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Optimisation du procédé d'impression 3d métallique par analyse thermographique du 
bain de fusion 
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RÉSUMÉ 

La fusion laser sur lit de poudre (LPBF) est l'une des technologies de fabrication additive 

métallique les plus utilisées dans l'industrie, mais la qualité des pièces fabriquées demeure 

fortement dépendante des paramètres du procédé et de leur effet sur le bain de fusion. Étant 

donné que la géométrie et la distribution de température du bain de fusion déterminent 

directement la formation de défauts, les contraintes résiduelles et la microstructure, leur 

caractérisation fiable in situ est essentielle tant pour le développement du procédé que pour 

l'assurance qualité. 

 

Parmi les techniques de surveillance disponibles, les caméras thermiques offrent l'accès le plus 

direct à la surface du bain de fusion ; toutefois, les systèmes monochromatiques nécessitent 

une connaissance préalable de l'émissivité du matériau, une propriété qui ne peut être 

déterminée de manière fiable par un facteur unique dans les conditions transitoires et 

multiphasiques du procédé LPBF. Même les caméras bichromatiques, qui éliminent en 

principe la dépendance à l'émissivité par le rapport des luminances spectrales à deux longueurs 

d'onde, reposent en pratique sur des calibrations réalisées à l'aide de lampes à filament de 

tungstène dont les caractéristiques spectrales diffèrent significativement de celles d'un bain de 

fusion métallique formé par laser, produisant des lectures de température physiquement 

incohérentes lorsqu'elles sont appliquées aux conditions LPBF. Ces limitations ont jusqu'à 

présent confiné la plupart des systèmes d'imagerie thermique à une observation qualitative du 

procédé plutôt qu'à une caractérisation quantitative du bain de fusion. 

 

Cette thèse développe et valide une méthodologie de surveillance quantitative in situ du bain 

de fusion à l'aide d'une caméra thermique infrarouge bichromatique calibrée par 

métallographie ex situ de cordons unitaires. L'approche bichromatique élimine le besoin de 
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caractérisation de l'émissivité en utilisant le rapport des luminances spectrales mesurées à deux 

longueurs d'onde (725 et 900 nm), tandis que la métallographie fournit des mesures 

indépendantes de largeur du bain de fusion servant à la fois de référence de calibration et de 

validation croisée. La calibration en cours de procédé, basée sur les températures de liquidus 

connues de cinq matériaux (316L, IN625, CoCr, W et Mo), a révélé des écarts de température 

allant jusqu'à 450 °C par rapport à la calibration par filament de tungstène, confirmant que la 

calibration commerciale ne permettait pas de convertir de manière fiable la luminance émise 

en température. La méthodologie complète, combinant imagerie thermique calibrée et 

validation métallographique, est dans un premier temps appliquée à trois alliages (316L, IN625 

et CoCr) sur une large gamme de puissances laser et de vitesses de balayage sur un système 

d’impression EOS M280, puis validée sur le Ti-6Al-4V. 

 

La caméra calibrée permet l'extraction de la largeur, de la longueur et de la température de 

surface du bain de fusion de manière indépendante de l'émissivité, avec une validation croisée 

entre les mesures de largeur par caméra et par métallographie présentant des écarts de 

seulement 6 à 9 % pour l'ensemble des matériaux. Combiné aux données de profondeur de bain 

de fusion métallographiques, ce dispositif fournit un jeu de données tridimensionnel complet 

du bain de fusion, utilisé pour évaluer la fiabilité d'un modèle analytique de conduction 

thermique. Le modèle s'est avéré fiable pour la prédiction des dimensions de surface dans le 

régime de fusion par conduction (R²adj globale > 0,70 pour la longueur, > 0,52 pour la largeur), 

mais sous-estime systématiquement la profondeur du bain de fusion dans le régime en trou de 

serrure en raison de la non-prise en compte de la pression de recul et de la dynamique de la 

vapeur, avec une déviation linéaire constante (pente ≈ 0,30) observée pour les trois matériaux. 

 
Mots-clés : Fabrication additive, LPBF, Surveillance in situ, Caméra thermique, Pyrométrie 

bichromatique, Calibration en cours de procédé, Simulation analytique 

 
 



 

Process optimization of metal 3d printing through thermographic analysis of the melt 
pool 

 
Matheus Andre SOARES 

 
ABSTRACT 

Laser powder bed fusion (LPBF) is one of the most industrially used additive manufacturing 

technologies for metallic components, but the quality of printed parts is highly sensitive to the 

process parameters and their effect on the melt pool. Since the melt pool geometry and 

temperature distribution are related to the formation of process-induced defects, residual 

stresses, and microstructure, their reliable in-situ characterization is essential for both process 

development and quality assurance.  

 

Among the available monitoring techniques, thermal cameras offer the most direct access to 

the melt pool surface, however, single-wavelength systems require prior knowledge of the 

material's emissivity, a property that cannot be reliably determined by a single factor under the 

transient, multi-phase conditions of the LPBF process. Even dual-wavelength cameras, which 

in principle eliminate emissivity dependence through the ratio of spectral radiances at two close 

wavelengths, rely in practice on calibrations performed using tungsten filament lamps. 

However, spectral characteristics of such lamps differ significantly from those of a laser-

formed metallic melt pool, producing physically inconsistent temperature readings when 

applied to LPBF conditions. These limitations have so far confined most thermal imaging to 

qualitative process observation rather than quantitative melt pool characterization. 

 

This thesis develops and validates a methodology for quantitative in-situ melt pool monitoring 

using a dual-wavelength infrared thermal camera calibrated through ex-situ single-track 

metallography. The dual-wavelength approach eliminates the need for emissivity 

characterization by utilizing the ratio of spectral radiances measured at two wavelengths (725 

and 900 nm), while metallography provides independent melt pool width measurements that 

serve as both calibration and cross-validation reference. This calibration approach, based on 

the known liquidus temperatures of five materials (316L, IN625, CoCr, W, and Mo), revealed 
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temperature deviations of up to 450 °C compared to the tungsten filament calibration, 

confirming that the latter cannot reliably convert radiance emitted into temperature. The 

complete methodology, combining calibrated thermal imaging with metallographic validation, 

is initially applied to three alloys (316L, IN625, and CoCr) across a wide range of laser powers 

and scanning speeds on an EOS M280 system, and further validated on Ti-6Al-4V. 

 

The calibrated camera enables emissivity-independent extraction of melt pool width, length, 

and surface temperature, with cross-validation between camera and metallographic width 

measurements showing discrepancies of only 6–9% across all materials. Combined with the 

metallographic melt pool depth data, this provides a complete three-dimensional melt pool 

dataset used to assess the reliability of an analytical thermal conduction model. The model 

proved to be reliable for predicting surface dimensions within the conduction melting regime 

(global R²adj > 0.70 for length, > 0.52 for width) but systematically underestimates melt pool 

depth in the keyhole regime due to the neglect of recoil pressure and vapor dynamics, with a 

consistent linear deviation (slope ≈ 0.30) observed across all three materials. 

 

Keywords: Additive manufacturing, LPBF, In-situ monitoring, Thermal camera, Dual-

wavelength pyrometry, In-process calibration, analytical simulation 
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INTRODUCTION 

Metal additive manufacturing (AM), also known as 3D printing, is a manufacturing process 

that consists of a layer-by-layer printing until the final part geometry is achieved. One of the 

most prominent technologies used in metal AM is the laser powder bed fusion (LPBF) capable 

of producing a near net shape part, even with complex geometries and performance 

requirements. Over the last decades, this technology has enabled the manufacturing of 

production-grade parts and has been widely used in aerospace, biomedical, energy and tooling 

applications. The advantages of the LPBF include fine microstructural properties, fabricating 

complex internal geometries and the possibility of producing parts with mechanical properties 

comparable or even superior to traditional manufacturing processes. 

 

In LPBF, a laser beam scans across a thin layer of metallic powder following the geometry 

defined by a CAD model, melting and fusing the material before a new powder layer is 

deposited and the process repeats layer-by-layer until the final part is formed. In order to avoid 

oxidation and defects induced by the atmosphere, this process is realized in an inert atmosphere 

using typically argon for all materials, or nitrogen for non-reactive alloys such as steels and 

nickel- and cobalt-based alloys. The physical phenomenon is complex and includes different 

sets of important interactions including the laser-powder interactions responsible for the melt 

pool formation, the rapid solidification of the melted metal, the residual stresses and particular 

microstructures formed throughout the thermal cycles of the process.  

 

The melt pool, defined by the zone of molten metal created by the laser, provides relevant data 

regarding defects and mechanical properties that can be expected at the end. It can be 

monitored through its geometry (width, length, and depth) and from the thermal fields 

generated by the temperature distribution inside the melt pool. These characteristics define the 

presence of defects, cooling rate and microstructure. It is then essential to monitor and predict 

the melt pool characteristics for process optimization and guarantee the quality of the final 

LPBF part.   
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The main defects observed in the LPBF process are the lack-of-fusion defects and keyhole 

pores. The first occurs when there is insufficient energy input, causing the powder to not fully 

melt, generating powder pockets and balling, which leads to porosity in the final part. The 

latter are caused by a high energy input generating a deep unstable cavity caused by the 

vaporization of the powder, which, when solidified, entraps gas and forms voids, thus reducing 

the final part density. These defects also end up reducing the mechanical properties of the 

printed parts, including reducing their tensile strength, fracture toughness and fatigue 

resistance. 

 

However, due to the inherent process characteristics such as fast printing, rapid cooling, small 

melt pools and complex physical interactions, it becomes hard to monitor the process in real 

time and predict the final part characteristics. 

 

For these reasons, a dual-wavelength camera was used in this work to monitor the printing of 

different alloys, including 316L stainless steel, IN625 superalloy, CoCr cobalt-chrome alloy, 

and the refractory metals tungsten and molybdenum, with an additional validation experiment 

on Ti-6Al-4V. This was done to capture thermal fields with different input parameters and also 

validate the use of a simplified analytical melt pool model to assess the influence of the 

parameters on the melt pool geometry and temperature.   

 

 

 



 

CHAPTER 1 
 
 

LITERATURE REVIEW 

 

1.1 Laser Powder Bed Fusion (LPBF) 

Additive manufacturing is the technology to manufacture complex parts adding material layer-

by-layer and depositing metal, polymer or ceramic materials. This process is also known as 3D 

printing and can produce the part in a near net-shape geometry, allowing complex design parts 

that are not able to be produced by traditional manufacturing processes. According to the 

ISO/ASTM 52900 standard, there are 7 different techniques, namely: Vat Photopolymerization 

(VPP), Material Extrusion (MEX), Material Jetting (MJT), Binder Jetting (BJT), Powder Bed 

Fusion (PBF), Directed Energy Deposition (DED) and Sheet Lamination (SHL) (Kumar et al., 

2021; Pessoa et al., 2021). 

 

Laser Powder Bed Fusion (LPBF), a PBF process, is one of the most widely used metal additive 

manufacturing technologies. Due to its ability to produce near-net-shape parts with complex 

geometries, internal channels, and lattice structures, combined with reduced material waste and 

simplified post-processing, it has made it attractive across a variety of industries such as 

aerospace, automotive, biomedical, and energy sectors (Wang et al., 2023; Grasso & Colosimo, 

2017). The process works by selectively melting thin layers of metallic powder using a laser 

beam, building the part layer by layer according to a CAD model until the final design is 

obtained (Wang et al., 2023). To avoid oxidation and possible contamination of the material, 

the process happens inside an inert atmosphere chamber. Argon is used for all materials, while 

nitrogen is usually used for non-reactive metals and alloys, mainly steels and nickel- and 

cobalt-based alloys. Some parameters that rule the process are defined by laser power (P), 

scanning speed (v), hatch distance (h) and layer thickness (t) as seen in Figure 1.1. 
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Figure 1.1: LPBF parameters diagram 

Adapted from Aydogan and Chou (2024) 

 

Despite being a versatile process, having consistent part quality (density and mechanical 

properties) is still a challenge in the LPBF. The physical interactions that govern the process 

are complex and occur at high temperatures, small spatial scales, fast laser scanning and rapid 

cooling rates (Yan et al., 2018; Mitrasinović et al., 2025). Deviations from the optimum laser 

power, scanning speed, hatch distance and layer thickness values can cause different defects 

(Shrestha & Chou, 2022; Khairallah et al., 2016). 

 

When the laser power, scanning speed, hatch distance and layer thickness are optimized for 

the process window, the energy input to the powder bed is sufficient to fully melt the material 

without significant vaporization. This condition is known as the conduction regime (or mode), 

in which heat is transferred to the surrounding material primarily by thermal conduction, the 

melt pool maintains a stable semicircular shape, and the resulting tracks are less prone to 

balling and porosity (Patel and Vlasea, 2020). Outside this window, two main defects can be 

highlighted in LPBF, namely: Lack-of-fusion and Keyhole porosity (Gordon et al., 2020). 
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These effects correspond to the extreme conditions of low energy input, for Lack-of-fusion 

(LOF), and high energy input in the case of Keyhole porosity. The LOF porosity is defined by 

powder not melted between two scans, with insufficient overlap between scan paths leaving 

unfused powder particles entrapped in the final part. The keyhole pores are caused by the 

instabilities of a melt pool. These instabilities are created by intense recoil pressure and lead 

to the formation of gas-filled pores in the solidified material (Guo et al., 2023; Gordon et al., 

2020). 

 

The melt pool geometry (width (W), length (L) and depth (D)) and temperature distribution 

are the primary links between the process parameters and the quality of the resulting part 

(Figure 1.2: Melt pool dimensions 

Adapted from Cheng and Chou (2016)). These three dimensions are the results of the energy 

balance in the process. Width and depth together define the cross-sectional area of each track, 

controlling the degree of fusion between tracks and layers and directly determining whether 

the process operates in the LOF, conduction, or keyhole regime. Length, which extends behind 

the laser in the scan direction, is related to the thermal tail of the melt pool and provides 

information about the cooling rate and solidification behavior (Wang et al., 2023; Kou, 2002). 

