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Abstract

Laser hot-wire directed energy deposition (LHW-DED) improves process performance
by enhancing wire preheating. Reliable in situ assessment of process stability remains
challenging because the melt-pool behavior and wire transfer are commonly
evaluated separately. This study develops vision-derived stability indicators by
jointly characterizing melt-pool geometry and wire dynamics during the deposition
of stainless steel 316LSi under varying laser power and hot-wire power. Optical
videos were analyzed using multi-Otsu segmentation for melt-pool area extraction
and the Segment Anything Model 2 for temporal wire segmentation. Melt-pool area
was used to characterize the energy input, while frame-to-frame Intersection over
Union (loU), loU volatility, and angle variability were evaluated as indicators of wire
stability. Low energy conditions produced smaller melt pools and greater wire flutter,
whereas sufficient energy inputs produced larger melt pools and more consistent
wire behavior. Parameter-level correlations showed that melt-pool area for single
beads was related to penetration depth and total cross-sectional area measured by
optical microscopy. Melt-pool area was also associated with wire stability during the
single-bead laser-power sweep. These results establish melt-pool geometry and wire
dynamics as complementary indicators of LHW-DED stability and support future
process qualification and in situ feedback control.

Keywords: Laser hot-wire directed energy deposition; Computer vision; Additive
manufacturing; In situ monitoring

1. Introduction

Directed energy deposition (DED) is a widely adopted metal deposition AM technology
due to its ability to manufacture components with low production costs, high deposition
rates, and suitability to build or repair large components.! DED processes utilize a focused
thermal energy source such as an electron beam, electric arc, plasma arc, or laser to melt
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feedstock to generate a localized melt pool on a previously
deposited layer.>® Laser hot-wire DED (LHW-DED)
incorporates resistive preheating of the wire feedstock prior
to interaction with the melt pool. This preheating increases
the thermal state of the incoming wire, promoting a more
stable and energy-efficient deposition process while also
reducing the thermal gradient between the wire and the
melt pool. The preheating enhances wetting, improves
fusion quality, and increases penetration depth without
significantly increasing bead width or height.”® As a result,
LHW-DED has been identified as a promising alternative
to wire arc additive manufacturing for large-scale metal
deposition, while retaining advantages associated with
laser-based processes, including localized energy input,
improved process control, and the ability to tune heat input
through both independent laser and resistive preheating
sources.®

Despite these advantages, LHW-DED is a complex
process characterized by a narrow stability window.**
Deviations in process parameters, specifically those related
to the balance between energy and mass inputs such as
laser power, wire feed speed, and resistive preheating,
can lead to distinct defect morphologies and unstable
deposition behavior.'® While all DED processes are
susceptible to instabilities related to heat input, melt-pool
geometry, and defect formation, wire-fed DED introduces
an additional stability challenge through direct mechanical
interaction between the wire and the melt pool. In these
systems, instabilities are commonly identified through
macroscopic phenomena such as stubbing and dripping
and are characterized by fluctuations in wire position and
orientation.>! In this work, such fluctuations are referred
to as wire flutter, defined as rapid lateral movements of
the wire relative to the melt pool, as opposed to steady
wire position, which is necessary to provide consistent
geometry and improved resolution.

Stubbing occurs when insufficient energy prevents
complete wire melting before impacting the underlying
structure, causing mechanical vibrations and potential
damage to the deposition head.'>* Conversely, dripping
arises from excessive heat input, where the wire
melts prematurely above the substrate, disrupting the
continuous liquid transfer and causing globular droplet
formation.'*** Both instabilities can lead to variations in
bead geometry, high residual stresses, and microstructural
heterogeneity.'*'® Maintaining a stable wire-to-melt-pool
relationship is necessary to achieve consistent geometry
and structural integrity."

In related wire-based processes such as wire arc
additive manufacturing, process stability is often assessed
through continuous observation by an operator, requiring

rapid intervention to identify and rectify anomalies within
seconds. Consequently, automated monitoring strategies
based on computer vision algorithms and real-time signal
extraction have emerged as solutions for integration into
closed-loop process control systems.”” While melt-pool
behavior has been investigated using thermography and
optical imaging techniques,>'>*-* wire-fed processes pose
a specific challenge regarding the wire position and motion,
which are critical factors affecting process stability.

Early monitoring approaches for DED relied primarily
on conventional computer vision methods, where
image segmentation separates process-relevant regions
or features from the surrounding image background,
commonly using techniques such as intensity thresholding
and edge-based boundary detection.®”” However, their
performance is highly dependent on imaging conditions,
signal contrast, and process conditions. When the
melt pool exhibits strong intensity separation from the
background and limited interference from other process
features, such as the wire, spatter, and reflections, these
methods can provide reliable frame-adaptive segmentation
with minimal computational overhead. In more complex
or highly variable DED conditions, however, their
robustness can degrade, motivating the use of learning-
based approaches.®® To overcome these limitations,
deep learning architectures such as convolutional neural
networks—especially the U-Net architecture,>' the
region-based convolutional neural network,*>* and self-
supervised frameworks*?**—have demonstrated superior
capability in isolating melt-pool features under more
variable imaging conditions. Foundation models like the
Segment Anything Model (SAM)* and its successors—
SAM2%* and SAM3¥—have further expanded image and
video segmentation capabilities with minimal retraining.?

However, most computer vision studies have focused
primarily on melt-pool segmentation, geometric feature
characterization, or identifying wire deposition states
through wire tracking, image intensity variation, or
temporal differences. In wire-DED, the wire introduces
an additional dynamic interaction with the melt
pool, yet quantitative wire motion indicators are less
commonly evaluated together with melt-pool dimensions
across controlled variations in process energy input.
The relationship between melt-pool development
and continuous wire dynamics remains insufficiently
characterized as a combined indicator of process stability.

This study investigates the coupled evolution of melt-
pool geometry and wire motion in LHW-DED under
independent variations in laser power and hot-wire power.
Multi-Otsu segmentation was used to extract the projected
melt-pool area, while SAM2-based temporal segmentation
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was used to quantify frame-to-frame wire intersection
over union (IoU), IoU volatility, and wire angle variability.
The evolution of these monitoring metrics was interpreted
jointly to identify transitions between unstable and stable
transfer behavior and to determine how these transitions
depend on the energy input. The in situ measurements
were further compared with post-process cross-sectional
geometry from the melt pool, including width, height,
and cross-sectional areas. The principal contribution is
therefore the integration of melt pool and wire dynamics
measurements into complementary and physically
interpretable indicators of LHW-DED process stability.

2. Materials and methods

This section describes the Mazak metal hybrid system,
imaging, and algorithms used to monitor hot-wire laser
deposition process health.

