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ABSTRACT

Online Monitoring and Control.of melt pool dynamics play a crucial role in determining the quality of clad
layers in laser additive manufacturing processes. This study presents a hybrid approach that combines numerical
simulation using the Goldak model with real-time monitoring via Laser-Induced Breakdown Spectroscopy (LIBS)
in the laser cladding process of Inconel 718 alloy on 304 stainless steel substrate. The precise modeling of the
thermal dynamics of the melt pool was performed on 64 cladding samples, and the cross-sectional dimensions and
dilution percentage were validated against experimental measurements. To minimize model error, spectral
characterization was employed for real-time monitoring of melt pool variations, providing highly accurate data
on local melt pool temperature and elemental composition=The plasma temperature extracted from chromium
emission lines in the spectral window of 400 to 500 nm effectively tracked the melt pool temperature variations
based on input parameters, while the intensity ratio of nickel(wavelength 361.93 nm) to iron (wavelength 382.94
nm) quantified the dilution of the clad layer. This approach/enablestdynamic calibration of process input

parameters, ensuring uniform clad quality through real-time control‘of melt pool.
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1. Introduction

Monitoring melt pool dynamics is critical in laser-
based processes such as laser cladding (LC). Both ex-situ
and in-situ control methods are used to optimize melt
pool stability, improve clad uniformity, and reduce
defects.Numerical simulation, as an out-of-process
method, can help in understanding and optimizing the
effects ofdnputparameters [1]. The Goldak heat source
model /s one of theymost widely used thermal models in
LC simulations due to its ability to accurately
approximate heat< distribution in the molten pool.
Additionally, real-time monitoring techniques, [2], such
as laser-induced breakdown spectroscopy (LIBS),
provide instant,and precise data on the molten pool's
temperature, geometrys.and® chemical composition.
Combining accurate simulation using with real-time
monitoring [3], allows for continuous, calibration and
real-time adjustment of process parameters, improving
clad uniformity and quality while reducing errors. This
integrated approach enhances additive-manufacturing by
enabling better process control and optimization.

2. Methodology

In this study, a laser cladding system*(Figurel) was
used, consisting of a 2kW-CW fiber laser, to deposit
Inconel 718 powder onto SS304 substrate samples. The
LIBS system was based on a nanosecond Nd:YAG laser
and was set with laser energy of 100 mJ, a pulse duration
of 10 ns, and a repetition rate of 10 Hz.

Fig. 1. Laser cladding system with LIBS setup

In the experimental design, the focus was on three key
input parameters: laser power (LP), scan speed (SS), and
powder feed rate (PFR). Each of these parameters was
adjusted at four distinct levels, as detailed in Table 1.

Table 1. Input parameters and their variation levels.

Parameter Level

LP (W) 1000 1200 1400 1600
SS (mm/min) 500 800 1200 1500
PFR (gr/min) 7 10 13 16

3. Discussion and Results

A heat transfer model was developed in COMSOL
software, incorporating a moving mesh feature to
simulate melt pool dynamics and temperature
distribution during the LC process. The simulation
results are presented in Figure 2.

Fig 2. Simulation of the LC model with mesh geometry

In LC process, laser energy heats the powder and
substrate, raising the temperature above 1723 K (melt
point of substrate). As shown in Figure 3, increasing laser
power enhances energy density, resulting in a higher
process temperature and larger layer dimensions. In
contrast, a higher scanning speed reduces clad layer
dimensions and lowers the melt pool temperature. On the
other hand, an increased powder feed rate raises the clad
layer height and melt pool temperature. These factors
play a crucial role in influencing melt pool dynamics,
clad quality, and thermal stability.

Fig. 3. Effect of input parameters on melt pool dynamics

Additionally, the “.simulation="results show that
increasing laser power or deCreasing scanning speed
which raises input energy density causes more energy to
be absorbed by the powder and substrate;/leading to a
higher dilution rate. It is also observed that.as the powder
feed rate increases, both the temperature and the clad
layer height rise. This results in reduced penetration into
the substrate, thereby lowering the dilution percentage.