 

An important constraint in the experimental characterization of melt pool geometry is that no 

single measurement technique can access all three dimensions simultaneously. Thermal 

cameras can capture the melt pool surface during printing, providing measurements of width 

and length, but cannot probe the depth since thermal emission is confined to the surface. 

Metallographic cross-sectioning of solidified single tracks, on the other hand, provides melt 

pool width and depth measurements but requires sample destruction and provides no 

information about length or the in-process thermal field. 
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Figure 1.2: Melt pool dimensions 

Adapted from Cheng and Chou (2016) 

 

1.2 In-Situ Process Monitoring Techniques 

Given the importance of controlling the melt pool and the transient, high-speed nature of the 

LPBF process, a variety of in-situ monitoring techniques have been developed to capture 

process information in real time without interrupting or interfering with the build (McCann et 

al., 2021; Myers et al., 2025). These can be categorized into optical, thermal, and acoustic 

methods, each offering different information and manifesting different limitations. 

 

1.2.1 High-Speed Cameras 

High-speed cameras operating in the visible spectrum can capture melt pool behavior, spatter 

ejection, and plume formation during LPBF at frame rates up to tens of kHz (McCann et al., 

2021; Myers et al., 2025). They have been used to observe keyhole dynamics, melt pool 

oscillations, plume behavior (shown in Figure 1.3), and denudation zone formation. Myers et 

al. (2025) used high-speed optical imaging to study plume behavior and its interaction with the 

laser beam across a range of process conditions, demonstrating that plume attenuation can 

reduce effective energy delivery to the powder bed by up to 30% at high scanning speeds. 

However, the use of high-speed cameras for quantitative temperature measurements is limited 

because they capture light in a broad spectral range and require emissivity corrections that are 

difficult to apply reliably in the LPBF environment (McCann et al., 2021). 
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Figure 1.3: Plume formation during laser-powder interaction captured by high-speed camera 

Adapted from Bidare et al. (2018) 

 

1.2.2 Photodiodes 

Photodiodes are one of the simplest and most temporally responsive radiation-based sensing 

technologies for in-situ LPBF monitoring. Rather than converting detected radiation into an 

absolute temperature estimate, a photodiode measures the integrated light intensity emitted by 

the melt pool region over a defined spectral band, in the visible or near-infrared range, and 

outputs a voltage signal proportional to the total photon flux incident on the detector. When 

light from the melt pool strikes the photosensitive element, a photocurrent is generated and 

subsequently converted into a photovoltage by a load resistor; for a given wavelength, this 

photovoltage is directly proportional to the incident light power (Khairallah et al., 2016). The 

signal reflects the combined thermal emission from the melt pool, the vapor plume, and any 

surrounding hot material within the sensor field of view (FOV). The physical link to process 

state is indirect, meaning that a brighter signal corresponds to a higher-energy emission event, 

correlating with a higher local temperature, a larger melt pool area, or a more energetic ejection 

event, but the relationship is not quantitative in the way it is for a pyrometer or thermal camera.  

 

The photodiodes can be placed in two different configurations: a) on-axis (Figure 1.4), where 

they are attached to the laser beam path via a beam splitter and observe only the small region 

around the melt pool, and b) off-axis, where the sensor is mounted in the build chamber and 

integrates emission from the full platform. By combining the scanner position data with the 
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photodiode signal, the time series is mapped onto the build plane, generating a layer-by-layer 

intensity map at resolutions up to 50 μm/pixel as seen in Figure 1.4. This resolution is sufficient 

to analyze individual hatch lines and localize anomalies to their point of origin within each 

layer (Fuchs & Eischer, 2018, Tao et al, 2024). 

 

 

Figure 1.4: Diagram representing the steps to detect anomalies formation using photodiodes 

Taken from Tao et al. (2024)  

 

The principal advantage of photodiodes over camera-based systems is temporal resolution. 

Commercial on-axis systems can operate at 60 kHz or higher, making photodiodes sensitive to 

sub-millisecond process events, such as keyhole instabilities, spatter ejection pulses, and laser 

power fluctuations that are temporally averaged out in any imaging-based approach (Fuchs & 

Eischer, 2018). Clijsters et al. (2014) implemented a high-speed melt pool monitoring system 
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combining an on-axis photodiode and camera in LPBF, demonstrating that the photodiode 

signal can detect material discontinuities and melt track inconsistencies in-process, 

establishing the foundation for photodiode-based closed-loop control. Coeck et al. (2019) 

demonstrated the porosity prediction capability of a two-photodiode setup during LPBF of Ti-

6Al-4V, correlating signal anomalies with pore locations. The latter were confirmed by 

computed micro-tomography measurements (micro-CT) and achieved a prediction accuracy 

of 90% for pores with volume greater than 0.001 mm³. However, the presence of 61 false 

positives among 93 predicted pores highlighted the ambiguity of integrated signals. 

 

 Taherkhani et al. (2021) developed a defect-detection system using photodiode signals 

collected from the melt pool, applying feature extraction and machine learning classification 

to discriminate between nominal and anomalous process states across multiple alloys and 

parameter combinations, showing that data interpretation improves the defect classification 

performance of raw photodiode signals. More recently, Zhang et al. (2023) used an off-axis 

photodiode system to monitor single-track melting states in LPBF, classifying tracks into the 

three melting regime categories (conduction, keyhole, and LOF) using a neural network trained 

on the photodiode time series, achieving reliable regime identification across nine parameter 

combinations, demonstrating that even a simple off-axis configuration carries sufficient 

process information for regime classification when aligned with appropriate signal processing. 

 

The main limitation of photodiodes is spatial ambiguity, because the signal integrates all the 

emissions within the sensor FOV simultaneously. Moreover, they add contributions from the 

melt pool, spatter, plume, and background thermal emission, making defect classification and 

dimensional measurement unreliable, when photodiodes are used in isolation. This limitation 

is most effectively addressed by combining photodiodes with a camera-based system, where 

the diodes provide high-temporal-resolution anomaly detection and precise scan-path 

localization, while the camera supplies the geometric and spatial context needed to distinguish 

between defect types: an architecture that represents the current industrial standard for 

photodiode-based LPBF monitoring (Fuchs & Eischer, 2018; McCann et al., 2021). 
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1.2.3 Pyrometers And Thermal Cameras 

All non-contact thermal measurement methods based on the detection of thermal radiation rely 

on the Planck's law of blackbody emission (Vollmer, M., & Möllmann, K. 2017), which 

describes the spectral radiance emitted by a perfect blackbody at temperature T, at a specific 

wavelength λ as: 

(ܶ)ఒܤ  = 2ℎܿଶߣହ ⋅ 1e ௛௖ఒ௞ಳ் − 1 (1.1) 

 

where h is the Planck’s constant (J∙s); T, the temperature (K); c, the speed of light (m/s); and 

Kb, the Boltzmann’s constant (J/K); and ܤఒ(ܶ), the blackbody spectral radiance (W∙m-2∙sr-1∙m-

1). 

 

In the short-wavelength limit, where ℎܿ/݇ߣ஻ܶ >> 1, the exponential term dominates and 

Planck's law simplifies to Wien's approximation (Vollmer & Möllmann, 2017): 

(ܶ)ఒܤ  = 2ℎܿଶߣହ ⋅ eି ௛௖ఒ௞ಳ் (1.2) 

 

and forms the basis for temperature estimation from intensity measurements in the near-

infrared range commonly used by LPBF monitoring cameras. 

 

For real materials, also called gray bodies, the emitted spectral radiance is reduced relative to 

that of a perfect blackbody by a wavelength-dependent emissivity factor ε, which depends on 

the material, its temperature, its surface roughness, and the observation wavelength. 

Incorporating ε into Wien's approximation gives: 

 

(ܶ)ఒܤ = · ߝ  2ℎܿଶߣହ ⋅ eି ௛௖ఒ௞ಳ் (1.3) 
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Single-wavelength pyrometers estimate the temperature from the radiance measured at a single 

spectral band. The major limitation is that this conversion requires knowledge of the 

emissivity, which in the LPBF environment varies continuously within and around the melt 

pool, making accurate single-wavelength temperature measurements without a priori 

emissivity characterization very challenging (Mitchell et al., 2019; Williams et al., 2019). 

Dual-wavelength (ratio) pyrometers partially mitigate this issue by measuring the radiance at 

two nearby wavelengths λ₁ and λ₂ and computing their ratio. Under Wien's approximation and 

the assumption that emissivity is equal at the two closely spaced wavelengths, the emissivity 

in the ratio cancels, allowing temperature to be estimated without prior knowledge of the 

material's emissivity (Araujo, 2021): 

(ܶ)ఒଶܮ(ܶ)ఒଵܮ  = (ܶ)ఒమܤߝ(ܶ)ఒభܤߝ (1.4) 

 

where ܮఒcorresponds to the radiance measured by the sensor at a wavelength λ. 

 

Thermal cameras extend the pyrometric concept to provide a 2D thermal map over a region. 

Dual-wavelength thermal cameras apply ratio pyrometry region-wise or pixel-by-pixel across 

the full FOV, producing temperature maps of the melt pool at frame rates up to several tens of 

kHz (Figure 1.5). While the pixel-by-pixel ratio is the most physically accurate method to 

obtain temperature, it also produces a noisy image if the pixel resolution is not sufficiently 

small or if the pixel position is not correctly aligned between sensors (Vollmer and Mollmann, 

2017). On the other hand, using a region-wise ratio calculates an emissivity factor only in a 

small portion of the image and is considered constant for the rest of the pixels (Mitchell et al., 

2019), producing a clearer image but that might not represent reality if the emissivity varies 

significantly across the image. 
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Figure 1.5: Example of radiance image captured at (a) 900 nm and (b) 725 nm, and (c) 
temperature image based on region-wise conversion

Adapted from Mitchell et al.(2019)

Several key studies have demonstrated the capabilities and limitations of dual-wavelength 

thermal cameras for LPBF monitoring. Hooper (2018) detailed thermal imaging of the LPBF 

melt pool using a two-wavelength system, measuring peak temperatures near the vaporization 

point (~3000 °C for 316L) and cooling rates on the order of 10⁶ K/s, confirming the extreme 

thermal conditions within the melt pool. Wang et al. (2022) used multi-sensor approaches 

including a thermal camera to correlate in-situ melt pool measurements with process 

parameters for multiple alloys. This study demonstrated the potential of thermal data for 

quality monitoring together with an emissivity calibration method considering the contour of 

the melt pool at the melting point of the material. Myers et al. (2023) extended two-color 

thermal imaging to a standard color camera platform, demonstrating that high-resolution melt 

pool temperature mapping can be achieved with consumer-grade hardware by appropriate 

spectral filtering. 
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Furthermore, Mitchell et al. (2019) correlated pyrometric thermal signals with porosity in 

additively manufactured metals, showing that melt pool temperature data can serve as a proxy 

for the assessment of defect formation risk. It also presented a detailed path for thermal image 

treatment, including the melt pool isolation from spatter and studying the correlation between 

spatters and defects. Finally, Williams et al. (2019) showed that in-situ layer temperature 

measurements correlate with final part porosity, microstructure, and mechanical properties, 

demonstrating the potential of thermal monitoring for in-process quality control. One of the 

limitations of thermal camera approaches for LPBF is that they cannot measure melt pool 

depth, since thermal emission is captured from the surface of the melt pool only (McCann et 

al., 2021). Another limitation of these instruments is that they are not able to correctly measure 

background temperature, due to a significant discrepancy of temperatures inside the melt pool 

and its contour. 

 

1.2.4 Other Advanced In-Situ Monitoring Techniques 

Beyond optical and thermal cameras, more specialized in-situ monitoring techniques have been 

developed for LPBF research. High-speed synchrotron X-ray imaging provides information on 

melt pool depth inaccessible for surface optical methods, enabling direct observation of 

keyhole dynamics, melt pool flow, pore formation, and solidification in real time (Zhao et al., 

2020; Huang et al., 2022). Zhao et al. (2020) used this technique to identify keyhole tip 

instability as the primary mechanism of pore formation, seen in Figure 1.6, while Huang et al. 

(2022) identified keyhole fluctuation as the cause of porosity. However, these experiments are 

limited to large synchrotron facilities and cannot be performed on production machines.  
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Figure 1.6: Melt pool depth captured by high-speed x-ray imaging with a range of scanning 
speed 

Taken from Zhao et al. (2020) 

 

Acoustic emission (AE) monitoring represents a more accessible alternative, capturing 

ultrasonic waves generated during laser–powder bed interaction. Pandiyan et al. (2024) 

demonstrated a machine learning approach combining acoustic emission signals with process 

maps for the LPBF process classification, showing that acoustic signals can distinguish 

between different melting regimes (LOF, conduction mode and keyhole) at a cost and 

complexity level compatible with industrial integration. However, interpretation and obtaining 

acoustic signal without noise is challenging since the readings include the superposition of 

laser–powder interaction, machine vibration, powder recoating noise, and environmental 

background.  

 

Eddy current (EC) monitoring is an electromagnetic non-destructive technique adapted for in-

situ LPBF monitoring, in which an alternating magnetic field induces circulating currents in 

the conductive part whose path and intensity depend on the local electrical conductivity, which 

is a property sensitive to porosity, cracks, and temperature. Spurek et al. (2022) integrated an 

EC sensor on the recoater of a LPBF machine and demonstrated that differences in relative 

density as small as 0.1% could be detected in AlSi10Mg by correlating the EC signal with 

micro-CT measurements. The EC sensors can simultaneously measure effective solidified 
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layer thickness and a total part height. Peng et al. (2025) extended the approach to subsurface 

temperature monitoring by exploiting the temperature dependence of electrical conductivity in 

austenitic steels, validating through coupled thermal–electromagnetic simulations that the EC 

signal can track temperature variations in the 420–700 K range, information inaccessible to 

surface optical method. However, the technique is limited by the electromagnetic skin effect, 

which constrains the penetration depth to a few hundred micrometers at typical operating 

frequencies, and by the need for calibration to convert impedance variations into quantitative 

estimates. 