2.1. Experimental setup

Experiments were conducted using a hybrid system (VTC-
800G/SR AM, Yamazaki Mazak Corporation, Japan)
equipped with a deposition head (FiberWELD DHc, Laser
Mechanisms Inc., USA), an 8 kW nLight laser operating
at 1,070 nm with a 150 pm fiber and integrated 5-axis
machining capability. The additive head uses a single laser
beam split into a tri-beam configuration that converges at
the melt pool and enables coaxial wire feeding. A separate
1 kW power supply integrated within the head was used to
resistively heat the wire, referred to as “hot-wire power” A
schematic of the processing head configuration is shown
in Figure 1.

A one-factor-at-a-time experimental design was used,
in which laser power was varied while hot-wire power
was held constant at 650 W, and hot-wire power was
varied while laser power was held constant at 4,000 W.
The same eight-bead deposition layout shown in Figure 2
was repeated for each of the 12 process conditions listed
in Table 1. Conditions 1-6 correspond to the laser-power
sweep from 3,000 to 5,500 W at a constant hot-wire power
of 650 W, whereas conditions 7-12 correspond to the
hot-wire power sweep from 0 to 1,000 W at a constant
laser power of 4,000 W (Table 1). This design enabled the
individual trends associated with each process parameter
to be evaluated under a fixed level of the other parameter.
However, the design does not permit statistical estimation
of interaction effects between laser power and hot-wire
power. No independently repeated deposition runs were
performed for a given process condition.

2.2. In situ monitoring and image processing
procedure

In situ data acquisition was performed using an optical

camera (XIRIS XVC-1000, Xiris Automation Inc., Canada)
mounted inside the deposition head at an inclination of
approximately 8° relative to the deposition axis (Figure
1). The camera uses a monochromatic complementary
metal-oxide semiconductor sensor with a dynamic range
exceeding 140 dB and captures 16-bit image sequences at
a spatial resolution of 1,080 x 1,024 pixels and a frame rate
of 30 frames per second. The camera focus was adjusted
manually before deposition to maintain consistent image
quality across all experiments.

A multistage image processing pipeline was developed
in Python (3.10, Python Software Foundation, Netherlands)
to extract two complementary classes of in situ information
from the recorded frame sequences: Projected melt-pool
geometry and wire dynamics. As shown in Figure 3,
the melt pool was segmented using a threshold image-
processing method, while the wire was segmented using a
prompt-based segmentation foundation model to improve
robustness under changing local contrast, reflections, and
process illumination. The resulting masks were then used
to compute the geometric and temporal stability metrics.

Table 1. Variable process parameters used for laser power and
hot-wire experiments

Process condition Laser power (W) Hot-wire power (W)
1 3,000 650
2 3,500 650
3 4,000 650
4 4,500 650
5 5,000 650
6 5,500 650
7 4,000 1000
8 4,000 850
9 4,000 700
10 4,000 550
11 4,000 200
12 4,000 0
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Figure 1. Laser hot-wire directed energy deposition system and melt-pool imaging configuration: (A) Mazak VTC-800 SR AM hybrid manufacturing
system. (B) Close-up of the deposition head. (C) Schematic of the optical monitoring configuration, including the melt-pool camera positioned 8° from
the process axis, the preheating unit, three-beam laser configuration, and build plate coordinate system.

Figure 2. Two-dimensional deposition layout used for each of the 12 process conditions. Each condition consisted of eight deposited tracks: A five-bead
pad (beads 1-5) and three spatially separated single beads (beads 6-8).
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Figure 3. Representative examples of the segmentation procedures used for the required features. (A) A multi-Otsu segmentation of the projected melt-
pool region on the X-Y plane, shown in green, with the fitted ellipse used for geometric analysis. (B) Segment Anything Model 2-generated mask, shown
in blue, with the principal wire axis shown as a dashed red line for extraction of the projected wire-angle metric.

The reported mean and standard error of the mean
values from the melt pool and wire metrics were calculated
from the frame-level observations within each geometry
and process condition. Variability was reported as either
the standard error of the mean or the 95% confidence
interval (CI), as indicated in the respective figures and
captions.

2.2.1. Melt-pool geometry

The projected melt-pool geometry on the X-Y plane was
extracted using a multi-Otsu®® grayscale thresholding
approach. The original Otsu method determines an
intensity threshold by maximizing the between-class
variance of the image histogram, and its multilevel
extension allows separation of multiple intensity classes
within the same frame. In this work, the method was
used to isolate the high-intensity melt-pool region from
the surrounding background and lower-intensity image
features under varying process conditions.

Since image intensity changes with the energy input,
the segmentation was performed on a frame-to-frame
basis rather than using a single global threshold for the
full dataset. The resulting binary masks were processed
in OpenCV (4.11.0.86, OpenCV, USA) to isolate the
dominant connected region associated with the melt-pool
zone. The melt-pool area and projected spatial dimensions
were then extracted from the segmented masks on the X-Y
plane as shown in Figure 3A. This threshold-based method

was selected because it provided computationally efficient
and repeatable segmentation across the image sequence
while preserving sensitivity to process-induced changes
in the melt-pool shape. Since the wire appears within the
same field of view as the melt pool, the thresholded melt-
pool mask also included part of the projected wire region
across all process conditions. To quantify this contribution,
the intersection between the melt pool and the wire masks
was calculated for a 120-frame subset, consisting of 10
randomly selected frames from each of the 12 experimental
conditions. The overlap was expressed as a percentage of
the total thresholded melt-pool mask area for each frame.

2.2.2. Computer vision-based wire tracking and
segmentation

Wire segmentation was performed using SAM2, which
provided improved temporal consistency and robustness
against background noise, illumination variability,
and local reflections compared to statistical threshold
algorithms. The implemented pipeline used the pre-trained
SAM2 “sam2.1_hijera_small.pt” checkpoint and combined
interactive point prompting on a reference frame with
temporal mask propagation across the remaining frames
in the video sequence.

All available deposition frames were included in
the wire analysis. Each bead contained approximately
500 frames acquired at 30 frames/s, corresponding to
approximately 16.7 s of analyzed deposition time per bead.
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Since each process condition consisted of a five-bead pad
and three single beads, approximately 4,000 frames were
analyzed for each process condition. A single reference
frame was manually initialized for each process condition,
requiring the wire body and wire tip to be clearly visible and
distinguishable from the surrounding melt-pool region.
Positive point prompts were placed along the visible wire
body and near the wire tip, while negative prompts were
positioned on the adjacent melt pool and background
regions. The initialized wire mask was subsequently
propagated through the remaining frames using the SAM2
video-prediction framework. The schematic workflow of
the SAM2 model is shown in Figure 4.

The resulting wire masks were used to quantify
the frame-to-frame wire motion and stability metrics
described in the next section. A physical calibration was
performed by imaging a 1 mm gauge block under the same
optical configuration used during deposition, resulting in
a calibration factor of 74.5 pixels per mm. This conversion
factor was applied to transform the feature dimensions
into physical units where needed.