Figure 4 presents the cross-sectional image of a clad
line sample, clearly demonstrating a strong correlation



between the simulation and experimental measurements.
This agreement is evident in both the geometrical
properties and the observed temperature distribution. The
simulation results provide an accurate representation of
the melt pool’s geometry and temperature, as well as the
variations in dilution ratio based on the process input
parameters.

Fig.4. Comparisonwof<a clad.cross-section

The LC process of depositing Inconel 718 onto
SS304 produces a composite. material that combines the
properties of both the substrate and the clad powder. In
the provided spectrum (Figure 5), the emission lines
corresponding to the substrate and the melt“pool are
shown separately. A comparison of these spectra
indicates that the emission line intensity from the melt
pool is higher than that from the substrate.
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Fig. 5. LIBS spectrum of the substrate and clad layer

The plasma temperature derived from the Cr lines
marked in Figure 5 can serve as an indicator of the local
melt pool temperature at the sampling point.
Consequently, LIBS at various locations within the melt
pool can be utilized to understand the temperature
distribution. This approach provides a more accurate
estimation of the melt pool temperature, as it directly
measures the high-temperature plasma and is validated
against surface temperature measurements. By using the
obtained spectral characterization, the intensity of
elements present in the melt pool can be analyzed in real-
time, providing indirect information about the geometry
and dilution percentage of the clad layer based on their
intensity ratio. The intensity ratio of nickel to iron in the
spectrum directly reflects the relative amounts of these
elements, and this ratio changes with input process
parameters, such as laser power, scan speed, and powder

feed rate, which are key factors influencing temperature
and clad layer geometry. Through spectral analysis, the
ratio of nickel intensity at a wavelength of 361.92 nm to
that of iron at 382.94 nm was used to monitor changes in
the clad line with respect to dilution degree. The results,
shown in Figure 6, demonstrate that variations in the ratio
of selected line intensities are inversely related to
changes in dilution rates. Monitoring these intensity
ratios allows for real-time control of input parameters,
ensuring the production of a high-quality clad layer with
the desired dilution degree.
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Fig. 6. Line intensity ratio and dilution vs. energy density
4. Conclusions

The combination of accurate simulation data for the
laser cladding process and real-time spectroscopy offers
a deeper understanding of the thermal behavior and heat
distribution within the melt pool. This approach can also
be applied to measure and monitor other qualitative and
quantitative properties of the clad layer, such as hardness,
residual stress, and microstructure, ultimately ensuring
the preduction of a high-quality and uniform clad layers
in laser additive manufacturing.
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Table 1. Composition of Inconel 718 powder
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Fig 1. Morphology of Inconel 718 powder
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Table 3. Temperature-dependent properties of Inconel 718 alloy [30,31]
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Fig 5. Emission plasma spectroscopy in the LC process
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Fig 7. Spectroscopy system for real-time monitoring of the LC process
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Table 6. Statistical coefficients related to input and output data
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Abstract

Online Monitoring and Control of melt pool dynamics play a crucial role in determining the quality of clad layers in laser
additive manufacturing processes. This study presentsa hybrid approach that combines numerical simulation using the Goldak
model with real-time monitoring via Laser-Induced Breakdown Spectroscopy (LIBS) in the laser cladding process of Inconel
718 alloy on 304 stainless steel substrate. The precise modeling of the thermal dynamics of the melt pool was performed on
64 cladding samples, and the cross-sectional dimensions/and dilution percentage were validated against experimental
measurements. To minimize model error, spectral characterization was employed for real-time monitoring of melt pool
variations, providing highly accurate data on local melt pool temperature and elemental composition. The plasma temperature
extracted from chromium emission lines in the spectral window of 400 to 500 nm effectively tracked the melt pool temperature
variations based on input parameters, while the intensity ratio_of nickel (wavelength 361.93 nm) to iron (wavelength 382.94
nm) quantified the dilution of the clad layer. This approach enables dynamic calibration of process input parameters, ensuring
uniform clad quality through real-time control of melt pool.

Keywords: Online monitoring, Laser additive manufacturing,/Laser eladding, Melt pool dynamics, Laser-induced
breakdown spectroscopy.
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