 

Beyond thermal imaging, laser-based ultrasound (LBU) is a complementary non-contact, all-

optical technique for characterizing LPBF parts, offering surface and sub-surface defect 

detection without the acquisition times and part-size trade-offs of X-ray CT. Harke et al. (2022) 

demonstrated a surface acoustic wave (SAW) setup on Ti-6Al-4V single-tracks, successfully 

resolving spatter deposits, track discontinuity, and sub-surface voids within approximately 200 

μm of the surface; the detection depth was limited by the frequency-dependent power flux 

density of the Rayleigh wave, with voids deeper than 400 μm falling below the experimental 

noise floor. Xu et al. (2024) extended the approach across four LPBF alloys (Ti-6Al-4V, 

AlSi10Mg, 316L, and IN718) by coupling a finite element simulation with a through-

transmission experimental platform, reporting that the longitudinal wave amplitude decreases 

nearly linearly with the internal defect diameter and that artificial holes as small as 200 μm 

could be characterized in all four materials, with the signal amplitude scaling with each alloy's 

thermal expansion and thermal conductivity coefficients. Together, these studies establish 

LBU as a promising diagnostic for LPBF that complements the surface view provided by dual-

wavelength thermal imaging, although its practical depth sensitivity remains constrained to 

near the surface region and its interpretation depends strongly on the alloy's thermophysical 

properties. 

 

Each monitoring technique reviewed accesses different aspects of the LPBF process and 

carries different limitations. High-speed cameras and optical tomography observe the powder 

bed surface and melt pool geometry but cannot provide subsurface information or absolute 
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temperature. Pyrometers and photodiodes offer high temporal resolution but lack spatial 

resolution. Dual-wavelength cameras provide 2D temperature maps but are limited by 

calibration accuracy and cannot measure melt pool penetration depth. Synchrotron X-ray 

imaging provides unmatched subsurface detail but is inaccessible outside specialized facilities. 

Acoustic emission is sensitive to bulk defect events but requires machine learning to interpret 

the signal. Eddy current monitoring can complement these approaches providing subsurface 

electrical and thermal information but is limited by penetration depth and material-specific 

calibration. The trend in the field is to combine multiple sensors to access complementary 

process information (McCann et al., 2021; Aydogan & Chou, 2024). 

 

Table 1.1: Comparison of in-situ monitoring techniques for LPBF 

Technique 
Surface 

observation 

Depth 

observation 

Temperature 

acquisition 

High-speed camera ✓ × × 

Photodiodes ✓ × × 

Pyrometer/Thermal camera ✓ × ✓ 

Synchrotron X-Ray ✓ ✓ × 

Acoustic emission × ✓ × 

Eddy current  ✓ ×* 

Laser ultrasound ✓ ✓ × 

 * Only possible in materials with high thermal conductivity dependence. 

 

1.3  Ex-Situ Characterization: Single-Track Metallography 

Complementary to in-situ thermal monitoring, post-process metallographic analysis of 

solidified single laser tracks provides the most direct and relatively accurate measurements of 

melt pool cross-sectional geometry. To this end, in a single-track experiment, an individual 

laser scan is performed on top of the last printed layer under controlled process parameters, 

without depositing a powder layer above. The resulting track is then sectioned perpendicular 
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to the scan direction, mounted, polished and etched to reveal the melt pool cross-section. From 

this cross-section, the width and depth of the fused zone can be measured directly using a 

microscope, with measurement uncertainties typically in the range of ± 5-20 μm depending on 

the etch contrast and image resolution (Shrestha & Chou, 2018; Goossens & Van Hooreweder, 

2021). 

 

The single-track approach offers several key advantages for process characterization: it 

provides a clear and direct measurement of the melt pool geometry; it can distinguish between 

conduction mode, keyhole, and lack-of-fusion based on cross-sectional morphology of the 

tracks and it can be performed across a wide range of laser powers and scanning speeds in a 

single experiment, enabling a fast process window mapping, as shown in Figure 1.7 taken from 

Ren et al. (2024). Additionally, the top view of a single track provides the width of the fused 

region at the surface, which can be directly compared with thermal camera measurements taken 

from the same perspective during printing (Shrestha & Chou, 2018). 

 

 

Figure 1.7: Cross section image of CuCrZr representing the 3 different modes in LPBF: 
Keyhole, conduction mode and lack of fusion  

Taken from Ren et al. (2024) 

 

The primary limitations of single-track metallography are its destructive and time-consuming 

nature, and the fact that it provides no information about the in-process melt pool length or 
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thermal behavior. Furthermore, single tracks in the lack-of-fusion regime may not produce a 

detectable cross-section if the balling effect causes the material to not adhere uniformly to the 

substrate. The complementarity between thermal camera observations (temperature, width and 

length, in-situ) and metallographic measurements (width and depth, ex-situ) is therefore clear: 

combining both techniques in the same experimental procedure provides access to all three 

melt pool dimensions simultaneously, while the shared width measurement creates a cross-

validation opportunity that confirms the reliability of both approaches (Goossens & Van 

Hooreweder, 2021; Park et al., 2025).  

 

1.4 Thermal Camera Calibration  

The reliability of temperature measurements from a dual-wavelength thermal camera depends 

significantly on the quality of its calibration, meaning the mathematical relationship between 

the measured intensity ratio and the absolute temperature of the observed surface. Without 

accurate calibration, the temperature maps produced by the camera may be physically 

unrealistic, and the melt pool contour cannot be extracted reliably since the melting 

temperature isotherm might not be identified in the image. Calibration is therefore not merely 

a technical detail but a fundamental prerequisite for the quantitative use of thermal camera data 

in LPBF monitoring. 

 

1.4.1 Tungsten Filament Calibration and its Limitations 

The calibration approach most used in commercial dual-wavelength systems employs a 

tungsten filament lamp as a reference source. A tungsten filament is heated to a series of known 

temperatures through controlled electrical current, and the camera's pixel intensity response at 

each wavelength is defined as a function of the known temperature. This calibration approach 

is practical and easily reproducible. However, it carries a fundamental limitation when applied 

to LPBF: the conditions during calibration differ substantially from those during actual melt 

pool imaging (De Izarra & Gitton, 2010; Partouche-Sebban et al., 2005). 
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The spectral emissivity of tungsten differs from the effective emissivity of the metallic melt 

pool in LPBF, which is a mixture of liquid metal, vapor, and condensate with a complex and 

variable spectral response. Tungsten filament lamps are enclosed in a glass bulb, while the in-

process measurement path passes through the sensor optics, and potentially through spatter and 

condensate generated during the printing that can possibly contaminate the optical path. 

Furthermore, the spatial distribution of emitted light from a heated filament is non-uniform 

(Figure 1.8), introducing errors that depend on which region of the filament is chosen as 

reference (De Izarra & Gitton, 2010). De Izarra and Gitton (2010) characterized this spatial 

non-uniformity of a standard tungsten lamp used in pyrometer calibration, finding temperature 

gradients of up to 200 °C along the filament length. 

 

 

Figure 1.8: Radiance emitted from a tungsten filament with low current  

Taken from Fu et al. (2006)  

 

The practical consequence of these discrepancies in the context of LPBF is that the cameras 

systematically overestimate melt pool temperatures by several hundred degrees Celsius. This 

makes it impossible to use the melting temperature of the material as a contour threshold for 
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melt pool boundary extraction, which in turn prevents any quantitative dimensional 

measurement from the thermal image with the conventional calibration (Hooper, 2018). 

 

1.4.2 In-Process Calibration Using Melting Points  

To address the limitations of tungsten filament calibration, an alternative approach uses the 

melting point of the material being processed as a physical temperature reference that is tied 

to real in-situ measurement conditions. This approach is based on the following principle: for 

a given material and set of process parameters, an in-situ thermal image of the melt pool 

contains a contour at some intensity level that corresponds to the liquidus temperature of the 

material, i.e., to the boundary between the melt pool and the surrounding material (solid or 

powdered). By identifying this contour in the thermal image and correlating it with the known 

liquidus temperature, the intensity ratio–temperature pair can be established without any 

assumptions about emissivity or optical conditions. Repeating this process across multiple 

materials with different melting temperatures could allow building a calibration curve 

correlating intensity with temperature in a wide temperature range, entirely under real LPBF 

operating conditions. 

 

The key experimental challenge of this method is determining which intensity contour 

corresponds to the melt pool boundary, since the camera cannot directly indicate the location 

of the solidus isotherm. The approach that solves this issue makes a cross-referencing the 

thermal image with ex-situ metallographic measurements of the single-track width: the 

intensity threshold at which the measured image width equals the metallographically measured 

track width is taken as the liquidus contour, and the corresponding intensity ratio provides the 

calibration point at the liquidus temperature of the material. 

 

This concept was studied by Doubenskaia et al. (2015) for single-wavelength sensors during 

LPBF of a C103 niobium-based refractory alloy (Nb-10Hf-1Ti), where the melting point 

isotherm was used to measure the effective emissivity of the melt pool surface. Park et al. 

(2025) extended this approach to the same alloy processed by LPBF, correlating single-
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wavelength thermal camera contours with metallographically measured single-track widths to 

calibrate the sensor and validate numerical simulations of the solidification velocity and 

thermal gradient (Figure 1.9).  

 

 

Figure 1.9: A) example of radiance image during LPBF, b) intensity threshold applied based 
on the width measured in (c), and (d) final temperature result 

Taken from Park et al. (2025) 

 

Some practical limitations of this calibration process should be acknowledged. The 

metallographic measurements required as input have inherent measurement uncertainties 

(typically ±5–20 μm) that propagate into the calibration. The camera must be operated under 

conditions that avoid pixel saturation at both wavelengths for all materials, requiring careful 

selection of exposure time and neutral density filters for each material and parameter 

combination, significantly increasing the experimental time required. Furthermore, the 

calibration is specific to the camera configuration and optical path on a given machine and 

needs to be repeated if the optical setup changes. Additionally, the resolution of the camera 

will define how precise the calibration is. 
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1.5 Melt Pool Simulations 

Computational modeling of the LPBF melt pool provides a physical predictive link between 

process parameters with melt pool geometry and thermal field, complementing the 

experimental characterization techniques described previously. Models are available in a wide 

range of complexities, from fast analytical solutions to high-fidelity simulations, and the choice 

of model depends on the computational resources available and the level of physical fidelity 

required. 

 

1.5.1 Analytical Models Based on Moving Heat Sources 

The analytical melt pool model used in this study is based on the solution of the steady-state 

heat conduction equation for a moving heat source in a semi-infinite solid, a problem that was 

solved in the context of welding by Rosenthal in 1946 (Hugel & Dausinger, 1998). In the LPBF 

context, the laser beam is modeled as a moving Gaussian heat source and is thoroughly 

discussed in Chapter 3. 

 

The primary advantage of analytical models is their computational speed: a complete melt pool 

temperature field can be computed in seconds on a standard computer, enabling rapid analysis 

across a wide range of process parameters and materials. This makes them ideally suited for 

process window mapping and material-specific optimization before costly experimental 

simulations are performed. Letenneur et al. (2019) demonstrated this approach for density 

optimization of multiple LPBF alloys using the analytical model in combination with design-

of-experiment methods, while Leclercq et al. (2024) applied it to the tungsten LPBF parameter 

optimization. 

 

Because the material in LPBF is a metal powder bed rather than a dense solid, the 

thermophysical properties must be corrected to account for the porous nature of the bed. The 

powder bed absorptivity is estimated from the bulk material absorptivity using the Hagen-

Rubens relation and corrected for the effective emissivity of a porous powder surface. The 
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effective thermal conductivity of the powder bed is reduced relative to the dense solid value 

according to the porosity percentage (Sih & Barlow, 2004. Hugel & Dausinger, 1998).   

 

1.6 Summary and Research Objectives 

The literature review in the preceding sections establishes the foundation for the present work. 

LPBF is a process governed by a complex set of interacting phenomena at the melt pool scale, 

where laser power, scanning speed, and material thermophysical properties altogether 

determine the melt pool geometry, the thermal field, and, ultimately, the presence or absence 

of defects. Controlling and predicting these outcomes requires tools that operate at 

complementary levels: simulation models that can rapidly map the process window before 

costly experiments are conducted, and in-situ monitoring systems that can observe the melt 

pool during printing and provide experimental data for model validation. 

 

On the simulation side, fast analytical melt pool models based on the moving heat source 

solution are used to guide process parameter selection for a wide range of metallic alloys. 

These models offer advantages in computational speed and multi-material flexibility, but their 

reliability has only been assessed using a single experimental technique at a time. The 

combination of in-situ dual wavelength thermal camera observations and ex-situ 

metallographic measurements in the same experimental campaign, accessing all melt pool 

dimensions and temperatures with a cross-validation on the melt pool width measurements, 

has not been reported. 

 

On the monitoring side, dual-wavelength thermal cameras are capable tools for spatially 

resolved, quantitative in-situ melt pool temperature measurements in LPBF. However, their 

precise use is limited by a calibration problem: commercial tungsten filament calibrations are 

performed in an environment that does not represent LPBF building process and produce 

systematic temperature overestimations of several hundred degrees Celsius, making it 

impossible to identify the melt pool boundary from the thermal image. The concept of using 

the material's liquidus temperature as an in-process calibration reference, anchored by 
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metallographic single-track width measurements, has been demonstrated for single-

wavelength sensors but has not been extended to dual-wavelength cameras or applied across a 

range of materials with widely different melting points. 

 

These two limitations are connected, where a reliable thermal camera calibration is a 

prerequisite for using its result as a validation for the analytical model, and the model provides 

the simulation context needed to interpret the camera results. The present work addresses both 

limitations through a methodology that integrates analytical simulations, dual-wavelength 

thermal camera monitoring, and single-track metallography as three mutually supporting tools.  

 

This work is based on a dual hypothesis that the liquidus temperature of the material provides 

a physically consistent and practical calibration reference for a dual-wavelength thermal 

camera, and that the analytical conduction model accurately captures the process-dependent 

trends of melt pool width, length, and area in the conduction melting regime. To validate these 

hypotheses, the following specific objectives are defined: 

 

– Develop and validate a novel in-process calibration method for a dual-wavelength thermal 

camera (Stratonics Thermaviz) using the liquidus temperatures of five materials (316L, IN625, 

CoCr, W, Mo) as physical calibration references, according to ex-situ metallographic 

measurements of their respective single-track widths. The method must produce temperature 

maps that are physically consistent across a melting temperature range of approximately 1300-

3422 °C and must reduce the peak temperature overestimations associated with the 

conventional tungsten filament calibration to more realistic values. 