2.3. Wire motion and stability metrics

To characterize the wire dynamics, three metrics were
extracted from the SAM2-generated wire masks on
the projected X-Y plane: IoU, IoU volatility, and angle
variability. IoU has previously been used as an indicator
for wire motion and process stability in DED monitoring

because it quantifies the spatial consistency of a segmented
feature between consecutive frames.*** In the present
work, the IoU was calculated by comparing the mask of
the current frame (M) to the mask of the immediately
preceding frame (M, ,) (Equation 1):

M, "M,

|Mt th_l| x100 (1)

loU (%) =

Higher IoU values indicate a greater frame-to-frame
consistency in wire position and shape, whereas low
IoU values indicate large positional or morphological
changes associated with unstable transfer behavior. In
this study, sustained IoU values above approximately 80%
were interpreted as characteristic of stable wire feeding
conditions.

To quantify the temporal instability of the wire during
deposition, the IoU volatility was calculated as the absolute
change in IoU between consecutive temporal steps
(Equation 2):

Viw =|I0U, =IoU, )

This metric is inversely related to process stability. High
V., values indicate rapid changes in the spatial overlap of
the wire mask and therefore correspond to stronger wire
flutter or intermittent transfer behavior.

Figure 4. Schematic of the Segment Anything Model 2-based wire-segmentation workflow used in this study. A reference frame was initialized with
positive and negative point prompts, after which the model propagated the wire mask throughout the video sequence using memory-assisted temporal

tracking.*
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A third metric, wire angle variability (A€), was
calculated from each frame using the orientation of the wire
mask principal axis (X-Y). Let @, represent the projected
principal axis angle of the wire at frame . The frame-to-
frame angular variation was calculated as (Equation 3):

AG=|6,-6,| (3)

This metric captures changes in the projected wire
orientation and was used as an additional indicator of
wire dynamic stability. As the angle is derived from a
projected view, the measured value is most sensitive to
motion visible on the imaging plane and does not resolve
all three-dimensional components of wire motion equally.
For each video, IoU, V|, and A& were first calculated on
a frame-by-frame basis. The resulting values were then
grouped by deposition geometry, namely the single beads
and the multi-bead pad. Geometry-specific means and
95% Cls were calculated for each process condition for all
the process variable conditions.

An additional validation of the SAM2 segmentation
was performed using manually annotated reference masks
spanning all investigated process conditions and the same
120-frame subset used for the melt pool/wire overlap
analysis. Manual annotations were generated from the
original images using the same target definition applied
in the automated segmentation. The SAM2-generated
masks were compared with the corresponding manually
annotated masks using IoU. In addition, the projected wire
orientation was calculated from both masks using the same
principal component analysis-based approach, and the
absolute angular difference between the SAM2 and manual
masks was used to quantify the effect of segmentation error
on the extracted wire-angle metric.

2.4. Post-process analysis

Post-process optical microscopy was performed on cross-
sections in the Y-Z plane to relate the in situ imaging
results to the resulting fusion geometry. A total of two
cross-sections per process condition were prepared from
the single bead samples. The quantitative cross-sectional
analysis was focused on the single beads because their
isolated geometry provided a clearer basis for evaluating the
direct effects of laser and hot-wire power on bead profile,
penetration, and dilution. In contrast, the multi-bead pad
includes bead overlap, local remelting, and cumulative
thermal effects that complicate direct comparison of
individual cross-sectional features between process
conditions. Therefore, equivalent ex-situ Y-Z validation
was not performed for the pad geometry, and pad-specific
stability trends were evaluated using the in situ X-Y melt
pool and wire-dynamics indicators The cross-sections were
mounted in epoxy, ground using 500-, 800-, 1,000-, and
2,000-grit silicon carbide discs, polished using 6, 3, and 1
um diamond suspensions with DP-Lubricant Purple, and
finally vibratory polished using a 0.05 pm suspension with
colloidal silica. The prepared specimens were optically
imaged using a microscope (DM4000M, Leica, Germany)
at a resolution of 0.97 pm/pixel at 5x magnification using
bright-field imaging.

The obtained microscopy images were segmented using
the base SAM2 small checkpoint to isolate the bead and
dilution regions using the same prompt segmentation
method described in Section 2.2.2. From these segmented
masks, bead width, bead height, dilution depth, bead area,
dilution area, total cross-sectional area, and dilution ratio
were extracted as shown in Figure 5. This post-process
analysis provided a physical Y-Z complement to the in
situ X-Y measurements, allowing the projected melt-pool

Figure 5. Representative cross-section of a single bead showing the geometric features extracted during post-process dimensional analysis, including bead

area, bead height, width, dilution area, and dilution depth.
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areas and wire stability metrics to be interpreted alongside
the corresponding melt-pool morphology. The mean and
corresponding 95% CIs were calculated from the two
cross-sectional measurements obtained for each process
condition.

2.5, Statistical correlation analysis

The cross-sectional data were correlated with the in situ
optical process signatures to evaluate associations between
the monitoring metrics and the resulting deposition
behavior. The correlation analysis was performed across
the six laser-power conditions using condition-level means
from the single-bead specimens. The mean melt-pool area
obtained from multi-Otsu segmentation was paired with
the corresponding mean penetration depth and total
cross-sectional area measured by optical microscopy. For
the wire-stability correlation, the mean melt-pool area
from the single beads was paired with the corresponding
mean frame-to-frame wire IoU obtained from the SAM2
segmentation for each laser-power condition. Pearson’s
correlation coefficient () was used to quantify the
strength and direction of each linear association. Because
only six processing conditions were available, statistical
significance was evaluated using a two-sided permutation
test. All 6!=720 possible permutations of the response-
variable labels were evaluated, and the exact probability
was calculated as the proportion of permutations
producing an absolute correlation coefficient equal to or
greater than the observed value. Ordinary least-squares
linear regression was used for visualization, and the
coefficient of determination ( R ) was reported to describe
the proportion of between-condition variance associated
with the fitted linear relationship. To assess the sensitivity
of the correlations to individual processing conditions, a
leave-one-condition-out (LOO) analysis was additionally
performed by removing each laser-power condition and
recalculating r and R2

3. Results and discussion

The following section examines melt pool and wire
behavior to define process stability indicators for feedback
control.

3.1. Melt-pool area from in situ imaging

The proposed image-processing pipeline enabled frame-
by-frame extraction of the projected melt-pool area in the
X-Y plane using multi-Otsu segmentation. The resulting
binary masks were used to calculate the melt-pool area
throughout deposition. For each process condition, the
data were summarized in two ways: (i) A per-bead mean
area + 95% CI, used to evaluate bead-to-bead area evolution
during the programmed deposition sequence (Figure 6),

and (ii) an overall mean area per geometry + 95% CI for
each process condition to compare parameter sensitivity
between laser power and hot-wire power (Figure 7).

