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Meltpool dimensions play a pivotal role in defining the defects and microstructure state of Laser Powder Bed
Fusion (LPBF) builds. Therefore, it is crucial to investigate variations in meltpool geometries under different
process conditions. In this work, we fabricated single tracks of LPBF Hastelloy X (HX) alloy under 36 printing
conditions and examined the corresponding cross-section meltpool dimensions at two locations across the build
platform. This investigation demonstrates the impacts of laser power, scan speed, powder layer thickness, and
printing locations on resultant meltpool dimensions. As expected, we observed that meltpool dimensions increase
as laser power increases or scan speed decreases. It was also concluded that thicker powder layers lead to
wider and shallower meltpools due to reduced laser energy penetration into the solid beneath the powder layer.
Additionally, the meltpool dimensions show variations dependent on deposition locations due to the different
levels of interaction of the laser and its induced vapor plume, resulting in shallower and wider meltpools. These
findings provide a systematic understanding of meltpool dimension variations across various process conditions

for LPBF HX alloy, which ultimately offer insights into the formation of defects and microstructure features.

1. Introduction

Additive manufacturing techniques, such as laser powder bed fusion
(LPBF), have emerged as effective alternatives for producing metallic
components with complex (internal) architectures. In LPBF, metal pow-
der is deposited layer-by-layer, and a laser beam is used to selectively
fuse sections of powder layers point by point based on a sliced CAD
model [1]. This incremental and point-by-point manufacturing strategy
enables the realization of metallic components with near-net shapes and
even functionally graded properties [2].

Although LPBF has achieved significant success in fields such as
aerospace, bio-implants, and more, it currently faces challenges in
quality control. These are primarily due to a lack of understanding
of the linkage between process, microstructure, and properties. Non-
optimized process conditions can lead to defects such as pores and
cracks, as well as inferior microstructures, which ultimately result in
compromised end-use mechanical performance [3-5]. One critical fea-
ture governing defects and microstructure formation during the LPBF
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process is the meltpool size and shape [6,7]. For instance, a small or
shallow meltpool (without sufficient hatching) can result in lack-of-
fusion defects, while an overly large and deep meltpool may be accom-
panied by keyhole-induced defects [8-10]. Additionally, the geometry
of the meltpool affects grain morphology and crystallographic texture
[11]. Therefore, investigating the sensitivity of meltpool size and geom-
etry to various process parameters is fundamental for understanding the
linkage between process, microstructure, and properties in LPBF alloys.

In this work, we focus on a systematic study of Hastelloy X (HX)
alloy, a solid-solution strengthened Ni-based alloy known for its excep-
tional high-temperature strength and hot corrosion resistance [12-14].
HX is commonly used in critical high-temperature components for ap-
plications such as gas turbines [15-17]. Numerous investigations have
explored the characteristics of microstructure and the corresponding
mechanical response in LPBF HX alloy [17-20]. For example, Ghiaasi-
aan et al. reported superior yield strength and enhanced ductility in
LPBF HX alloy compared to its wrought counterparts, attributed to
its finely deposited dendritic microstructure [19]. Esmaeilizadeh et al.
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Fig. 1. A schematic of the customized substrate with the laser scanning tracks.

demonstrated that the ultimate tensile strength and ductility of LPBF
HX decrease when the scan speed is either too low or too high due to
the formation of lack-of-fusion or keyhole defects [18].

However, systematic investigations into how meltpool geometries
change under various process conditions for LPBF HX alloy are still
limited. This is despite their importance in understanding the forma-
tion of defects and microstructure, and consequently in quality control
and advanced design for LPBF HX fabrications. To address this, Zhang
et al. studied the effect of linear energy density (LED = P/v, the ra-
tio of laser power to scan speed) on the meltpool size of single-track
LPBF HX alloy, observing a larger meltpool under higher LED [21].
Similarly, Keshavarzkermani et al. investigated the influence of Laser
LED and powder layer thickness on meltpool dimensions in HX alloy
and reported a similar sensitivity of meltpool geometry to the LED
[22]. However, their work did not reveal a clear trend in meltpool di-
mensions relative to changes in powder layer thickness, likely due to
complications in analyzing data gathered from printing on top of the
rough surfaces resulting from previous layer deposition. To provide a
more comprehensive understanding of the sensitivity of meltpool ge-
ometry to the parameters of LPBF for HX alloy, we customized an HX
substrate to allow the deposition of various layer thicknesses within
a single recoating step over a smooth (machined) surface. The partic-
ular design of the substrate also enables the comparison of deposited
material with the same set of process parameters at different locations
within the build platform. By employing different sets of laser param-
eters on the designed substrate, we investigate the meltpool sensitivity
to LPBF process conditions and printing positions by depositing single-
track scans with 36 unique combinations of laser power, scan speed,
and powder layer thickness.