 

– Assess the reliability of the simplified Gaussian heat source analytical model by comparing 

its predictions of melt pool width, length, depth, surface area and temperature against 

simultaneous in-situ thermal camera observations and ex-situ metallographic measurements 

for three alloys (316L, IN625, CoCr). This assessment must be done across a wide range of 

process parameters covering the LOF, conduction, and keyhole melting regimes. The analysis 

must identify which dimensions and regimes the model predicts reliably, quantify systematic 



25 

discrepancies where it does not, and cross-validate the two experimental techniques through 

their shared melt pool width measurements. 

 

The work carried out in this thesis is organized into two parts, each presented as an article. The 

first article (Chapter 2) addresses the calibration objective, proposing and validating the in-

process calibration approach across five materials with the thermal camera and metallography 

combined. The second article (Chapter 3) uses this validated methodology to assess the 

analytical model reliability across the full range of melting regimes for three materials, namely 

316L, IN625, and CoCr metallic alloys. To validate the calibration method, Ti-6Al-4V is used, 

a material not utilized in the proposed calibration process, and the method and results are 

described in Chapter 4. The general conclusion synthesizes the findings of both articles 

considering the objectives stated above and identifies limitations and possibilities for future 

work. 
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2.1 Preface 

To obtain reliable quantitative measurements from the dual-wavelength thermal camera and 

use them to validate the analytical melt pool simulation, it is necessary to establish a physically 

consistent relationship between the thermal radiation observed by the sensor and the actual 

temperature of the melt pool surface. The commercial tungsten filament calibration was found 

to produce temperature readings inconsistent with the physical properties of the materials being 

processed, preventing the use of the camera as reliable equipment. This first article therefore 

addresses the calibration problem as a prerequisite, developing an in-process calibration 

method using the melting point of the processed material as a physical temperature reference, 

with the melt pool boundary identified through ex-situ metallographic width measurements of 

single tracks. The method yielded a calibration curve that brings peak temperature estimates 

close to the vaporization point of each material and enables the use of the liquidus temperature 

as a threshold for direct melt pool surface measurement from the thermal image, capability 

required for the validation study presented in Chapter 3. 

 

2.2 Abstract 

Real-time monitoring of the laser powder bed fusion (LPBF) process using in-situ dual-

wavelength infrared thermal camera observations can contribute to the improvement of process 

reproducibility and quality control. Dual-wavelength thermography estimates the melt pool 
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temperature distribution without prior knowledge of the material emissivity by applying 

Wien’s approximation of Planck’s law to the pixel-wise intensity ratio obtained at two close 

wavelengths. However, when applied to LPBF thermal fields, conventional tungsten filament-

based calibration methods used to convert the intensity ratio to temperature values often lead 

to unrealistic temperature distributions. 

 

In this work, a novel thermal camera calibration approach using post-process single-track 

measurements is proposed. The method correlates melt-pool contour intensities obtained 

during powder bed fusion of multiple materials (316L, CoCr, IN625, W, Mo) with their 

melting temperatures, thus covering a wide range of melting points and process conditions. 

The proposed calibration method leads to an approximately 20% improvement in the melt pool 

dimensional accuracy as compared to the tungsten filament-based calibration, thus providing 

a practical and physically consistent calibration strategy for the dual-wavelength thermal 

monitoring of LPBF processes. 

 

2.3 Introduction 

In-situ monitoring of the laser powder bed fusion (LPBF) process remains a significant 

challenge due to its intrinsic particularities, including high scanning speeds and process 

temperatures, rapid cooling rates, complex laser-powder interaction phenomena, and 

micrometer-scale melt pool dimensions (Aydogan & Chou, 2024; Grasso & Colosimo, 2017; 

Yan et al., 2018). Nevertheless, real-time monitoring can provide valuable information 

regarding the process stability, defect formation, and final part quality (Pandiyan et al., 2024). 

Temperature measurements, in particular, can be used to validate process simulations, predict 

defect formation, and optimize building strategies (Mahmoudi et al., 2018, Mitchell et al., 

2020, Williams et al., 2019).  

 

Several non-contact temperature measurement techniques are available for LPBF applications. 

Pyrometers can measure the temperature at a given point or along a line and can be classified 

according to the number of wavelengths used as single-wavelength, dual-wavelength (ratio 
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pyrometry), and multi-wavelength systems. While the single-wavelength pyrometry is highly 

dependent on emissivity values, which vary with temperature, phase state and surface 

conditions, dual-wavelength (ratio) pyrometry mitigates this issue by calculating the ratio of 

light intensities from two distinct sensors. Thermal cameras extend this concept by providing 

spatially resolved temperature measurements over a region, while relying on the same radiative 

emission principles (Yan et al., 2018). More advanced techniques, such as X-ray imaging, are 

less common in industrial applications, and are generally confined to research laboratory setups 

(Scheel et al., 2023). 

 

A key challenge in non-contact thermography is the calibration routine required to convert 

measured light intensities into temperatures. Since the blackbody simulator-based calibration 

approach provides high accuracy, but is extremely expensive and time-consuming (McCann et 

al., 2021), commercial systems frequently use tungsten filaments to generate calibration 

curves. Although this approach is practical, it may introduce errors due to an uneven filament 

heating, optical distortions, and which is even more challenging, differences between 

laboratory and in-process measurement conditions. These inaccuracies often result in 

unrealistic temperature readings (De Izarra & Gitton, 2010; Partouche-Sebban et al., 2005; 

Russell et al., 1960). Another common approach assumes constant emissivity values across the 

entire image, which reduces noise but introduces systematic errors because the emissivity of 

metal powder, molten and heated metals differ significantly (Mitchell et al., 2020).  

 

To address the above limitations, this study proposes a novel calibration method for dual-

wavelength thermal cameras that involves the use of post-process single-track width 

measurements obtained for multiple materials with melting points ranging from ~1300 to 3420 

°C and submitted to variable LPBF process conditions. Allowing the calibration being 

performed even under non-ideal laboratory conditions (e.g., with a tungsten filament or a flat 

solid sample), but directly during a real LPBF process using the powder bed. This represents 

the actual process conditions, including the emissivity of the powder and melt pool. Combining 

in-situ intensity measurements with ex-situ metallographic observations allows establishing a 
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physically consistent calibration curve, more suitable for thermal monitoring of the LPBF 

process than can be done using its conventional tungsten filament-based calibration approach. 

 

2.4 Experimental Setup 

Single-track building experiments were performed using an EOS M280 LPBF system 

equipped with a 400 W ytterbium fiber laser (beam diameter 100 μm) under an argon 

atmosphere, without baseplate preheating. To ensure a wide range of thermal conditions and 

process characteristics, five materials were included in the study: 316L stainless steel, IN625 

nickel alloy, CoCr alloy, pure tungsten (W) and pure molybdenum (Mo). Other materials, e.g. 

aluminum, were not used due to its high infrared reflectivity requiring the use of different 

neutral density filters. During these experiments, thermal imaging was performed using a dual-

wavelength infrared CMOS camera (Stratonics Thermaviz) operating at 725 (λ1) and 900 (λ2) 

nm wavelengths. Each sensor provides a 1024 × 1024 pixel field of view (FOV) corresponding 

to a spatial resolution of 13.6 μm/pixel. The camera was aligned coaxially with the building 

platform. Frame rates between 95 and 150 fps and exposure times between 0.01 and 0.05 ms 

were used. Neutral density filters with an optical density of 0.5 were also applied to prevent 

the saturation of the sensors. 

 

Ten LPBF process parameter sets were used for building 316L, CoCr and IN625 powders, with 

the laser power (P) ranging from 80 to 370 W, and the scanning speed (v), from 200 to 1600 

mm/s. For pure Mo and W powders, because of their extremely high melting points, only one 

parameter set was used for each material (Table 2.1). The melting and vaporization 

temperatures of all five materials are also presented in Table 2.1. 
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Table 2.1: Process conditions and characteristic temperatures of the materials used 

Process conditions 

Materials IN625 316L CoCr Mo W 

Laser power (W) 80-370 154-370 120-350 200 300 

Scanning speed (mm/s) 500-1250 600-1600 400-1400 100 100 

Linear energy density (J/mm) 0.06-0.74 0.10-0.61 0.09-0.88 2 3 

Characteristic temperatures, oC 

Melting 1350 1400 1330 2623 3422 

Vaporization 2913 3000 2930 N/A N/A 

 

2.5 Dual-Wavelength Camera Working Principle  

The ratio pyrometry method is based on Wien’s approximation of Planck’s law, where the ratio 

between emitted intensities at two close wavelengths is used to estimate the temperature. For 

real materials, the emissivity varies significantly with the temperature, phase state, surface 

conditions, and wavelength. By using two nearby wavelengths and assuming a similar 

emissivity at both wavelengths, the emissivity term is canceled, allowing temperature 

estimations without prior emissivity knowledge (2.1) (Penny & John Hart, 2025). 

 

(ܶ)ఒଶܮ(ܶ)ఒଵܮ = (ܶ)ఒమܤߝ(ܶ)ఒభܤߝ (2.1) 

 

where ܮఒ(ܶ) is the measured spectral radiance at wavelength ߣ (m);  the spectral emissivity ,ߝ  

(assumed equal for two close wavelengths ߣଵ and ߣଶ); and ܤఒ(ܶ), the blackbody spectral 

radiance given by Planck’s law (2.2):  
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(ܶ)ఒܤ = 2ℎܿଶߣହ ⋅ eି ௛௖ఒ௞ಳ் (2.2) 

 

where h is the Planck`s constant (J∙s); T, the temperature (K); c, the speed of light (m/s); and 

Kb, the Boltzmann’s constant (J/K). 

 

In principle, the emissivity ratio should be calculated pixel-by-pixel to obtain full temperature 

maps. However, even small spatial misalignments between the two wavelength channels may 

introduce significant noise, especially when the camera resolution is limited. As a result, direct 

pixel-by-pixel ratio computation can lead to locally nonphysical temperature values. For this 

reason, some authors calculate this ratio for an enclosed area, thus reducing the pixel by pixel-

related uncertainties (Scheel et al., 2023; Williams et al., 2019); this last approach will be 

applied in the present study. 

 

2.6 Calibration Method 

Calibration requires establishing a relationship between the measured intensity ratios and the 

known temperature values. In this study, the liquidus temperature of each of five materials was 

used as a reference temperature by correlating the width of an individual weld bead (single 

track) obtained by ex-situ metallographic measurements with the corresponding thermal 

camera intensity contour. This method has been successfully applied to single wavelengths 

sensors, allowing the measurements of emissivity values during LPBF of the C103 niobium-

based refractory alloy (Nb-10Hf-1Ti) and the validation of numerical simulations 

(Doubenskaia et al., 2015; Park et al., 2025). 

  

The process starts with capturing the spectral radiance images of a melt pool during the laser 

pass using two wavelength sensors, λ1 and λ2. The acquisition process is followed by image 

corrections, including the alignment of two wavelength channels, using a rigid transformation 

approach. Next, dark-frame subtraction is performed by averaging frames acquired before 
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powder melting and subtracting the resulting pixel-wise background from the recorded 

intensity images (Feng et al., 2026). After these steps, the intensity profiles can be extracted 

along (Figure 2.1-A) and across (Figure 2.1-C) the melt pool (Figure 2.1-B). 

Figure 2.1: Single-track experiment with IN625 (P= 285 W and v = 960 mm/s): (A) vertical 
intensity profile, (B) melt pool thermal image (ߣଵ), (C) horizontal intensity profile with the 

intensity threshold corresponding to a metallography-measured single-track width

It is then considered that for each material and each process condition, the intensity peak width 

measured across the melt pool image (Figure 2.1-C) must correspond to a single-track width 

measured by the metallography technique. The intensity thresholds obtained for each of the 
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wavelengths, λ₁ and λ₂, can therefore be used in Equation (2.1) to calculate the corresponding 

intensity ratios. Since each single-track width is associated with the melt-pool width, and 

therefore, the liquidus temperature of a specific material, each measurement provides a specific 

intensity ratio-temperature pair. By repeating this process for multiple material and building 

conditions, a calibration curve relating the intensity ratios to the absolute temperatures can be 

obtained. 

 

2.7 Results 

2.7.1 Calibration Curves (Novel And Conventional Approaches) 

By analyzing the threshold intensity values obtained for each of the two wavelengths (Figure 

2.2a) and the wavelength ratios (Figure 2.2b), it could be seen that for IN625, CoCr and 316L, 

the intensity threshold for λ2 is higher than for λ1, while for Mo and W, it is the other way 

around. These differences can be explained by the spectral radiance behavior of different 

materials at different temperatures and wavelengths (Hooper, 2018). Since refractory materials 

such as Mo and W have significantly higher melting temperatures than their lower melting 

temperature counterparts, the peaks of their spectral emissions shift toward shorter 

wavelengths, inverting the measured intensities at wavelengths λ₁ and λ₂.  
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Figure 2.2: (A) Intensity thresholds obtained for each material using two wavelengths, (B) 

Ratio of spectral radiance, λ2 / λ1, for each material 

 

Differences in the intensity ratios of the alloys having close melting temperatures, i.e., CoCr, 

316L and IN625, are not significant, and they tend to be minimized in the final calibration 

curve plotted in Figure 2.3. This calibration curve relates logarithms of the intensity ratios to 

the inverse temperatures, thus enabling direct temperature estimations.  
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Figure 2.3: Comparison of the single-track measurement-based and tungsten filament-based 
calibration curves 

 

When this calibration curve is compared with the tungsten filament-based calibration curve 

(Figure 2.3), a clear difference is observed in the slopes of two curves, with the former being 

much steeper (4.76 × 10ିସ ିܭଵ) than the latter (3.04 × 10ିସିܭଵ). This variation directly 

affects the calculated melt pool contour temperatures. For high melting point materials such as 

W and Mo, temperature differences between the two calibration methods are relatively small 

and amount to ~120 °C (5% difference). However, for the lower melting point materials, such 

as 316L, CoCr, and IN625, temperature differences between the two calibrations approach 

~450 °C (20% difference). This means that the results provided by both calibrations are 

material-dependent: they are close for high melting point materials, such as tungsten and Mo, 

but significantly different for their lower melting point counterparts. 
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2.7.2 Temperature Comparison

Temperature profiles obtained via the use of both calibration curves across and along the melt 

pool are plotted in Figure 2.4 to allow their comparison. These images correspond to the case 

when the laser was on; images for which the material was heated, but the melt pool was not 

yet observed, were filtered out. It can be seen that the tungsten filament-based calibration 

systematically overestimates the melt-pool peak temperatures. At a 90% intensity level, the 

average maximum temperature reaches approximately 3430 °C for 316L and 3386 °C for 

IN625, which exceeds the vaporization temperature of each material by ~15%. After the novel 

calibration approach is applied, the average maximum temperatures decrease to 3144 °C for 

316L and 3132 °C for IN625, which are close to the corresponding vaporization temperatures 

and physically consistent with the recoil pressure and Marangoni effects  (J. Liu & Wen, 2022). 