3.1.1. Effect of laser power at constant hot-wire power

Figure 6A shows that the projected melt-pool area
increased with laser power for both the pad and single-
bead geometries. For the pad, the melt-pool area generally
increased from early beads to later beads at all laser
powers, indicating that the local thermal state and evolving
topography influenced the projected footprint during the
multi-bead sequence. This effect was more pronounced
at lower laser powers, where the first bead exhibited the
smallest footprint, and later beads approached a more
stable value by beads 3-5. At higher laser powers, bead-to-
bead variation was smaller but still observable, suggesting
that local thermal history continued to influence spreading
even when laser power dominated melt-pool size.

In contrast, single beads showed less variation among
tracks, consistent with their isolated geometry and reduced
interaction with neighboring deposits. The difference
between the two geometries indicates that the projected
melt-pool area is affected not only by the imposed process
parameters, but also by the local deposition environment.
During pad deposition, each successive bead is deposited
adjacent to material that has already been heated and
solidified; consequently, local substrate conditions evolve
through thermal accumulation, partial remelting of
neighboring material, and changes in surface topography.
These effects explain why the pad exhibited stronger
bead-to-bead evolution than the isolated single beads,
particularly at lower laser powers. The values in Figure 6A
confirm that laser power primarily drove projected melt-
pool area growth. The area of the pad beads increased from
approximately 19 mm? at 3,000 W to 24 mm? at 5,500 W.
A similar trend was observed for the single beads, which
increased from approximately 18 mm? at 3,000 W to 23-24
mm? at 5,500 W. This behavior is expected because higher
laser power increases the energy delivered directly into the
melt-pool region, thereby enlarging the molten footprint
visible in the image plane. In the context of process
monitoring, this result indicates that projected melt-pool
area is a sensitive descriptor of laser power-driven changes
in the process state, particularly for identifying whether
the system is operating in a lower or higher energy regime.
However, the bead behavior shows that the projected area
is not controlled by laser power alone. The larger bead-
to-bead variation within the pad, especially at lower laser
powers, suggests that thermal history and local deposition
geometry affect the apparent footprint and should be
considered when interpreting projected data. Therefore,
while melt-pool area is highly useful as a monitoring
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metric, it should be interpreted as a process state indicator
rather than as a purely direct measure of energy input.

3.1.2. Effect of hot-wire power at constant laser power

Results shown in Figure 6B indicate that varying hot-
wire power produced a comparatively weaker and non-
monotonic effect on the melt-pool area than varying the
laser power. The melt-pool area from the pads remained
within a relatively narrow band across the hot-wire power
range, with only modest evolution. For the single beads,
however, the most pronounced deviation occurred at 0
W, which yielded a larger melt-pool footprint than the
preheated conditions. This behavior is reflected in the mean
values per power in Figure 7. The mean melt-pool area from
the pad showed no strong dependence on hot-wire power.

For the single beads, the 0 W hot-wire condition produced
the largest mean melt-pool area (~23 mm?), followed by a
reduction at 200 W and a gradual return toward the values
measured at higher hot-wire powers.

To evaluate whether the enlarged projected melt-pool
area at 0 W could be attributed to inclusion of the projected
wire within the thresholded mask, the wire-melt-pool
overlap was quantified across all 12 process conditions.
The projected wire accounted for approximately 7% of
the segmented melt-pool area, with condition-level mean
overlap values ranging from 6.17% to 7.94%. The 0 W hot-
wire condition showed an overlap of 6.82%, comparable to
the remaining conditions. Therefore, the larger projected
footprint observed at 0 W was not associated with an
unusually high contribution from the wire projection.

Figure 6. Per-bead mean melt-pool area (+95% confidence interval [CI]) extracted from coaxial imaging on the X-Y plane using multi-Otsu segmentation
under (A) laser power variation and (B) hot-wire power variation. Beads 1-5 correspond to the pad; beads 6-8 correspond to the three single beads.

Figure 7. Overall mean melt-pool area (+ 95 % confidence interval [CI]) extracted from in situ optical imaging on the X-Y plane using multi-Otsu
segmentation for pad beads and single beads under (A) laser-power variation at a constant hot-wire power of 650 W and (B) hot-wire-power variation at

a constant laser power of 4,000 W.

Volume 2 Issue 4 (2026)

doi: 10.36922/ESAM026360019


https://doi.org/10.36922/ESAM026360019

Engineering Science in
Additive Manufacturing

Melt-pool and wire stability in LHW-DED

As the enlarged area footprint at 0 W does not follow
the monotonic trend expected for a purely thermal input
effect, it should not be interpreted simply as evidence of
improved melting. Instead, the result is more consistent
with unstable cold wire transfer. When resistive preheating
is absent, the wire enters the melt pool at lower enthalpy,
increasing the probability of intermittent wire-melt-pool
contact, local perturbation of the molten region, and wire
flutter.’ These instabilities can mechanically perturb the
molten region and promote lateral spreading, thereby
enlarging the apparent footprint measured on the X-Y
plane even without a corresponding increase in useful
thermal coupling.

Once resistive preheating is introduced, the wire
approaches the melt pool in a more favorable thermal state,
reducing transfer instability and making the projected
footprint more repeatable. This interpretation is important
because it shows that projected melt-pool area alone can
become ambiguous near the stability boundary. In other
words, a larger footprint is not always equivalent to a better
or more stable condition. For this reason, the melt-pool
area results should be interpreted together with the wire
stability metrics discussed later in this section.

These results demonstrate that melt-pool area extracted
from coaxial imaging is strongly sensitive to laser power,
while the response to hot-wire power is comparatively
limited once stable transfer is achieved. This is consistent
with the role of hot-wire power as an indirect energy
input mechanism that primarily conditions the wire
and improves transfer stability rather than substantially
increasing melt-pool footprint.® These findings motivate
joint interpretation of melt-pool geometry and wire flutter
metrics, particularly under cold-wire or near-instability
regimes where mechanical coupling can produce non-
intuitive footprint trends.>*!

3.2. Wire stability metrics from Segment Anything
Model 2 segmentation

Wire stability was quantified using a SAM2-based
segmentation pipeline and a frame-by-frame IoU analysis
of the segmented wire masks. In this framework, IoU
captured the spatial consistency of the wire between
consecutive frames, while IoU volatility and angle
variability provided complementary measures of dynamic
instability. The analysis was performed separately for the
single beads and the multi-bead pad, revealing a clear
geometry dependence in the wire dynamics response.
This geometry-specific analysis was necessary because
the two deposition configurations represent different
local process conditions, as observed in Section 3.1. This
section is complementary to the melt-pool area analysis by

showing why the projected footprint alone is insufficient
for evaluating unstable operating conditions.

