot area to meltpool
AR indicates that hotspot area is a diminishingly
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Figure 8: (a) hotspot area and (b) hotspot area cv as function of directional shield gas flow rate

useful indicator as the process transitions toward keyhole mode. Under the conditions tested, the HS area could be used to discern
between conduction mode and transition mode processes, but may not be a useful process signature for processes with higher energy
densities than early transition mode.
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Figure 9: hotspot area as a function of meltpool AR

Hotspot area CV as a function of meltpool AR coefficient of variability was found to be a stronger indicator of the extreme process
variability associated with inadequate gas flow than average hotspot size was, as shown in Figure 10. Meltpool AR coefficients of
variation greater than 14.8 were associated with no gas flow. With no gas flow, the hotspot area CV increased by a factor of about two
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when compared to the hot spot CV generated with adequate gas flow of >6.7 m/s, producing a clear indication of meltpool AR variability.
It can be seen, though, that with gas flow >6.7 m/s, the hotspot area coefficient of variability splits into two distinct groups: x-scan
direction and y-scan direction. With gas flow >6.7 m/s and comparable meltpool AR coefficients of variation, the hotspot area
coefficients of variation show a significant bias toward higher values when scanning in the x-direction, which is toward the gas flow.

With scan direction relative to gas flow direction being the only variable changed, it is likely that a plume effect is the cause of the
increased “flicker” in the inline hotspot size.
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Figure 10: hotspot area cv as a function of meltpool ar variability. X-
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perpendicular to the gas flow

The inline hotspot area CV generated with patches scanned in the x-direction compared with the y-direction are shown in Figure
11. As would be expected, there is a significant amount of scatter with no discernable pattern in the region with no gas flow, which
exhibits coefficients of variation greater than 30. But, a quite clear trend emerges in the region with gas flow >6.7 m/s, in which the
amount of bias toward higher hotspot variability increases with increasing process energy density.

With patches 5 and 6 in conduction mode, little or no vapor is generated, and the bias toward higher variability in the x-direction is
small with gas flow >6.7 m/s. The bias increases with higher process energy density. At the highest process energy
density, scans in the x-direction exhibit 3 to 4 times higher hotspot coefficients of variation with gas flow >6.7 m/s. This increasing
variability in hotspot size, therefore, appears to be a function of laser interaction with the hot vapor jet differently
when scanning nominally toward the gas flow compared with nominally perpendicular to the gas flow. It seems particularly likely that
the increased variability in hotspot size with scan direction is due to the hot vapor jet considering that no clear scan-direction bias was
found in meltpool AR, meltpool AR CV, or hotspot area. The cause of hotspot area CV changes with scan direction are currently unknown
but may be related to increased vapor jet velocity relative to the gas flow and/or changes in vapor jet incline angle with gas flow direction.
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Figure 11: inline hotspot CV at three power densities with x and y
scan directions

4. Conclusion

A preliminary study on the effects of gas flow speed and direction on meltpool aspect ratio and hotspot size was performed under
process parameters similar to those used in LPBF in IN625. It was found that no gas flow was associated with asymmetric, shallow, and
wide melt tracks that may cause lack of fusion defects. The melt tracks became consistent in width, depth, and shape with adequate gas
flow. Excessive gas flow was associated with higher consistency in meltpool aspect ratio, but shallower meltpools.

For process monitoring, it was found that, under the conditions tested, inline image hotspot size increased with energy densities that
formed meltpools ranging from conduction mode to transition mode. Average hotspot area was, though, a relatively insensitive indicator
of both meltpool aspect ratio and high process variability, especially as the energy density increased in the transition mode toward
keyhole mode. Hotspot area coefficient of variation was found to be a stronger indicator of meltpool aspect ratio variability, and therefore
an indicator of inadequate gas flow. Use of hotspot area coefficient of variation as an indicator of meltpool aspect ratio variability
suffered from a bias toward higher variability when the meltpool was scanned nominally toward the gas flow. The bias that caused
higher “flicker” in the meltpool image hotspot area was likely due to a change in the laser interaction with the hot vapor jet with different
gas flow directions. Therefore, it is concluded that gas flow speed and direction each have important ramifications for both laser delivery
and process monitoring.

Future work will be in developing gas flow profiles (especially increased height of the velocity profile) that are compatible with
LPBF powders, as the velocities used in this study would likely disrupt the powder bed. This study has improved the understanding of
the relationship between meltpools and meltpool signature, but more work is needed to develop robust process monitoring. Meltpool
image intensity and intensity variability will be investigated in future work.
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Appendix

As shown in Figure 12, there is no clear gas flow direction bias in hotspot area. As shown in Figure 13, no trend was observed due to
scan direction in meltpool AR. As shown in Figure 14, no clear bias is shown in meltpool AR CV due to scan direction.
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Figure 12: hot spot size bias with scan direction
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