Such a maximum temperature analysis could not be performed for W and Mo, since the 

extremely high melting temperatures caused pixel saturation in central parts of the thermal 

images.

Figure 2.4: Temperature profiles across the melt-pool comparing two calibration methods: A) 
width and B) length for 316L with P = 215 W and v = 913 mm/s
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Additionally, with the tungsten filament-based calibration, regions outside the melt pool often 

exhibit temperatures exceeding the melting point, which is physically unrealistic and makes 

the melt-pool geometry extraction impossible. Similar overestimations have been reported in 

the literature, where unrealistically high temperatures were occasionally attributed to spatter 

or plume interference along the optical path (Hooper, 2018). In contrast, the proposed 

calibration consistently produces background temperatures below the melting temperature for 

all the investigated materials, allowing melting points to be used as thresholds for the melt-

pool dimensional measurements. Finally, in the present work, the use of spatially averaged 

temperature values reduced the likelihood of localized artifacts affecting the measurements. 

Measurements in the lower-temperature regions remained limited by the camera calibration 

range (above ~1000 °C) and by the acquisition frame rate, which prevented the measurement 

of cooling rates exceeding ~40 °C/μs. 

 

2.7.3 Correlation Between In-Situ And Ex-Situ Melt Pool Measurements And 
Numerical Simulations 

The melt-pool widths extracted from thermal images acquired during processing of 316L, 

CoCr, and IN625 were compared with their corresponding single-track widths obtained from 

a simplified numerical simulation model (Leclercq & Brailovski, 2024) (Figure 2.5A). Across 

all materials, the in-situ measurements show good agreement with the simulated results, 

yielding a root mean square error (RMSE) of ~15 μm, which is smaller than 1.5 pixels, in 

combination with a regression slope (a1) of 0.80. However, due to the instability and 

complexity of the physics in the process, the scatter is significantly high, with values up to 100 

μm.  

 

Furthermore, in-situ two-wavelength thermal imaging can be used for melt pool length 

assessment (Figure 2.5B). This parameter provides indirect information about solidification 

and cooling behavior and enables direct comparisons with simulation-predicted geometries and 

temperature distributions. Using the simplified melt pool numerical simulation model 

described in (Leclercq & Brailovski, 2024), it was verified that the thermal camera-measured 

melt pool lengths exhibit a strong correlation with their simulated equivalents. The comparison 
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resulted in an RMSE smaller than 37 μm (less than 3 pixels) and a1 of 1.08, indicating good 

agreement between the experimental measurements and the numerical predictions. These 

results additionally demonstrate that the proposed calibration method provides consistent and 

physically meaningful melt pool geometric measurements in LPBF. 

 

 
Figure 2.5: Comparison between thermal camera and numerically simulated melt pool: A) 

widths and B) lengths 

 

2.7.4 Melt Pool Thermal Field Image 

Finally, each intensity image can be converted into a temperature field using the calibration 

procedure described above. This conversion enables the reconstruction of spatially resolved 

thermal maps, representing the temperature at each pixel of the melt pool region. Such 

temperature fields are useful for analyzing the vaporization behavior, estimating cooling rates, 

and evaluating other temperature-dependent phenomena. Figure 2.6 illustrates the results of 

conversion from the raw intensity images to the corresponding temperature maps, following 

the steps previously described in this work. 
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Figure 2.6: Spectral radiance image in (A) λ1 and (B) λ2, (C) Final temperature image for 
316L at P= 215 W and v= 930 mm/s

2.8 Conclusion 

To obtain a new calibration curve, five metallic materials were processed using variable fusion 

regimes. Next, light intensities obtained during fusion of these materials using a two-

wavelength camera were correlated with their corresponding melting temperatures via the post-

process measurements of single-track widths. This calibration allowed measuring temperature 

fields that were physically more realistic than those obtained using the conventional tungsten 

filament-based calibration approach. The new calibration procedure significantly reduced the 

peak temperature overestimations and enabled reliable melt-pool dimensional measurements 

directly from thermal images. The methodology provides a practical and physically sound 

calibration strategy applicable to multi-material LPBF monitoring environments.



 

CHAPTER 3 
 
 

RELIABILITY OF THERMAL CONDUCTION-BASED MELT POOL 
SIMULATIONS USING IN-PROCESS THERMAL CAMERA AND POST-PROCESS 

SINGLE-TRACK MEASUREMENTS 

Matheus Soares a, Donatien Campion a, Aurore Leclercq a, Alena Kreitcberg a, Vladimir 
Brailovski a 

 
a Département de Génie mécanique, École de Technologie Supérieure, 

1100 Notre-Dame Ouest, Montréal, Québec, Canada H3C 1K3 
 

Article published in Applied Sciences, May 2026 
https://doi.org/10.3390/app16125850 

 
3.1 Preface 

With a physically consistent calibration established in chapter 2, the dual-wavelength thermal 

camera was then used as a quantitative measurement tool, not only for temperature 

visualization, but also for extracting melt pool surface geometries (width, length and area) 

directly from the thermal images using the material liquidus temperature as a contour 

threshold. This second article combines these in-situ camera measurements with ex-situ 

metallographic cross-sections of the same single tracks to simultaneously access all three melt 

pool dimensions and assess the reliability of a simplified analytical thermal conduction model 

used for process parameter optimization. The three alloys studied: 316L, IN625, and CoCr, are 

part of the materials covered by the calibration developed in Chapter 2, ensuring that the 

camera measurements used as experimental reference rest on a validated physical basis. The 

cross-validation between the two experimental techniques through their shared width 

measurement further confirms that the combined methodology is internally consistent, and that 

the observed discrepancies between model and experiment reflect genuine physical limitations 

of the conduction only formulation rather than measurement issues. 
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3.2 Abstract 

Laser Powder Bed Fusion (LPBF) is a complex manufacturing process that depends on precise 

control of printing parameters and melt pool geometry, which directly influence defect 

formation and final part quality. This study evaluated the reliability of a simplified thermal 

conduction-based melt pool model by combining post-process metallographic analysis with 

in-situ dual-wavelength infrared thermal imaging. Experimental data were obtained through 

single-track printing on 316L, IN625, and CoCr alloys across a wide range of parameters. The 

simulated melt pool length showed strong agreement with thermal camera measurements (R2
adj 

> 0.78), while the width showed moderate but consistent correlation (R2
adj > 0.52). For melt 

pool depth, the model systematically deviated due to its inability to capture keyhole melting, 

although a strong linear correlation was still observed (R2
adj > 0.86). Cross-validation between 

metallographic measurements and thermal imaging revealed only a 6–9% discrepancy, 

confirming the reliability of both methods and the potential of dual-wavelength cameras for 

industrial process monitoring. Overall, the model proves to be a reliable tool for predicting 

melt pool surface geometry specifically within the conduction melting regime, while its 

predictive capability degrades significantly in the keyhole regime, where simulated peak 

temperatures reach up to 7000 °C and melt pool depth errors escalate due to the disregard of 

recoil pressure, liquid and vapor dynamics. 

 

Keywords: Additive manufacturing; Laser Powder Bed Fusion; In-situ monitoring; Dual-

wavelength sensor; Analytical modeling; Metallography measurements. 

 

3.3 Introduction  

Laser powder bed fusion (LPBF) is one of the most widely used metal additive manufacturing 

technologies due to its ability to produce near-net-shape parts with complex shape, simplify 

post treatments and reduce material wastage (J. Wang et al., 2023). It consists of using a laser 

to selectively melt a powder bed, layer by layer, according to the part geometry. However, 

controlling the final part quality, density, and microstructure is quite a complex undertaking 

(J. Wang et al., 2023). Common major defects observed in LPBF parts include (a) keyhole 
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pores, which occur because of high laser energy inputs and low scanning speeds, which in turn 

creates conditions for gas entrapment, and (b) lack-of-fusion defects, which occur when 

overlaps between neighboring laser tracks and printed layers are limited and thus leave zones 

of unmelted powder particles (Carter et al., 2014; Khairallah et al., 2016; J. Wang et al., 2023). 

Both these defects are responsible for process-induced porosity and consequently a lower 

mechanical resistance of printed parts (Shrestha & Chou, 2022; X. Yang et al., 2023). In 

practice, the melt pool geometry (width, length, and depth) and temperature distribution 

constitute the links between process parameters and process-induced defects, and small 

changes in laser power, scanning speed, hatching distance and layer thickness can switch the 

process between the optimum and suboptimum printing regimes (Shrestha & Chou, 2022; J. 

Wang et al., 2023; X. Yang et al., 2023). Moreover, these melt pool characteristics determine 

cooling speeds and thermal gradients accompanying the part forming process and thus affect 

material solidification dynamics, and therefore, the microstructure and mechanical properties 

of printed parts. To improve control over the process and the quality of printed parts, a plethora 

of in situ and ex situ monitoring methods can be used. 

 

As far as the in-situ process monitoring techniques are concerned (Chen et al., 2023; 

Mitrašinović et al., 2025; R. Wang et al., 2022), contact sensors such as thermocouples cannot 

be used directly as they would interfere with the process (Mitrašinović et al., 2025). As such, 

contactless in situ monitoring methods are frequently employed. Some of them are based on 

the use of high-speed video cameras, which assist in observing the behavior of the melt pool 

and the fumes released during laser-metal interaction (Chen et al., 2023; R. Wang et al., 2022). 

Among temperature measurement equipment, one can distinguish pyrometers which can 

measure the temperature within a small, defined space using point, cross, or line modes 

(Mitrašinović et al., 2025). Thermal cameras, on the other hand, can measure temperatures 

over a larger field of view, capturing the entire extent of a melt pool, recording high-speed 2D 

images (typically up to tens of kHz, depending on windowing and hardware) (Mitrašinović et 

al., 2025; R. Wang et al., 2022), but they cannot be used for melt pool depth assessment. 

Conversely, the depth and width of a single laser track, being representative of the depth and 

width of a melt pool, can be measured using ex situ metallographic techniques (Leclercq & 
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Brailovski, 2024; Letenneur et al., 2019; Schuöcker, 1998; Shrestha & Chou, 2018). Therefore, 

an obvious solution for measuring all the dimensions of a melt pool would involve a 

combination of in situ and ex situ methods (Leclercq & Brailovski, 2024; Shrestha & Chou, 

2018; R. Wang et al., 2022). 

 

Complementary to experimental techniques, simulations offer predictive links between process 

parameters and the melt pool geometry. Analytical or semi-analytical models based on the 

calculations of a thermal field created by a moving heat source provide quick estimates of the 

melt-pool width, length, and depth in conduction melting mode (Letenneur et al., 2019; 

Schuöcker, 1998). To be reliable, these models must be adapted to specific laser scanning and 

powder bed conditions, including the laser beam intensity, powder bed absorptivity, specific 

heat capacity and thermal conductivity (Bala et al., 1989; Letenneur et al., 2019; Sumin Sih & 

Barlow, 2004; Tolias, 2017). For component-level planning and rapid design exploration, 

reduced finite element (FE) solvers, including commercial tools, offer practical setup time and 

cost trade-offs and can be used to predict the thermal history and distortions of a part to be 

printed (Letenneur et al., 2019). When more detailed physics-based insights are needed, high-

fidelity LPBF process models that consider the recoil pressure, the Marangoni convection, 

vapor dynamics, and conduction-to-keyhole transition phenomena can be used, albeit at a 

much higher computational cost (X. Yang et al., 2023). 

 

Some studies have already analyzed the accuracy of melt pool simulations using thermal 

camera observations (Ashby et al., 2022; Mahmoudi et al., 2018), while others have compared 

thermal camera observations with dimensions of solidified laser tracks obtained using 

conventional metallographic techniques (Goossens & Van Hooreweder, 2021; Park et al., 

2025). However, no research has combined the use of ex situ metallographic measurements 

with in-situ thermal camera observations to validate the results of melt pool simulations. To 

bridge this gap, the present study uses a combination of two experimental techniques, namely, 

in situ dual-wavelength infrared thermal camera observations and ex situ single-track 

metallography, to assess the reliability of a simplified Gaussian heat source model adapted 

from (Schuöcker, 1998) in terms of its capacity to predict the width, length, and depth of a 
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melt pool in LPBF. The scope of this work includes some of the most commonly used LPBF 

metallic materials: 316L, IN625, and CoCr alloys, shaped using variable laser powers and 

scanning speeds. 

 

To the best of our knowledge, this is the first study to combine these three approaches in a 

single experimental campaign: analytical simulation, in situ dual-wavelength thermal imaging, 

and ex situ metallography. The dual-wavelength calibration approach developed here enables 

the emissivity-independent extraction of melt pool width, length, and temperature field directly 

from the thermal image, while metallography provides the complementary melt pool depth and 

width measurements. Altogether, these techniques deliver a complete dataset for the melt pool 

model assessment that covers all three melt pool dimensions plus the surface temperature field, 

with built-in multi-material cross-validation on the shared melt pool width measurements. 