The current segmentation pipeline used the pre-trained
SAM2 checkpoint without additional fine-tuning on
LHW-DED wire images, and its segmentation accuracy
was quantitatively evaluated against manually annotated
reference masks. A total of 120 frames were manually
annotated, with 10 frames randomly selected from each of
the 12 experimental conditions. The mean segmentation
IoU was 0.852 + 0.055 (standard deviation), with a
median of 0.865, indicating strong spatial consistency.
Additionally, because the segmented masks were used to
determine projected wire orientation, we evaluated the
effect of segmentation differences. The mean absolute
angular difference between SAM2 and the manually
annotated masks was 2.71 + 2.43° (standard deviation),
with a median error of 2.22°. Previous evaluations of
promptable segmentation models show that segmentation
performance depends strongly on object morphology,
image contrast, and prompt ambiguity, with reported IoU
values varying considerably across applications.*>** In the
present study, the IoU and angular error values show that
the pre-trained SAM2 checkpoint segmented the wire
consistently without specific fine-tuning.

3.2.1. Intersection over Union as a process stability
indicator

Figure 8 presents two representative cases that illustrate the
difference between stable and unstable wire behavior. In the
stable condition, the segmented wire remains confined to
a narrow and repeatable trajectory, producing consistently
high IoU values throughout most of the analyzed window.
In contrast, the unstable condition exhibits abrupt changes
in the segmented wire position and shape, resulting in
intermittent IoU drops and temporal fluctuations. When
separated by geometry, however, the results reveal that the
stability transition differed between the single bead and
pad geometries.

The results in Figure 9 show that the wire stability
increased with laser power, but the transition was not
identical for the single beads and the pad. The IoU values
for single beads increased from approximately 35% at
3,000 W and 43% at 3,500 W to 90% at 4,000 W, indicating
a sharp transition into a stable wire transfer regime. Above
4,000 W, the single beads maintained constant high IoU
values above 85%. The pad followed the same general
trend, but the transition was more gradual, with IoU values
increasing from approximately 34% at 3,000 W and 47% at
3,500 W to 74% at 4,000 W, before reaching higher stable
values at 4,500, 5,000 and 5,500 W. This indicates that the
single beads reached stable transfer at a lower laser power
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Figure 8. Intersection over Union trace over time. (A) High values indicate stable wire behavior at Laser power: 5,500 W, hot-wire power: 650 W. (B)
Intermittent and low-value drops reveal process instability (Laser power: 4,000 W, hot-wire power: 0 W).

threshold, while the pad required higher laser power to
reach a highly consistent wire behavior.

The hot-wire power variations showed an even stronger
geometry-dependent behavior (Figure 9B). For the single
beads, the IoU increased rapidly from approximately
26% at 0 W to 71% at 200 W, and exceeded 84% by 550
W, after which the values remained on a high-IoU plateau
up to 1,000 W. This behavior indicates that the resistive
preheating strongly improved wire stability in the isolated
geometries. The pads, however, showed a lower and more
gradual response across the same hot-wire power range,
with IoU values increasing from 36% at 0 W to 67% at
1,000 W. Although this variable improved the pad response

overall, it did not produce the same high IoU stability
observed in the single beads at the same constant laser
power.

This difference suggests that hot-wire power primarily
conditions the incoming wire, whereas stable transfer
in the pad also depends strongly on the local melt-pool
environment. In the single beads, the wire interacts with
a more isolated and geometrically simple molten region,
allowing preheating to improve wire incorporation and
reduce intermittent contact with the melt pool. During the
pad deposition, however, successive beads interact with
previously deposited material through partial remelting,
residual heat accumulation, and geometric overlap.
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The resulting changes in melt-pool shape, local surface
inclination, and wire-to-surface interaction can alter the
apparent wire position and its incorporation into the
molten region. These effects are aligned with the lower IoU
and higher IoU volatility and angle variability observed for
the pad relative to the single beads under several process
conditions. The geometry-dependent transition therefore
indicates that the stability metrics respond not only to the
energy input, but also to the local thermal and geometric
state.

This interpretation is consistent with previous work
showing that hot-wire preheating can improve transfer
behavior and process stability in wire-fed laser deposition,
while local geometric and thermal conditions still influence
melt-pool behavior and deposition consistency.***>* As
laser power increases, the melt pool becomes larger and
more thermally developed, which can promote stronger
thermocapillary circulation driven by surface-tension
gradients and improve the ability of the melt pool to capture
the wire more efficiently. This interpretation is consistent
with the observed increase in IoU above the geometry-
dependent threshold, although the present image analysis
does not directly resolve melt-pool flow.

Similarly, the hot-wire experiment suggests that
resistive preheating improves wire stability by increasing
the thermal condition of the incoming wire before melt-
pool contact. Preheating at 550 W was associated with
higher IoU and more consistent wire transfer. In contrast,
the pad did not reach the same high-IoU plateau, with
a maximum mean IoU of approximately 67%. This
indicates that although hot-wire preheating improves
wire stability, stable transfer on the pad also depends on

the local melt-pool environment. Together, these findings
show that the stable operating window depends on the
deposition geometry. Single beads transitioned to a high-
IoU regime at approximately 4,000 W, whereas the pad
exhibited a comparable transition at approximately 4,500
W. Because equivalent Y-Z cross-sectional validation was
not performed for the pad geometry, the approximately
4,500 W value should be interpreted as an indicator-
based stability transition specific to the investigated
pad geometry rather than as an independently validated
process threshold. Although the results suggest that wire-
transfer stability is influenced by both wire preheating and
the thermal state of the melt pool, the one-factor-at-a-time
design used in this study does not allow the interaction
between laser power and hot-wire power to be quantified.
The hot-wire-power trends reported here therefore apply
specifically to the investigated constant laser power of
4,000 W, while the laser-power trends correspond to a
constant hot-wire power of 650 W.

3.2.2. Wire volatility and angle variability as stability
metrics

The interpretation of the wire stability was further
strengthened by the IoU volatility and angle variability
metrics, which provided complementary information
beyond the IoU values. Whereas IoU describes the
average spatial consistency of the segmented wire between
consecutive frames, IoU volatility quantifies how much that
overlap changes over time. In this sense, volatility captures
temporal instability: Low volatility indicates that the wire
follows a repeatable trajectory from frame to frame, while
high volatility indicates erratic or intermittent wire motion.
Therefore, the combined use of IoU and volatility allows

Figure 9. IoU values per geometry for the segmented wire as a function of (A) laser power and (B) hot-wire power. Error bars represent 95% CI. Higher

ToU values indicate greater frame-to-frame wire shape and position consistency.