2. Materials and methods

The customized printing substrate was manufactured from wrought
HX through electro-discharge machining (EDM) and featured steps of
varying depths (-20, -30, -40, -30, and -20 um from left to right) in
the middle of a 90 mm diameter round plate, as shown in Fig. 1. The
width of the steps for depths of -20 and -30 pm was 7.5 mm, while
that for the middle -40 pm step was 15 mm. These steps were then
filled with powder, resulting in layer thicknesses of 20, 30, and 40 um.
Additionally, laser scanning at the two extreme sides of the substrate
represents conditions without deposited powder layer, i.e. powder layer
thickness of zero. The powder used in this study was gas-atomized HX
powder supplied by Oerlikon AM with the composition, shape, and size
distribution as reported in [17].

As summarized in Table 1, we studied nine sets of laser powers and
scan speeds for the four powder layer thicknesses. For each combina-
tion, we deposited five 60 mm tracks on top of the substrate using
a Sisma MySint 100 LPBF machine with a 200 W fiber laser under
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Table 1
Examined process conditions for the single-track HX LPBF.

LED (J/mm)  Laser power P Scan speed v Layer thickness ¢
w) (mm/s) (um)
0.223+0.003 200 900
175 800
125 550
0.182+0.006 200 1100
175 900 0, 20, 30, 40
125 700
0.154+0.002 200 1300
175 1150
125 800
position b irting -

surface
= O

= T height

Meltpool
profile —

Melt pool width

Fig. 2. A schematic illustrating the strategy for analyzing meltpool dimensions.

continuous-wave mode operation and Argon shielding gas. The flow di-
rection of the shielding gas was the same as the laser scan direction. The
laser spot had a diameter of 55 um and a wavelength of 1070 nm. We
used long dwell times of 2 minutes between tracks to minimize varia-
tions in meltpool dimensions due to heat accumulation in the substrate.

The meltpool dimensions for different conditions were assessed
based on their cross-sections perpendicular to the scan direction at two
different printing locations (i.e., left/beginning and right/end side of
the substrate). Metallography sections were taken from the build (as
indicated by the eight white dashed lines in Fig. 1) and polished to a
0.05 um surface finish. They were then etched with Glyceregia reagent
(HCI:HNO3:Glycerol = 3:1:2) for 2 minutes. The sections’ locations
were chosen to assess the steady-state dimensions of the meltpool later
using scanning electron microscopy (SEM) (FEI Quanta 650).

We used an in-house MATLAB code to extract the meltpool dimen-
sions from the SEM pictures. Width, depth, bead height, and “meltpool
profile” were used for quantifying the meltpool geometry (See Fig. 2).
The meltpool profile was defined as the width of the meltpool at differ-
ent heights relative to the printing surface. This was calculated based
on counting the horizontal pixels in the meltpool at different heights,
excluding pixels of pores or voids in the meltpool area. We quantified
the average, standard deviation, and confidence interval of meltpool
features based on measurements from five tracks for each process con-
dition.

3. Results and discussions

This section discusses the sensitivity of the meltpool geometry to
various LPBF process parameters by evaluating meltpool depth, width,
and bead height. Meltpool profiles and SEM images are also provided
to interpret the observations where needed.

The supplementary materials report meltpool dimensions for all ex-
amined LPBF conditions. In the following discussions, for brevity, the
focus on the sensitivity of meltpool geometry to laser power, scan speed,
and printing position is based on observations from the conditions with-
out deposited powder layer, as similar tendencies are observed for
depositions with a powder layer. Section 3.3 then discusses the influ-
ence of powder layer thickness on meltpool dimensions and shape.

3.1. Effect of laser power and scan speed

Figs. 3a-d present the meltpool depth, width, bead height, and its
depth-to-width ratio under various scan speeds and laser powers, re-
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Fig. 3. Meltpool dimensions observed for single-track LPBF of HX alloy during the laser scan without deposited powder layer, as functions of (a-d) laser scan speed
and power and (e-h) LED: (a, e) meltpool depth, (b, f) width, (c, g) bead height, and (d, h) depth-to-width ratio (D/W). Dashed lines indicate linear trends.

40

(a) ——200 W, 1300 mm/s
— 175 W, 1150 mm/s

Location along building direction
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Melt pool profile

Fig. 4. (a) Meltpool profiles resulted from LED = 0.15 J/mm for the scan speeds of 1300 mm/s and 1150 mm/s; (b-d) corresponding SEM images depicting meltpool
morphologies for scan speeds of 1300 mm/s and (e) 1150 mm/s. The shadow in (a) represents the 95% confidence interval of the meltpool profile.

spectively. The measured values are derived from SEM images taken
from the beginning part of the tracks, i.e., located in the left half of
the build plate and indicated by the blue area in Fig. 1. The sensitiv-
ity of the meltpool geometry to the printing position is discussed in the
following section.