 

3.4 Materials and Methods 

3.4.1 Melt Pool Simulations (Analytical Model) 

 

A simplified thermal conductivity-based numerical model of the LPBF process (Leclercq et 

al., 2025; Leclercq & Brailovski, 2024; Schuöcker, 1998) used in this work was developed in 

the MATLAB software (R2022b, MathWorks, USA) environment. This model is used to 

assess melt pool dimensions and is based on analytical calculations of a temperature field 

generated by a moving Gaussian heat source in a semi-infinite solid (3.1): 

,ݕ,ݔ)ܶ  (ݖ = ଴ܶ + ଷଶߨ௙ݎ݇ ܲܣ න 11 + ߬ଶ଴
ାஶ ߬݀ (ܥ)݌ݔ݁ (3.1) 

 

With  
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ܥ =  − ቆ ߬ଶ1 + ߬ଶቇ ቆ൬ߦ − ܲ݁2߬ଶ൰ଶ + ଶቇߟ − ߬ଶߞଶ (3.2) 

ߦ  = √2 ௙ݎݔ  ; ߟ = √2 ௙ݎݕ   ; ߞ = √2 ௙ݎݖ  ;ܲ݁ = ߙ2√2ݒ௙ݎ  ; ߬ = ݐ݀ߙ௙2√2ݎ ߙ;  = ௣ܿߩ݇ (3.3) 

 

where ଴ܶ is the baseplate temperature (K); ܣ, the absorptivity; ܲ, the laser power (W); ݇, the 

thermal conductivity (W/ (m·K)); ݎ௙, the laser beam radius (m); ܲ݁, the Peclet number; ݒ, the 

scanning speed (m/s); ߙ, the thermal diffusivity (m2/s); ߩ, the density (kg/m3); ܿ௣, the mass 

heat capacity (J/ (kg·K), and ݀ݐ, the time (s). 

 

The absorptivity (3.4) is calculated using the Hagen-Rubens model (Hügel & Dausinger, 1998) 

approximating the material absorptivity using its electrical resistivity value: 

ܣ  = 0.365 ൬ܴ௦ߣ ൰଴.ହ (3.4) 

 

Because the raw material is in the form of a powder bed rather than a dense solid, some 

variables need to be corrected, namely: 

 

The density, using (3.5): 

 ߶ = 1 − ܦܤܥ (3.5) 

 

where ߶ is the fractional porosity and ܦܤܥ is the coefficient of bulk powder density (without 

units).  

 

The powder bed absorptivity is calculated according to (Sih & Barlow, 2004), where the 

powder bed is assumed as a porous surface composed of spherical bodies and holes, all having 



47 

the same temperature. Considering the bodies as “gray” without transmission of radiation, 

absorptivity is then equal to emissivity (A = ϵ). Thus, the powder bed absorptivity can be 

calculated using equations (3.6-3.8): 

 ߳௣௢௪ௗ௘௥ = ܵ௛߳௛ + (1 − ܵ௛)߳௦ (3.6) 

 

with  

 ߳௦ = ܣ (3.7) 

 

and  

 

ܵ௛ = 0.908߶ଶ1.908߶ଶ − 2߶ + 1 ;  ߳௛ = ߳௦ ቆ2 + 3.082 ቀ1 − ߶߶ ቁଶቇ
߳௦ ቆ1 + 3.082 ቀ1 − ߶߶ ቁଶቇ + 1 (3.8) 

 

where ߳௣௢௪ௗ௘௥ is the powder emissivity (absorptivity); ܵ௛, the surface fraction occupied by 

pores; ߳ ௛, the pores emissivity; ߳ ௦, the emissivity of a bulk material, ܴ ௦; the electrical resistivity 

of the material (Ω·m), and ߣ, the laser wavelength (m).  

 

 The thermal conductivity (3.9) is calculated following the work of (Kang et al., 2013): 

 

݇௣௢௪ௗ௘௥  = ݇௦(1 − ߶)ସଷ (3.9) 

 

where ݇௣௢௪ௗ௘௥ and ݇௦ are the thermal conductivities (W/(m·K)) of a powder bed and a bulk 

material, respectively.  
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In this model, the material properties (melting temperature; material density; powder bed 

density; specific heat capacity; thermal conductivity and electrical resistivity) are considered 

constant despite the fact that, during LPBF, their values vary from those at room temperature 

to those near the melting point and beyond. Since it was proven in a previous work (Leclercq 

et al., 2025) that considering the material properties at 80% of the melting temperature 

(0.8Tmelt) leads to the smallest discrepancies between calculated and measured melt pool 

sizes, this approach was adopted.

Using this model in the present work, in each cell of a parallelepiped domain (X = [0; 0.6], 

Y = [−0.25; +0.25] and Z = [−0.3; 0], all dimensions in mm, with N = 100 divisions for each 

axis), temperature values can be calculated. These temperatures are then compared to three 

material-specific threshold values: a) Vaporization temperature (Tvap); b) Melting temperature 

(Tmelt), and c) Heat-affected zone (HAZ) temperature (THAZ), where (THAZ < Tmelt < Tvap). This 

operation allows delimitating the vaporization, melting and HAZ zones shown in Figure 3.1a, 

and more specifically, to extract the melt pool dimensions (width, depth and length) shown in 

Figure 3.1b.

Figure 3.1: Simulated melt pool thermal field (316L at 215 W and 930 mm/s) showing: a) 
different temperature zones surrounding the melt pool; b) 1-width, 2-length and 3-depth of 

the melt pool; the temperature in the white zone is above the melting point
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To assess the reliability of numerical simulations, the melt pool width, length and depth must 

be experimentally measured. As was previously mentioned, no single experimental technique 

can provide all these dimensions at once. On the one hand, the in-process thermal camera 

allows measuring melt pool widths and lengths, and on the other, post-process single-track 

metallographic analysis allows measuring melt pool depths and widths. In the framework of 

this study, both experimental techniques are combined to provide a complete set of 

experimental data (Table 3.1).  

 

Table 3.1: Melt pool simulation and validation experiments (✓: measured/predicted; −: not 
applicable) 

 
Melt pool dimensions  

 
Width Length Depth 

Simulations ✓ ✓ ✓ 

Post-process single-track metallography  ✓ - ✓ 

In-process thermal observations  ✓ ✓ - 

 

3.4.2 Materials 

Three powder lots supplied by EOS (EOS GmbH, Munich, Germany) were used for printing: 

EOS Stainless Steel 316L-4441, EOS Nickel Alloy IN625 and EOS Cobalt Chrome MP1. The 

chemical composition and the generic particle size distributions (PSD) are given in Table 3.2.  
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Table 3.2: Chemical compositions (ASTM) and generic particle size distributions of three 
powder lots 

 Chemical composition (wt.-%) 
PSD 
(μm) 

Material Fe Cr Ni Mo Nb + 
Ta Co Mn Si Al Ti C N P S  

IN625 ≤ 5.00 
20.0 

-
23.0 

Balance 8.0 - 
10.0 

3.15 
- 

4.15 
- ≤ 0.50 ≤ 

0.50 
≤ 

0.40 
≤ 

0.40 
≤ 

0.10 - ≤ 
0.015 

≤ 
0.015 15 - 65 

316L Balance 
17.0 

-
19.0 

13.0 - 
15.0 

2.25 
- 

3.00 
- - - - - - ≤ 

0.03 ≤ 0.10 - - 20 - 65 

CoCr ≤ 0.75 
26.0 

-
30.0 

- 5.0 - 
7.0 - Balance ≤ 1.00 ≤ 

1.00 - - ≤ 
0.25 ≤ 0.25 - - 15 - 45 

 

The material properties used for the simulations are shown in Table 3. The powder bed 

densities were approximated to the conditioned bulk densities (CBDs) obtained with an FT4 

powder rheometer (Freeman Technology, Malvern, UK). Furthermore, for 316L and IN625, 

the material properties were extracted from JMatPro software (v 14.1, 2023), while for Co-Cr, 

they were extracted from (Carpenter Technology Corporation, Reading, PA, USA. (2020). 

CarTech® BioDur® CCM® Alloy—Technical Data Sheet. CRS Holdings Inc.). In all the 

cases, the property values correspond to ~0.8Tmelt conditions. 

 

Although 316L, IN625, and CoCr have different thermophysical properties (e.g., thermal 

conductivity, absorptivity, density, and heat capacity), they exhibit relatively close melting and 

evaporation temperatures. This means that the phase change thresholds (sol-id–liquid and 

liquid–vapor) occur within a similar temperature range for all three materials. Since the present 

model does not explicitly account for phase change effects, selecting materials with 

comparable melting and evaporation temperatures helps minimize the in-fluence of phase 

transitions on the simulation results. Consequently, differences observed between materials 

can primarily be attributed to variations in their thermophysical properties rather than in their 

phase change behavior. 
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Table 3.3: Coefficient of conditioned bulk density extracted from FT4 and material 
properties at 0.8Tm extracted from JMatPro software and Carpenter Datasheet; absorptivity is 

calculated using equations (3.6)-(3.9) 

Material State of 
Matter CBD 

Melting 
temperature 

(°C) 

Density 
(kg/m3) 

Specific 
Heat 

Capacity 
(J/(kg·K) 

Thermal 
Conductivity 
(W/(m·K)) 

Electrical 
Resistivity 

(nΩ·m) 

Absorptivity 
(%) 

IN625 
Dense 1 

1350 
8440 

642 
27.2 

130 
40 

Powder 0.56 4773 13.8 53 

316L 
Dense 1 

1400 
7485 

656 
28.5 

126 
40 

Powder 0.59 4413 14.4 53 

CoCr 
Dense 1 

1330 
8407 

594 
32.4 

99 
35 

Powder 0.58 4873 15.6 50 

 

3.4.2.1 Printing experiments 

Single-track printing experiments were carried out on stainless steel baseplates without 

preheating, using an EOS M280 LPBF system equipped with a 400 W ytterbium fiber laser 

(beam radius rf = 50 μm), in an inert argon atmosphere. For each material, ten printing 

parameter sets (P0, P1, P2… P9) were considered, with the laser power varying from 80 to 370 

W and the scanning speed varying from 200 to 1600 mm/s, as shown in Table 4. Note that the 

printing parameter sets recommended by the manufacturer (optimized) are tagged as P0. To 

illustrate the entire printing plan for one of the three materials, 316L, all ten parameter sets are 

plotted in Figure 3.2a in the linear energy density (LED)–scanning speed (v) space coordinates. 

(݉݉/ܬ) ܦܧܮ  = ݒܲ (3.10) 

 

Note that such a representation conveniently combines the linear energy density and scanning 

speed terms. The first term (LED) is commonly used in welding to control the bead geometry, 

while its combination with the second term (v) allows delimitation of the process window 
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framed by the minimum and maximum powers of a laser source, since P(W)=LED 

(J/mm)∙v(mm/s). 

 

For each material, one 10 × 10 mm base prismatic specimen containing ten vertically connected 

zones, each 3 mm in height and with a 40 μm layer thickness, was printed, resulting in 

approximately 75 layers per parameter (see Figure 3.2b); each zone corresponded to one of the 

ten printing parameter sets presented in Table 3.4. 

 

Table 3.4: Printing parameters for each of the study materials (P0 sets correspond to 
manufacturer’s recommendations); LED is calculated using (3.10) 

 IN625 CoCr 316L 

Parameter 
Power 
(W) 

Speed 
(mm/s) 

LED 
(J/mm) 

Power  
(W) 

Speed 
(mm/s) 

LED 
(J/mm) 

Power 
(W) 

Speed 
(mm/s) 

LED 
(J/mm) 

P0 285 960 0.30 290 950 0.30 215 930 0.23 
P1 370 500 0.74 290 750 0.39 215 600 0.36 
P2 285 500 0.57 350 950 0.37 335 930 0.36 
P3 194 500 0.39 121 400 0.30 265 930 0.28 
P4 370 960 0.39 228 750 0.30 139 600 0.23 
P5 147 500 0.29 334 1100 0.30 300 1300 0.23 
P6 370 1250 0.30 290 1100 0.26 370 1600 0.23 
P7 80 500 0.16 200 950 0.21 154 930 0.17 
P8 150 960 0.16 290 1400 0.21 215 1300 0.17 
P9 200 1250 0.16 120 950 0.17 215 1600 0.13 
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Figure 3.2: a) Plan of experiments in the LED-v space coordinates defined for 316L (P0
corresponds to the manufacturer-recommended process conditions; b) printing strategy 

illustration

3.4.2.2 In-process thermal field measurements

To capture the thermal radiation emitted during the laser-powder interactions as part of the 

printing process, a dual-wavelength infrared camera (Stratonics Thermaviz, Orange County, 

CA, USA) was used. The system operates with 725 nm (λ1) and 900 nm (λ2) wavelength 

sensors, each with a 14 × 14 mm2 (1024 × 1024 pixels) field of view and a 13.6 μm/pixel 

spatial resolution. The camera was aligned on-axis with the build, as shown in Figure 3.3. To 

ensure sufficient detection sensitivity for the materials and processing conditions investigated 

in this work, the acquisition frame rate was set between 95 and 150 frames per second (fps), 

while the exposure time varied between 0.01 and 0.05 ms. Neutral density filters (NDFs) with 

an optical density of 0.5 were used to prevent sensor saturation.

The images obtained were processed using custom MATLAB routines. First, the background 

noise was removed using the dark-frame subtraction method (Gurrala et al., 2023), followed 
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by a manual rigid registration to minimize the displacement between each pixel across 

channels. For each frame, an 80 × 80 pixel region of interest (ROI) was extracted around the 

maximum intensity value to reduce memory usage and improve visualization (Figure 3.4a). 

Horizontal and vertical intensity profiles were also extracted across and along the lines 

corresponding to the maximum intensity pixels to characterize thermal gradients across and 

along the melt pool, respectively (Figure 3.4b). 