Abbreviations: CI: Confidence interval; IoU: Intersection over Union; MOE: Margin of error.
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different process states to be distinguished more clearly,
including stable behavior (high IoU, low volatility), fluttery
but partially consistent behavior (high IoU, high volatility),
persistently poor overlap (low IoU, low volatility), and
unstable behavior with strong temporal fluctuations (low
IoU, high volatility). A condition may exhibit moderate or
even high mean IoU while still showing elevated volatility,
indicating that the wire generally remains within the same
region but undergoes intermittent abrupt displacements
between consecutive frames.

Figure 10 shows that the volatility decreased with
increasing laser power for both geometries, confirming the
same stabilization trend identified by the IoU results. For
the single beads, volatility was high at 3,000 and 3,500 W
(approximately 0.27 and 0.25, respectively), then dropped
to approximately 0.05 at 4,000 W. Above this threshold, the
single beads remained in a low-volatility regime, indicating
stable and repeatable wire motion. The pad followed the
same general trend, but with consistently higher volatility
over much of the laser power range. In particular, the
pad still showed elevated volatility at 4,000 W and higher
volatility at 5,000 W than at 4,500 and 5,500 W. This
indicates that, although the IoU suggested generally stable
transfer, the pad remained more susceptible to intermittent
frame-to-frame fluctuations. Therefore, volatility adds
useful information by revealing that temporal wire flutter
may not be fully apparent from the IoU alone.

Stronger geometry dependence was observed in the
hot-wire power sweep. Volatility from the single beads
decreased from approximately 0.23 at 0 W to 0.14 at 200
W and 0.08 at 550 W, reaching a minimum near 550 W
and remaining low through 1,000 W. This trend confirms

that resistive preheating strongly improved the temporal
stability of the wire in the isolated bead geometry. In
contrast, the pad showed much higher volatility across the
entire power range, decreasing from approximately 0.26 at
0 W to about 0.16 at 1,000 W. Thus, although increasing
hot-wire power improved the pad response, it did not shift
the system into the same low-volatility regime observed
for the single beads. These results are consistent with
the IoU trends and indicate that the pad remained more
dynamically unstable at a constant 4,000 W of laser power,
even as the hot-wire preheating increased.

The wire orientation results in Figure 11 provide
an additional perspective on the same behavior. The
wire orientation was further evaluated through a wire
angle analysis that measures variability relative to the
power input. In this off-axis monitoring configuration,
the analysis is particularly sensitive to the wire lateral
displacement in the X-Y plane and the resulting change
in the inclination of the wire toward the melt pool. In the
laser power experiment, the angle variability decreased
from approximately 7° at 3,000-3,500 W to about 3° at
4,000 W and above. The pad again showed a more gradual
response, decreasing from approximately 10° at low laser
power to approximately 4° at higher powers. This confirms
that the transition to stable wire transfer with increasing
laser power was accompanied not only by improved mask
overlap but also by a more consistent wire orientation.

The hot-wire power results showed the same tendency
but with a stronger contrast between geometries. Angle
variability for the single beads was highest at 0 W
(approximately 11°) and dropped once preheating was
introduced, reaching approximately 3° for most preheated

Figure 10. IoU volatility values per printed geometry for the segmented wire as a function of (A) laser power and (B) hot-wire power. Error bars represent
95% Cls. Higher volatility indicates larger frame-to-frame changes in wire overlap and therefore greater temporal instability.
Abbreviations: CI: Confidence interval; IoU: Intersection over Union; MOE: Margin of error.
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conditions. In contrast, the pad maintained larger angular
fluctuations across the hot-wire power range, decreasing
more gradually from approximately 8° at 0 W to 3° at 1,000
W. This again indicates that the hot-wire preheating was
sufficient to stabilize the single-bead condition, but not
enough to fully suppress the complexity of the multi-bead
pad.

Taken together, the IoU volatility and angle variability
results suggest that the transition from erratic wire flutter
to a more stable wire-melt-pool interaction is governed
by the combined thermal condition of both features.
Previous studies have described this transition as a shift
toward improved thermal coupling, where sufficient melt-
pool enthalpy and thermocapillary flow help to damp
perturbations in the incoming wire and promote more
repeatable incorporation into the molten region.’>*! In this
interpretation, a critical balance between wire momentum,
wire preheating, and melt-pool flow is required to reduce
flutter and effectively anchor the wire within the melt
pool.** However, this mechanism should be interpreted as
supported by the literature rather than directly measured in
the present study, since the current analysis infers process
stability from projected imaging geometry and therefore
does not capture all components of the three-dimensional
wire motion equally. Even with these limitations, the
combined IoU, volatility, and angle variability results
demonstrate that the wire dynamics provide a sensitive
and practically useful indicator of process stability in
LHW-DED.

The geometry dependence observed in this study also
limits direct extrapolation of the stability thresholds to
more complex deposition geometries. The IoU metrics
themselves remain useful descriptors of wire motion

because they quantify temporal changes in the segmented
wire independently of a specific build geometry. However,
the values associated with stable or unstable processes are
expected to depend on the local thermal history, bead
overlap strategy, surface topography, travel direction, and
imaging geometry. In multi-layer or non-planar builds,
heat accumulation and changes in surface orientation
may further modify both features observed by the optical
camera. Therefore, the identified laser and hot-wire power
thresholds should be interpreted as geometry-dependent
rather than universal LHW-DED stability values. The
application of these metrics to multi-layer or complex
geometries will require additional validation under
the corresponding physical, geometrical, and imaging
conditions.

3.3. Cross-sectional microscopy and Y-Z axis
dimensional analysis

To complement the projected X-Y melt-pool
measurements, post-process cross-sectional microscopy
was used to quantify melt-pool geometry on the Y-Z
plane. These measurements provide direct information
about substrate penetration, fusion-zone geometry, and
the final bead profile. Cross-sectional optical images were
segmented using SAM2 to isolate the bead and fusion
boundaries, from which bead width, bead height, dilution
depth, bead area, dilution area, total cross-sectional area,
and dilution ratio were extracted. These measurements
provided a more direct representation of deposited and
remelted material than the X-Y analysis alone.

Figure 12 shows the segmented cross-sectional melt-
pool profiles for the laser power and hot-wire power
variable conditions. Increasing laser power produced

Figure 11. Wire angle variability values per printed geometry as a function of (A) laser power and (B) hot-wire power. Error bars represent 95% CIs. Higher
angle variability indicates stronger fluctuations in the projected wire orientation, whereas lower values indicate more consistent wire alignment.