Meltpool depth, width, and bead height all decrease for higher
scan speeds and lower laser powers. Fig. 3d shows a similar trend for
depth-to-width ratio, which demonstrates the higher sensitivity of the
meltpool depth to scan parameters. These results align well with pre-
vious reports [21,22], indicating a correlation between the amount of
deposited energy in the laser path and meltpool dimensions. This corre-
lation can be better observed in Figs. 3e-h, where the three dimensions
consistently increase for higher linear energy density (LED) expressed
as LED = P/V. LED efficiently combines the effects of laser power
and scan speed on meltpool dimensions (especially for meltpool depth),
similar to observations in [21,22].

Further insights into the sensitivity of meltpool shape to laser scan
speeds can be inferred from comparing the SEM images and meltpool
profiles. Fig. 4 compares the meltpool shapes for LED of approximately
0.15 J/mm and varying scan speeds of 1300 mm/s and 1150 mm/s.
The meltpool formed under the lower scan speed exhibits a more reg-
ular shape with low variability among the different examined sections.
In contrast, the meltpool formed under the fastest examined scan speed
of 1300 mmy/s is highly irregular, displaying significant variability and
often featuring a hump. This irregularity can be attributed to rapid so-
lidification under fast scan speeds, which provides insufficient time for
molten metal surface tension to shape a regular-shape meltpool [23].

3.2. The effect of printing position
In the previous section, we discussed the effects of laser power and

scan speed on the dimensions of the meltpool. In this section, we exam-
ine the differences in meltpool dimensions between the beginning and

end parts of laser tracks. Our customized substrate and experimental
design enabled an investigation into how sensitive meltpool dimensions
are to the printing position under various LPBF process conditions.

Fig. 5 presents the dimensions of the meltpool formed during the
laser scans with zero layer thickness for different sets of laser param-
eters at both the beginning and end of laser tracks. This indicates a
sensitivity of meltpool sizes and shapes to the printing location across
the build platform. At the lowest scan speed, the meltpool at the be-
ginning of the tracks (solid points in Fig. 5) is shallower and slightly
wider than at the track ends (half-opened points in Fig. 5). However, an
opposite tendency is observed as the scan speed increases, where shal-
lower and wider meltpools are observed at the end of the tracks. The
difference in meltpool dimensions between these two printing positions
becomes more significant for higher scan speeds and laser powers.

The observed dependence of meltpool geometry on the printing
location and its sensitivity to laser parameters can be explained by con-
sidering the laser-plume effect. The plume refers to a hydrodynamics
concept that describes the motion of a column or stream of fluid. In
LPBF, this refers to the motion of vaporized metal and ionized plasma
[24] and can cause absorption and scattering of the laser, leading to
reduced effective laser intensity and a widened effective beam diame-
ter. As a result, it often leads to the formation of a shallower and wider
meltpool [25].

Interestingly, the plume intensifies under higher laser power, and its
direction also changes depending on the scan speed [24,26]. The vapor
plume usually ejects from the hottest spot in the meltpool, which expe-
riences the most intensive metal vaporization [27]. Simulations in [28]
have shown that the hottest location in the meltpool shifts from the rear
to the bottom and then to the front side of the keyhole wall as the scan
speed increases. Consequently, the ejection of the vapor plume changes
accordingly from forward to backward. Meanwhile, the incident angle
of the laser varies at different printing positions, as discussed in [29,30],
despite the implementation of the F-theta lens in printing machines. The
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Fig. 5. Comparison of the meltpool dimensions formed during the laser scans without deposited powder layer on the left and right sides of the substrate, i.e. at the
beginning and end of the laser tracks: (a) meltpool depth, (b) width and (c) depth-to-width ratio.

a
) ! Scan

direction
—_—

\ Plume

D D

= I
Wlpeg =~ Wlend
Slow scan speed

D

e > S
Wlpeg™ Wlend
Fast scan speed

Fig. 6. Schematic of laser and plume interactions and their effects on the melt-
pool depth-to-width ratio under (a) slow and (b) fast scan speeds. The black,
white, and red areas represent the solid, gas, and molten metal, respectively.
Images in the dashed outline are high speed images of vapor plume under (a)
slow and (b) fast scan speeds (Reproduced with permission from Ref. [26] Copy-
right 2018, Elsevier).

influence of the variation in laser beam inclination is evident in Fig. S1
of the Supplementary Materials, which shows that the centerlines of
the meltpools at the corners of the build plate are tilted away from the
vertical direction.