 

 

Figure 3.3: Equipment layout inside an EOS M280 building chamber 
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Figure 3.4: a) Segmentation of the intensity image, b) - Melt pool image (1) with 
corresponding intensity profiles across (2) and along (3) the melt pool; image taken from 

316L-P0 using λ1 =725 nm sensor
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3.4.2.3 Conversion of two wavelength intensity values into their temperature 
equivalents 

Plotting the inverse temperature against a logarithm of the intensity ratio yields a straight line, 

whose slope and intercept are used as calibration constants (Figure 3.5). The temperature T is 

then given by: 

 1ܶ = ܣ ݈݊ ܴ + ܤ (3.11) 

 

where A and B are the constants corresponding to a linear regression (Mitchell et al., 2020) 

obtained by single-track calibration experiments on five metallic materials whose melting 

temperatures cover a 1500-3600 oC temperature range; R is the average intensity ratio obtained 

from a defined region of the powder bed. This relation allows directly obtaining the 

temperature value from a known intensity ratio based on the ratio pyrometry theory. 
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Figure 3.5: Calibration curve based on the melting points of a selected group of metallic 
materials in the 1500 - 3600 °C temperature range (W, Mo, CoCr, IN625, and 316L) 

 

Note that direct pixel-by-pixel computations of the intensity ratio produce noisy temperature 

maps, mainly due to small misalignments between the wavelength channels, and lead to non-

physical local temperature values. In this study, similar to (L. Wang et al., 2009), temperature 

isolines and particularly isotherms corresponding to the materials’ melting points were used to 

determine the melt pool contours in each frame acquired. To this end, isolines corresponding 

to 90, 70, 50, 30, 10 and 5% fractions of the maximum λ1 intensity images were defined, 

avoiding overlapping regions and excluding background pixels. Next, for each isoline, the 

corresponding pixel positions were used to sample the λ2 image and compute the R= λ1/λ2 

intensity ratio. The calibration curve was then used to convert the average intensity ratio along 

each isoline into an effective temperature and to plot the temperature field surrounding the melt 

pool. 

 

Finally, for each temperature level, the distance from the peak intensity was computed for all 

the points of an isoline, and the corresponding melt pool widths and lengths were extracted. 

By plotting the geometric dimensions against the temperature, it was possible to identify 

regions associated with the vaporization, melting, and heat-affected (HAZ) zones shown in 

Table 3.5. Figure 3.6 contains an example of the point cloud used for the melt pool 

measurements applied to LPBF of 316L, where each color corresponds to one of the intensity 

isoline levels (5 - 90% of the peak λ₁ intensity). 

 

Table 3.5: HAZ, melting and evaporation values for each material used (316L, IN625 and 
CoCr) 

Material Characteristic temperatures (°C) 

 HAZ (0.5 Tmelt) Melting (Tmelt) Evaporation (Tvap) 

IN625 675 1350 2913 

316L 700 1400 3000 

CoCr 665 1330 2930 
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Figure 3.6: Melt pool image (a) with corresponding temperature profile taken across (b) and 

along (c) the melt pool (316L-P0) 

 

Another way of representing the camera results, which is better suited for comparison with 

simulations, is to plot 2D regions of interest (ROIs) associated with the vaporization (a), 

melting (b) and HAZ (c) temperature zones by using distances measured along and across the 

melt pool zone (width and length) and their corresponding threshold temperatures (Figure 3.7). 

The shaded areas represent the standard deviation of the measurements across the acquired 

frames. 
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Figure 3.7: Representation of the camera measurements per ROI using the 316 P0 parameter 
set highlighting the different areas analyzed: a) Vaporization area; b) Melted area that 
includes the liquid and vaporization areas; c) Total area of a melt pool including HAZ

3.4.2.4 Post-process single-track measurements 

After printing, a VHX 7000 Keyence optical microscope (Keyence, Osaka, Japan) having up 

to a 6000× magnification and a 4K resolution (4000 × 3000 px) was used for imaging and 

measurement. The single-track measurements (width and depth) were obtained by averaging 8 

measurements from the cross-section views (Figure 3.8b). The melt pool characterization was 

defined using the top view image of the single tracks, enabling to analyze the whole track 

(Figure 3.8a). This method allows establishing a correlation between in-process thermal 

observations and post-process metallographic measurements.

Measurements were performed using the image analysis software of the VHX-7000 (v. 

3.0.34.332, Keyence, Osaka, Japan) provided with the microscope at 500× and 1000× 

magnification. The uncertainty reported in Table 3.6 (±5-40 μm) reflects the combined 

contributions of track-to-track process variability and the complexity associated with the

operator-dependent identification of melt pool boundaries.
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Figure 3.8: (a) Final layer with single tracks and (b) transverse view, highlighting 
measurements performed

Table 3.6: Single-track widths and depths obtained by metallographic analyses for the three 
materials studied

IN625 316L CoCr

Width, μm Depth, μm Width, μm Depth, μm Width, μm Depth, μm

P0 139 ± 22 92 ± 6 134 ± 19 55 ± 9 155 ± 15 114 ± 20

P1 176 ± 17 201 ± 14 154 ± 20 110 ± 6 170 ± 22 146 ± 28

P2 166 ± 21 158 ± 16 140 ± 19 118 ± 7 166 ± 19 147 ± 26

P3 167 ± 31 118 ± 29 142 ± 19 68 ± 7 156 ± 20 64 ± 14

P4 138 ± 14 142 ± 18 129 ± 18 26 ± 6 173 ± 20 97 ± 22

P5 141 ± 15 80 ± 14 136 ± 34 52 ± 5 170 ± 22 131 ± 43

P6 128 ± 24 121 ± 14 129 ± 31 60 ± 4 167 ± 30 107 ± 36

P7 120 ± 33 11 ± 3 118 ± 29 21 ± 14 148 ± 16 57 ± 24

P8 133 ± 28 33 ± 5 124 ± 31 22 ± 8 150 ± 20 70 ± 31

P9 114 ± 27 46 ± 7 119 ± 27 18 ± 9 114 ± 28 34 13
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3.5 Results 

3.5.1 Single-Tracks Measurements 

Single-tracks were classified using two distinct characteristics. The first classification was 

derived from top view observations, dividing the tracks into continuous or discontinuous 

(Figure 3.9a). Continuous tracks (Figure 3.9-1a, 2a) were defined as those exhibiting an 

uninterrupted geometry along their length, whereas discontinuous tracks (Figure 3.9a) 

presented a lack-of-fusion in certain sections. A second distinction was made using the melt 

pool depth images (cross-section analyses), which allowed observing three distinct behaviors: 

regular, lack-of-fusion and keyhole (Figure 3.9b). When the single-track depth was smaller 

than a one-layer thickness, it was considered to be lack-of-fusion (Figure 3.9-3c); when the 

single-track depth was 1-2.5 times the layer thickness (Figure 3.9-3a), it was considered 

regular, and when the single-track depth was >2.5 times the layer thickness (Figure 3.9-3b), it 

was considered keyhole.  

 

It is noteworthy that all the tracks exhibiting discontinuous geometry along their length also 

showed a lack-of-fusion in depth. Consequently, keyhole, regular, and lack of fusion single-

track categories were retained for the remainder of the study and could be directly correlated 

with the linear energy density (ܦܧܮ) across all the tested materials (Figure 3.9-4). Specifically, 

for 316L, a lack-of-fusion behavior was observed when the ܦܧܮ was below 0.20 J/mm, 

whereas keyhole formation occurred at ܦܧܮ values above 0.31 J/mm, leaving only regular 

tracks (conduction melting mode) between these two linear energy density levels, regardless 

of the scan speed considered. Furthermore, the measurements (Table 3.6) highlighted that 

during a constant scanning speed operation, increasing the ܦܧܮ (P7 P0 P3 P2) 

consistently resulted in increased single-track widths and depths. Conversely, for a fixed ܦܧܮ, 

increasing the speed (P4 P0 P5 P6) tended to increase the melt pool depths, but did not 

affect their widths. 
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Figure 3.9: Single-track quality classification: (1) continuous and keyhole, (2) continuous 
and regular (conduction melting) and (3) discontinuous and lack-of-fusion using (A) top 

layer observations and (B) transverse views, where the red dotted line delimits the melt pool 
depth boundary; (4) single-track quality of 316L with LED levels associated with different 

melting regimes 

 

3.5.2 Melt Pool Width And Length (Numerical Simulations Versus Camera 
Measurements) 

3.5.2.1 Temperature Profiles 

An initial comparison between simulations and experiments was carried out using melt pool 

width and length values obtained from the top view temperature fields predicted by numerical 

simulations and thermal camera observations, using the melting temperature of each material 

as a threshold. The point clouds corresponding to melt pool widths (Figure 3.10a) and lengths 

(Figure 3.10b) measured for 316L were compared with their simulated equivalents (black lines 
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in the graphs). The same procedure was executed for IN625 and CoCr (see corresponding plots 

in Appendix A Figure AA-1 and AA-2).  

 

As seen from this analysis, the higher the laser power density (P7 P0 P3 P2), the greater 

the energy input to the powder bed, the higher the maximum temperature reached, and the 

wider and the longer the melt pools. On the other hand, for a given ܦܧܮ, the higher the scanning 

speed (P4 P0 P5 P6), the narrower and the longer the melt pools. A clear difference 

between the experimental and predicted results can be seen in the maximum temperature, more 

specifically in the keyhole melting mode (high ܦܧܮ values P1-P3). While the thermal camera 

shows a limit near the material’s vaporization point (around 3000 °C), the simulations did not 

show an upper limit, reaching values of up to ~7000 °C, pointing to the model’s limitations in 

terms of fairly calculating temperature distributions within the evaporation zone and under the 

keyhole melting mode. However, temperature distributions predicted for the melt pools 

produced at lower ܦܧܮ and ݒ (P4-P9) can be considered close to their experimentally 

measured equivalents. 

 

The predicted melt pool dimensions were compared with the thermal camera recordings in 

Figure 3.11a,b (length and width). Relative errors were first assessed, and linear regression 

analyses were then performed. A simulation is considered valid when the slope (a1) is close to 

1 and the intercept (a2) is negligible (equal to 0). The quality of the correlation is reflected by 

a high adjusted R2
adj (as close as possible to 1) and a low RMSE, indicating good agreement 

between the model and the experimental data. The simulation results for the length and width, 

along with the corresponding relative errors, are presented in Tables A1 and A2 in Appendix 

A for all three materials studied. 

 

When comparing the assessments of melt pools’ widths and lengths, the simulated melt pool 

lengths exhibit better agreement with the experimental data than the simulated melt pool 

widths. For the length comparison (Figure 3.11b), the global linear regression yields a slope of 

1.08 and an adjusted R2
adj of 0.70, indicating a strong positive correlation and consistent scaling 

between simulated and camera measurements. The corresponding RMSE is 37 μm, reflecting 
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the larger dimensional range involved in length measurements, corresponding to a difference 

of 3 pixels. For the width comparison using camera data (Figure 3.11a), the agreement is more 

moderate, with a slope of 0.94, an adjusted R2
adj of 0.52, and an RMSE of 17.3 μm. Although 

the linear trend remains evident, the scatter in width measurements is larger than that in length 

measurements. 

 

To further validate the in situ monitoring approach, simulation measurements are compared 

with post-process metallography in Figure 3.11c. The resulting regression shows a slope of 

1.09 and an adjusted R2
adj of 0.67, with an RMSE of 17.39 μm. The slope slightly above unity 

suggests a tendency for the simulated measurements to overestimate their metallography-

obtained equivalents, with this discrepancy remaining limited. Overall, these results confirm 

that the simulations provide reliable predictions of the melt pool dimensions, capturing the 

correct trends while maintaining dimensional errors within an acceptable range. 
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Figure 3.10: 316L melt pool temperature profiles obtained using simulations (black lines) 

and camera observations (point clouds): A) width, and B) length 
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Figure 3.11: Simulated versus camera melt pool measurements: a) width and b) length, for all 
the materials analyzed; c) width compared between simulation versus metallography results.
The solid line represents the perfect agreement (1:1 line), and the dashed line represents the 

linear regression fit

3.5.2.2 Melt pool area

The 2D thermal camera maps are plotted in the ܦܧܮ - v space in Figure 3.12a for 316L to 

illustrate how the thermal zones evolve in these coordinates. It can be observed that the melted 

zone increases with an increase in the ܦܧܮ (P7 P0 P3 P2) and scanning speed 

(P4 P0 P5 P6). Conversely, no clear trend can be observed in the evolution of the 

vaporization and HAZ zones with respect to process parameters. The simulated thermal fields 
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presented in Figure 3.12b show similar trends when compared to their thermal camera 

equivalents as far as the melting zone is concerned. An increase in both the energy density and 

scanning speed produces larger melting zones. However, contrary to the thermal camera 

observations, simulations also reveal HAZ-related trends, with an increased HAZ 

corresponding to higher energy inputs.  

 

Two main discrepancies between the simulations and the camera observations must be 

highlighted, the first related to the vaporization zone, and the second, to the HAZ. In both 

zones, results obtained with the thermal camera cannot be reliably used, for reasons related to 

the sensor temperature calibration range, which in this study corresponds to 1000 – 3000 °C. 

Since both the temperature above vaporization and HAZ temperatures fall outside this range, 

thermal camera measurements in these zones become irrelevant. Nevertheless, the simulated 

and thermal camera-observed melting zones follow the same trends, and can therefore be 

compared, even though the camera’s melt pools manifest a tear-drop shape, while the simulated 

melt pools are more ellipse-like. It can be inferred that the ellipse-like shape of the melt pool 

in simulations is due to a simplified Gaussian beam heat source model. 
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Figure 3.12: a) Averaged 2D thermal maps obtained using thermal camera for 316L; b) 
simulated thermal maps for 316L, the color scale is limited to 3000 °C

Finally, it can be observed that the higher the laser power, the larger the melt pool areas 

obtained from simulations (Figure 3.13a) and observations (Figure 3.13b). For 316L, the 

simulated melted area varies from 0.021 to 0.058 mm2, while the total area goes up to 0.085 

mm2. The camera results show a similar trend, although with smaller melted areas in the 0.017 
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to 0.041 mm2 range.  It can therefore be concluded that simulations overestimate the melt pool 

dimensions as compared to thermal camera observations. These discrepancies hold for all three 

materials studied and can be explained by two factors: first, the calculated temperature profiles 

reach unrealistic peaks, greatly exceeding the boiling point of the material (up to 7000 °C), and 

thus expanding the calculated high-temperature zones. Second, the camera readings are capped 

by the sensor calibration range, and therefore, by temperatures approaching the material 

vaporization temperatures, thus reducing the size of the experimentally observed high 

temperature zones.  