Abbreviations: CI: Confidence interval; MOE: Margin of error.
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progressively deeper and larger fusion profiles, indicating
stronger substrate interaction and greater penetration,
whereas varying hot-wire power at constant laser power
produced smaller geometric changes, with the most
pronounced degradation occurring in the 0 W cold-wire
condition. This contrast suggests that laser power and
hot-wire power influenced the process through different
physical pathways: laser power primarily governed
fusion-zone growth and penetration, whereas hot-wire
power mainly affected transfer stability and geometric
repeatability.

3.3.1. Effect of laser power on the Y-Z melt-pool
geometry

The dimensional analysis from the Y-Z cross-sectional
measurements obtained under the laser-power conditions,
with the hot wire fixed at 650 W, is summarized in the left
columns of Figures 13 and 14. In contrast to the hot-wire
sweep, laser power produced strong monotonic trends
across the cross-sectional metrics. Dilution depth and
dilution area increased approximately linearly with laser
power, indicating deeper substrate melting and larger
fusion volume as laser energy input increased. Bead
width also increased with laser power, while bead height
decreased slightly, consistent with enhanced wetting and
lateral melt-pool spreading at higher energy input. As a
result, bead area and total cross-sectional area increased
with laser power, rising from approximately 8 mm?at 3,000
W to above 14 mm? at 5,500 W.

The dilution ratio also showed a strong dependence on
laser power, increasing from approximately 0.14 at 3,000

W to approximately 0.44 at 5,500 W. This trend indicates
a progressively greater substrate participation in the melt
pool as laser power increased, consistent with the expected
relationship between laser energy input, substrate
melting, and dilution in laser DED processes.**> These
results confirm that laser power was the primary variable
controlling the fusion zone growth and penetration in the
Y-Z plane.

3.3.2. Effect of hot-wire power on the Y-Z melt-pool
geometry

The quantitative trends for the hot-wire samples,
performed at a constant laser power of 4,000 W, are
summarized in the right columns of Figures 13 and 14. The
cold wire condition produced the least stable geometry
and the lowest values across several dimensional metrics.
Increasing hot-wire power from 0 to 200 W produced the
largest change in cross-sectional geometry, whereas further
increases to 1,000 W resulted in comparatively consistent
dimensional values. In particular, dilution depth and
dilution area increased sharply from 0 to 200 W and then
approached a plateau. Bead height and bead area showed a
similar stabilization behavior, while bead width remained
relatively constant across the hot-wire power range.

The total cross-sectional area also converged toward
an approximately constant value once the preheating
was introduced. These results indicate that hot-wire
power primarily improved transfer consistency and bead
repeatability rather than strongly increasing substrate
penetration. This interpretation is consistent with the X-Y
melt-pool area results, where hot-wire power produced

Figure 12. Y-Z plane melt-pool profiles extracted from cross-sectional optical microscopy. (A) Laser power varied from 3,000 to 5,500 W at a constant
hot-wire power of 650 W. (B) Hot-wire power varied from 0 to 1,000 W at a constant laser power of 4,000 W. The contours represent the segmented bead

and dilution boundaries for each process condition.
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only a weak effect on the projected footprint once the
preheating was introduced. The dilution-ratio behavior
supports the same trend, where the cold wire condition
showed lower and less consistent dilution, whereas hot-
wire powers of 200 W and above produced a nearly
constant dilution ratio. This response is consistent with
the wire stability results in Section 3.2, where the 0 W
condition produced low IoU, high volatility, and high
angle variability, indicating unstable wire transfer. Similar
instability mechanisms have been reported in cold wire
processes, where insufficient wire enthalpy can promote
intermittent transfer and poor wetting behavior.*®

Thus, hot-wire power appears to function primarily as
a wire-conditioning variable. Once sufficient preheating is
introduced, the incoming wire interacts more consistently
with the melt pool, reducing transfer instability and
producing more repeatable Y-Z cross-sectional geometry.
However, because laser power remained constant during
this experiment, increasing hot-wire power did not produce
the same increase in penetration or dilution observed in
the laser power experiment. This confirms that, under the
conditions studied, substrate penetration was governed
primarily by laser power, while hot-wire power mainly
stabilized material transfer and bead formation.®

3.4. Correlation between in situ monitoring metrics
and ex situ geometries

The mean melt-pool area measured during the single-
bead experiments was compared with the penetration
depth and total cross-sectional area obtained from optical
microscopy. In addition, the single-bead mean melt-pool
area was compared with the corresponding mean frame-to-
frame wire IoU for each laser-power condition. Pearson’s
correlation coefficient was used to quantify the linear
associations, while statistical significance was assessed
using an exact two-sided permutation test. Condition-level
means were used to prevent the large number of temporally
adjacent video frames from being treated as independent
experimental observations.

The quantitative relationships are presented in Figures
15 and 16. As shown in Figure 15A, the mean penetration
depth increased from approximately 0.46 mm at 3,000
W to 1.74 mm at 5,500 W as the mean in situ melt-pool
area increased from approximately 18.30 to 23.37 mm?. A
statistically significant positive correlation was obtained
between melt-pool area and penetration depth (» = 0.954,
Dewuer =0.0014, R* =0.911). A similar relationship was
observed for the total cross-sectional area in Figure 15B.
The total area increased from approximately 7.90 mm? at
3,000 W to 14.35 mm? at 5,500 W, resulting in » =0.962,
Dexaee = 0.0014, and R* =0.926. Figure 16 shows the

relationship between melt-pool area and wire stability. The
mean frame-to-frame IoU increased from approximately
35% at 3,000 W to approximately 90% at 4,000 W and
remained between approximately 85% and 89% at higher
laser powers. The melt-pool area and wire IoU were
correlated (7 =0.878, p,.. =0.0069, R* =0.771).

These results indicate that the area identified through
coaxial multi-Otsu segmentation is related to both the
final cross-sectional geometry and the stability of the wire-
transfer behavior. Although penetration depth cannot
be directly observed from the coaxial camera view, the
in situ melt-pool area strongly correlates with the mean
penetration depth measured from the cross-sections, with
the linear relationship explaining 91.1% of the variation
among the laser power conditions. Similar relationships
between real-time melt-pool geometry and cross-sectional
characteristics, including penetration depth, have been
reported for wire-based DED using image segmentation
and statistical analysis.*® The total cross-sectional area
includes both the deposited material above the original
substrate surface and the diluted region below it, providing
an integrated measure of material deposition and substrate
melting. Its strong relationship with the segmented melt-
pool area suggests that the optical measurement can
serve as an in situ process signature for estimating the
final deposited geometry. This interpretation is aligned
with previous coaxial monitoring studies that identified
melt-pool area as a more reliable monitoring signal than
average image intensity and demonstrated its suitability for
maintaining stable deposition conditions.*?