Accordingly, Fig. 6 shows a schematic of the laser-plume interaction
under various laser scan speeds at different printing positions. At low
scan speeds, the plume ejects forward and strongly interferes with the
laser at the beginning of the tracks (blue area in Fig. 1), while it has only
a marginal interaction at the end of the tracks (the gray area in Fig. 1).
Therefore, a shallower and wider meltpool is expected at the beginning
of the tracks under slow scan speeds (as the red area in Fig. 6a). On the
other hand, at high scan speeds, the plume’s direction shifts backward,
resulting in a more pronounced laser-plume interaction at the end of
the tracks compared to the beginning. This accounts for the reduced
depth and increased width of the meltpool observed at the end of the
track under fast scans (as the red area in Fig. 6b).

A non-uniform spatial distribution of inert gas flow velocity can also
contribute to the position dependency of meltpool dimensions, as the
gas flow can distort the vapor plume column and thus affect the inten-
sity of interaction between the plume and the laser [31,32]. However,
the evidence presented in this study suggests only a marginal effect from
the inert gas flow. For most conditions (except with the lowest scan
speed), a deeper meltpool is observed at the beginning of the tracks,
i.e., closer to the inert gas inlet, contrary to what was expected if the

inert gas had a dominant effect on the plume column distortion leading
to a more intense interaction with the (inclined) incident laser beam. It
should also be noted that observations of differences in meltpool dimen-
sions under the same laser power and scan speed for different printing
positions indicate that linear energy density (LED) cannot solely de-
scribe the dimensions of the meltpool, as it does not account for effects
from, e.g., laser-plume interaction and its sensitivity to the deposition
positions.

3.3. The effect of layer thickness

As meltpool dimensions at the beginning of the tracks are found to
be less affected by the laser-plume interaction for most of the studied
process conditions, we focused our analysis on the effect of powder
layer thickness on the meltpool geometry at the initial part of the tracks
(highlighted in blue in Fig. 1).

Fig. 7a and b show that as the powder layer thickness increases, the
meltpool depth decreases while its width increases. This is attributed to
laser absorption by the powder layer and the low thermal conductivity
of the powder material, which results in reduced thermal energy pen-
etration in the depth direction and more heat accumulation on the top
of the meltpool, hence the formation of shallower and wider meltpools.
Accordingly, there is a smaller depth-to-width (D/W) ratio for the melt-
pool as the powder layer thickness increases, as seen in Fig. 7c. The
bead height in Fig. 7d generally increases with the powder layer thick-
ness, except for the condition with the highest laser scan speed, where
a large data variation is also observed, possibly due to the instability of
the meltpool at high scan speeds [33].

The observations also reveal a significant increase in the variability
of meltpool geometry when introducing the powder layer (see Fig. S2
in the supplementary materials). This heightened variability is likely
attributed to the stochastic nature of powder layer characteristics and
the interaction of the vapor jet with powder particles, leading to greater
variability in the dimensions of the formed meltpool [34].

Fig. S3 in the supplementary materials displays meltpool dimensions
at the end of the tracks for various layer thicknesses. A similar trend for
the sensitivity of meltpool dimensions to layer thickness is observed
there for most conditions, while a few inconsistencies under high scan
speeds can be explained by the intensified laser-plume interaction at
the end of the tracks.

4. Concluding remarks

In this work, single LPBF tracks were deposited under nine com-
binations of laser power and scan speed, and for four different layer
thicknesses at two sides of a customized HX substrate (with five rep-
etitions per condition). The cross-sectional meltpool geometries of the
deposited single tracks were analyzed to evaluate their sensitivity to
laser power, scan speed, powder layer thickness, and printing locations.
The key findings include:
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+ The meltpool geometry varies at different printing locations, influ-
enced by laser-plume interaction, which can cause an increase in
effective laser beam diameters and reduced laser intensity, result-
ing in a wider and shallower meltpool. The evidence presented in
this study suggests that variations in meltpool dimensions across
positions are primarily due to differences in the laser’s inclination
angle at various locations and the sensitivity of the vapor plume
to the laser scan speed and power. Additionally, it posits that the
impact of non-uniform spatial distribution of inert gas flow veloc-
ity on meltpool dimension variations across the build platform is
marginal.

The meltpool depth and width increase with higher laser powers
or slower scan speeds. However, the linear energy density param-
eter does not necessarily provide an accurate representation of
meltpool dimensions, particularly in cases involving considerable
laser-plume interaction.

For a given set of laser parameters (and printing location), a shal-
lower and wider meltpool with higher bead height is observed for
the larger powder layer thicknesses.

It is important to acknowledge that the experimental method
adopted in this study did not allow for the quantification of meltpool
length, which could potentially provide deeper insights into the sensi-
tivity of meltpool geometry to the LPBF process conditions. Therefore,
future research that integrates in-situ imaging techniques, such as X-ray
or high-speed thermal cameras, to observe meltpools and vapor plumes
for single-track and multi-track multi-layer depositions could represent
a pivotal direction for advancing understanding in this field.
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