The relationship in Figure 16 indicates that melt-pool
development and wire stability are coupled, particularly
at the lower laser powers. At laser powers of 4,000 W and
above, wire IoU entered a relatively stable range, while
the melt-pool area continued to increase more gradually
with laser power. Under low-power conditions, insufficient
energy may limit wire-tip melting and anchoring,
increasing wire flutter and producing less consistent
material transfer into the melt pool. This motion may
also perturb the melt-pool free surface and contribute to
variability in the measured melt-pool area. Therefore, the
observed correlation should be interpreted as evidence of
an interaction between melt-pool development and wire
behavior instead of a one-directional causal relationship.

An LOO sensitivity analysis was performed to evaluate
whether the reported correlations were influenced by
any individual laser-power condition (Table 2). For
penetration depth, r remained between 0.941 and 0.987,
with R? ranging from 0.886 to 0.974. Similarly, for total
cross-sectional areas, r ranged from 0.952 to 0.986 and R’
from 0.907 to 0.973. Removal of the 3,000 W condition did
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Figure 13. Evolution of bead area, bead height, dilution area, and dilution depth as a function of laser power and hot-wire power. The left column shows
laser power variation at a constant hot-wire power of 650 W, while the right column shows hot-wire power variation at a constant laser power of 4,000 W.
Abbreviation: CI: Confidence interval.
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Figure 14. Evolution of dilution ratio, total cross-sectional area, and bead width as a function of laser power and hot-wire power. The left column shows
laser-power variation at a constant hot-wire power of 650 W, while the right column shows hot-wire-power variation at a constant laser power of 4,000 W.

Abbreviation: CI: Confidence interval.

not weaken these relationships and yielded r = 0.984 for
penetration depth and r = 0.986 for total cross-sectional
area. The relationship between melt-pool area and wire
IoU showed greater sensitivity to individual condition
removal. Across the LOO subsets, r ranged from 0.602 to
0.918 and R*from 0.362 to 0.842. The complete dataset
yielded r = 0.823 and R*= 0.677, whereas excluding the
3,000 W condition produced the largest reduction in the

correlation, with r = 0.602 and R*= 0.362. These sensitivity
results suggest that the observed association is influenced
by the transition from an unstable wire-transfer regime
at lower laser power to a more stable regime at higher
power. A similar pattern has been reported in wire-DED,
where insufficient energy input resulted in increased wire
oscillation and unstable transfer, whereas adequate thermal
input promoted more continuous transfer into the melt
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Figure 15. Correlation between the mean in situ melt-pool area and ex-situ cross-sectional geometry for the laser-power sweep on the single beads. (A)
penetration depth and (B) total cross-sectional area. Markers represent condition means, and solid lines indicate linear regressions.

Figure 16. Correlation between the mean in situ melt-pool area and mean frame-to-frame wire Intersection over Union (IoU) for the single-bead laser-
power sweep. Markers represent condition means, and the dashed line indicates the linear regression.
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Table 2. Leave-one-condition-out sensitivity analysis for the condition-level correlations obtained from the single-bead laser-

power sweep

Relationship Full r Full R LOO rrange LOO R’ range
Melt-pool area vs. penetration depth 0.954 0.911 0.941-0.987 0.886-0.974
Melt-pool area vs. total cross-sectional area 0.962 0.926 0.952-0.986 0.907-0.973
Melt-pool area vs. wire IoU 0.823 0.677 0.602-0.918 0.362-0.842

Note: The reported ranges represent the minimum and maximum values obtained after sequential removal of each laser-power condition.
Abbreviations: IoU: Intersection over Union; LOO: Leave-one-condition-out.

pool.®!! Future experiments should use finer energy-input
increments around this transition to determine whether a
reproducible stability zone can be identified.

4, Conclusion

This study established an image-based framework for
evaluating process stability in LHW-DED by combining
projected melt-pool geometry, wire dynamics analysis,
and a post-process cross-sectional validation. The results
show that laser power and hot-wire power influence the
process through different mechanisms: Laser power was
the primary driver of projected melt-pool growth and
the resulting cross-sectional geometry, whereas hot-wire
power acted mainly as a transfer-stabilization variable
once a minimum preheating level was reached. The main
conclusions are:

The projected melt-pool area increased with laser power
for both the pad and single-bead geometries, confirming
that the optical melt-pool footprint is a sensitive indicator
of laser-power-driven changes. However, the response to
hot-wire power was weaker and non-monotonic, showing
that melt-pool area alone is not sufficient to evaluate
process stability.

The 0 W hot-wire condition produced an enlarged but
unstable melt-pool footprint, particularly during single
bead deposition. This behavior was more consistent with
cold-wire transfer and mechanical disturbance of the
molten region than with improved thermal efficiency,
demonstrating that a larger projected area does not
necessarily indicate improved melting or greater process
stability.

The SAM2-based segmentation analysis showed that
the wire dynamics provide a complementary indicator of
instability. Low stability conditions were associated with
low IoU, high volatility, and elevated angle variability,
while stable conditions showed higher frame-to-frame
consistency and lower dynamic fluctuation.

The geometry-specific analysis showed that the stability
transition depended on the deposition geometry. The
single beads reached stable behavior at approximately 4,000
W laser power and at hot-wire powers > 550 W, whereas
the in situ indicators for the pad showed a comparable
transition near 4,500 W. These transition values are specific
to the analyzed geometries and process configuration and
should not be interpreted as universal stability thresholds
for LHW-DED.

The Y-Z cross-sectional analysis provided ex situ
support for the in situ optical measurements. Across the
laser-power conditions, the projected melt-pool area was
strongly correlated with penetration depth (7 =0.954,
R*>=0.911) and total cross-sectional area (r =0.962,
R?>=0.926). These relationships demonstrate that
the coaxially measured melt-pool footprint contains
information about both surface deposition and subsurface
fusion. By contrast, hot-wire power primarily improved
bead repeatability and stabilized the wire-melt-pool
interaction, with limited additional influence on
penetration after sufficient preheating was introduced.

The cross-sectional correlations remained stable under
the LOO analysis, while the relationship between melt-
pool area and wire IoU was more sensitive to the low-
power stability transition.

This work shows that robust interpretation of process
stability in LHW-DED requires joint analysis of melt-
pool geometry and wire dynamics rather than evaluation
of the projected melt-pool area alone. The observed
correlations further demonstrate that the in situ optical
measurements are related to both wire-transfer stability
and the resulting cross-sectional geometry. Because these
correlations were based on six condition-level means and
the measured responses changed concurrently with laser
power, they should be interpreted as associations rather
than confirmed causal relationships. Future studies will
extend the framework to multi-layer builds, where heat

Volume 2 Issue 4 (2026)

20

doi: 10.36922/ESAM026360019


https://doi.org/10.36922/ESAM026360019

Engineering Science in
Additive Manufacturing

Melt-pool and wire stability in LHW-DED

accumulation is expected to play a larger role in melt-
pool evolution, wire stability, and the definition of robust
process windows.
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