 

 

Figure 3.13: Melt pool area for 316L: a) simulations, b) thermal camera observations 

 

When area data for all three materials are grouped together (Figure 3.14), the linear fit yields 

a₁ = 1.30, with an adjusted R²adj of ~0.80 and an RMSE of 0.005 mm². This indicates that, 

overall, the model overestimates the melt pool area by approximately 30% as compared to 

camera observations, while still preserving a good correlation. 

 

A B 
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Figure 3.14: Melt pool area: simulations versus camera measurements. The solid line 

represents the perfect agreement (a1=1), and the dashed line represents the linear regression 
fit 

 

3.5.3 Melt Pool Depth (Simulations Versus Metallography) 

Comparing the calculated melt pool data with their metallographic equivalents (Figure 3.15) 

enables to assess the limitations of a heat conduction-based model regarding the melt pool 

depth calculations. It can be noted that the closest proximity between both sets of data 

(discrepancy under ±20%) corresponds to the melt pool depth values ranging from 35 to 100 

μm (1-2.5 times the layer thickness), i.e., to the occurrence of regular tracks in conduction 

melting mode. In the keyhole melting region, where the energy input is higher, the greater the 

melt pool depth, the greater the discrepancy between simulations and experiments, with the 

discrepancy reaching values as high as 100%. When lack-of-fusion defects occur, the voids 

(pores) in the solidified substrate act as thermal insulators (heat transfer is much slower than 

in fully dense solid), a fact not taken into account in the model (this region is named LOF in 

Figure 3.15). For measured depths between 10 and 35 μm, the model overestimates the 
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experiments, with a difference of ~30%, while following linear regression with a low 

dispersion (R²adj =0.84), which is an excellent fit.  

 

 

Figure 3.15: Melt pool depth: simulations versus metallography results. The solid line 
represents the perfect agreement (a1=1), and the dashed line represents the linear regression 

fit 

 

3.6 Discussion 

The commercial calibration method for a dual-wavelength thermal camera, which consists of 

resistance-heating a tungsten filament (De Izarra & Gitton, 2010), could not be used in this 

work. This procedure led to maximum temperature readings exceeding 5000 °C, which is more 

than 1000 °C above the vaporization point, which is not physically relevant. Furthermore, the 

background temperature readings were higher than the melting point of the materials analyzed, 

making it impossible to define the melt pool boundaries. Additionally, the temperatures at the 

border of melt pools were above 3000 °C, which also did not correspond to the expected 

temperatures. In contrast, the new calibration method used in the present study brought the 
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overestimation of the boiling point to only ~100 °C, representing an 80% reduction. This 

approach also allowed us to directly apply the melting temperature threshold to measure the 

melt pool dimensions. 

 

Significant differences between the vaporization temperatures and the maximum temperatures 

obtained with thermal cameras have already been observed in the literature (Hooper, 2018; 

Myers et al., 2023, 2025), with overestimations varying from ~300 °C to ~500 °C, and being 

limited by a saturation of sensors. These discrepancies have often been attributed to plume 

formation or the presence of metal vapor in the optical path between the camera and the melt 

pool, which interfered with intensity readings. Studies (Hooper, 2018) have also reported 

difficulties in reaching the melt pool values. 

 

The calibration curve of the present work was obtained by correlating the results of post-

process melt pool metallographic analyses with thermal measurements, and the procedure used 

is explained in more detail in (Soares et al., 2026). Although this type of calibration has not 

previously been reported for dual-wavelength thermal cameras, a similar approach was 

adopted for a high-speed infrared camera in (Park et al., 2025). Some equipment producers 

also suggest applying a constant emissivity across the melt pool, using a single emissivity value 

calculated at a specific point or region, and generalizing for the whole image. In this study, the 

pixel-by-pixel ratio was calculated in different regions of the thermal image, thus minimizing 

the dependence on emissivity. Finally, it should be noted that the calibration developed in this 

work was performed for a single neutral-density filter configuration. Therefore, the resulting 

relation between the intensity ratio and the temperature was validated only for this optical 

setup. 

 

Temperature measurements using dual-wavelength infrared cameras carry significant 

limitations, the first being the spatial resolution. In the setup used in this work, the pixel size 

is 13.6 μm in the plane measured, which defines the spatial image resolution. For the melt pool 

widths in the 100-200 μm range, this means that a one-pixel difference in measurements would 

correspond to roughly 7-14% melt pool width variations. Consequently, even small 
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uncertainties in the edge detection or the threshold value can translate into relatively large 

errors, especially for smaller melt pools (Goossens & Van Hooreweder, 2021). Another 

limitation of the thermal measurement method developed in this study is the presence of a quite 

narrow 1000-3000 °C calibration range, also reported in (Mahmoudi et al., 2018). The upper 

bound prevents an adequate delimitation of the vaporization zone, while the lower bound does 

not allow adequate definition of the HAZ. 

 

A high-speed CMOS thermal camera has already been used to measure the melt pool width of 

316L, with the laser power varied from 100 to 600 W, and the scanning speed, from 400 to 

1100 mm/s (Goossens & Van Hooreweder, 2021). In that work, the melt pool contour was 

determined using a light intensity threshold and a Sobel edge detection filter. The difference 

between camera and metallographic measurements ranged from −54 to 36% with an average 

relative error of ~3%. Similar trends were observed in the present work with a ~5% discrepancy 

for 316L and 7% discrepancy for all three materials. Overall, notwithstanding these limitations, 

using the thermal camera to validate melt pool measurements and temperature profiles proved 

to be suitable, especially when it came to comparing values of the melt pool lengths and areas. 

 

The results provided by our simulations can be clustered into two groups, the first being the 

overall temperature distributions and the peak temperatures, and the other, the proximity of the 

melt pool width, length, depth and surface area values obtained by simulations to those 

obtained experimentally. 

 

For the temperature profiles obtained, it was verified that an increase in the LED values also 

increased the maximum temperature in the melt pool, which was expected, since the energy 

input also increased. However, it was seen that the maximum simulation temperature was much 

higher than the vaporization points of the materials, going up to a maximum of 7000 °C, which 

had also been observed in similar melt pool simulation-related studies (Z. Yang et al., 2024). 

These discrepancies are related to the models’ simplifications, such as neglecting multiple 

physical phenomena related to the process, including the Marangoni effect, the recoil pressure, 

the different heat transfer modes and the solid–liquid–vapor phase transformations (De Leon 
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et al., 2025). These simplifications allowed us to significantly decrease the computational time 

but at the expense of a reduced model fidelity. For example, when the vaporization effect was 

considered in (Karayagiz et al., 2019), the maximum temperature calculated in the Ti-6Al-4V 

alloy’s melt pool was reduced by ~50%, going from 6000 to 3050 °C, and the melt pool width 

measurement error was reduced from ~60 to ~3%, which led to a 30% reduction in discrepancy 

between the simulated and camera-measured melt pool area values. 

 

The applicability of the present model is therefore reliable in the conduction melting regime, 

defined here by the linear energy density ranges 0.20 < LED < 0.31 J/mm for 316L, 0.21 < 

LED < 0.39 J/mm for IN625, and 0.21 < LED < 0.37 J/mm for CoCr. Within this window, melt 

pool surface dimensions (width, length, and area) and peak temperatures, in some cases, can 

be predicted with confidence. In either the keyhole regime or the lack-of-fusion regime, the 

model proved to be a useful tool for trend analysis rather than for exact predictions. Accurate 

prediction of melt pool depth and peak temperature in these regimes would require the 

inclusion of recoil pressure, liquid and vapor dynamics, which are beyond the scope of the 

simplified formulation used here. 

 

The simulations systematically overestimate the melt pool area by ~30%, which can be 

attributed to two contributions of comparable magnitude. First, the analytical model of this 

study disregards the liquid and vapor dynamics involved in melt pool formation, including 

energy losses from the melt pool surface due to evaporation and the downward recoil pressure 

that redistributes heat into the depth direction. In this context, Karayagiz et al. (2019) 

demonstrated that the explicit accounting for vaporization in LPBF Ti-6Al-4V reduces the 

peak temperatures by ~50% and decreases the melt pool width calculation errors from ~60% 

to ~3%, suggesting that vaporization is responsible for most of the surface-area overestimation. 

Second, the thermal camera’s upper calibration limit at 3400 °C restricts the measurable 

temperature range. Above this threshold, the temperature mapping becomes unreliable, 

preventing accurate quantification of the vaporization zone. However, the rest of the 

temperature field, including the melting isotherm used for melt pool boundary extraction, 

remains within the calibrated range and is therefore unaffected. A more rigorous treatment of 
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both effects would require either extending the camera calibration validity above 3400 °C or 

incorporating a vaporization-limited temperature cap in the simulation framework. Both 

approaches are recommended for future work. 

 

The morphological validation we performed showed that the strongest correlation between the 

model and experimental measurements was achieved for the total melted area, with R2
adj values 

ranging from 0.8 to 0.93. Among the alloys studied, CoCr exhibited the best predictive 

performance in general for all the melt pool geometrical metrics considered. This behavior is 

likely associated with the fact that, under the investigated process conditions, CoCr tends to 

operate closer to a conduction-dominated regime, where heat transport is mainly governed by 

diffusion and assumptions of the simplified thermal model remain closer to reality than for the 

two other metallic alloys, i.e., 316L and IN625 (W. Wang et al., 2022). 

 

At the same time, the linear regression coefficient (a1) ranged mostly between 1.0 and 1.5 and 

the a2 > 0, meaning that there was a 30% systematic overestimation for all the materials. These 

results align with the findings in (Mao et al., 2024), which also revealed a significant 

overestimation of the simulation data as compared to experiments, especially at higher laser 

powers, where the model did not consider variations in the laser absorption values. 

 

Regarding the melt pool length, the model showed the highest predictive performance, with an 

R2
adj of 0.97 for CoCr. The simplified model also properly represented the effects of printing 

parameters, especially the scanning speed, on the melt pool tail. Between the three dimensions 

measured (width, length and depth), the length was shown to be the least sensitive to 

approximations of the simulation model of this study. 

 

In contrast, the melt pool width exhibited a higher sensitivity and greater dispersion, with a1a1 

varying from 0.85 to 1.7. This increased variability can be associated with the fact that alloys 

such as IN625 and 316L are more susceptible to transition toward fluid-driven regimes, where 

melt pool convection and recoil pressure effects become more relevant, reducing the predictive 

accuracy of thermal conduction-based models (W. Wang et al., 2022). However, the same 
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trend as above was also respected, with the width increasing with an increase in the laser energy 

density, as was also observed by other authors (Liu et al., 2025; Y. Yang et al., 2022). 

 

Furthermore, 316L presents a combination of a relatively high melting temperature, elevated 

absorptivity, and moderate thermal conductivity that makes its melt pool more sensitive to 

convective flow and stochastic variations. As a result, localized keyhole formation may occur 

at higher laser energy densities, producing narrow and deeper melt pools and reducing peak 

temperatures as compared to model predictions (W. Wang et al., 2022; Zhang et al., 2024). 

 

These observations naturally demonstrate that conduction-only models are more reliable for 

alloys and conditions in which heat transport remains predominantly in conductive mode and 

melt pool dynamics are moderate. In alloys like 316L at higher laser energy densities, where 

convective transport and localized keyhole effects become more significant, deviations from 

conduction-based predictions are expected (Cox et al., 2022). This notwithstanding, simplified 

thermal-conduction models remain a valuable tool for rapid first-order simulations and process 

parameter exploration. 

 

Despite a relatively good correlation between melt pool surface measurements (width, length 

and area), the predicted melt pool depth presented significant agreement with the 

metallographic results only within the conduction melting mode. As shown in Figure 15, a 

linear regression coefficient of ~0.3 confirms that a thermal conduction-based model is clearly 

unsuitable for melt pool depth prediction in the case of large pores in a solidified substrate and 

keyhole melting, since the model does not consider the reduced effective conductivity in 

porous regions. The same was also reported in (Guo et al., 2022; Holla et al., 2024), where a 

simplified simulation model predicted the width correctly, but underestimated the depth 

outside the stable conduction melting mode. Regarding the high energy inputs (LED > 0.3 

J/mm), any simulations that neglect the vapor and recoil pressure phenomena, which are 

responsible for a higher downward heat transport (Huang et al., 2022; Zhao et al., 2020), 

underestimate the melt pool depths. Conversely, for irregular tracks with low energy inputs 

(LED < 0.2 J/mm), simulations overestimate the melt pool depth, since the model assumes 
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continuous melting and does not consider cooling and incomplete powder sintering (Huang et 

al., 2022). 

 

Despite a relatively good correlation between melt pool surface measurements (width, length 

and area), the predicted melt pool depth presented significant agreement with the 

metallographic results while restricted to the conduction melting mode. As shown in Figure 

3.15, a linear regression coefficient of ~0.3 confirms that a thermal conduction-based model is 

clearly unsuitable for melt pool depth prediction in the case of large pores in a solidified 

substrate and keyhole melting, since the model does not consider the reduced effective 

conductivity in porous regions. The same was also reported in (Guo et al., 2022; Holla et al., 

2024), where a simplified simulation model predicted the width correctly, but underestimated 

the depth outside the stable conduction melting mode. Regarding the high energy inputs (ܦܧܮ 

> 0.3 J/mm), any simulations that neglect the vapor and recoil pressure phenomena, which are 

responsible for a higher downward heat transport (Huang et al., 2022; Zhao et al., 2020), 

underestimate the melt pool depths. Conversely, for irregular tracks with low energy inputs 

 simulations overestimate the melt pool depth, since the model assumes ,(J/mm 0.2 > ܦܧܮ)

continuous melting and does not consider cooling and incomplete powder sintering (Huang et 

al., 2022).  

 

Given the strong linearity observed (R²adj ≥ 0.86) and the regression slope of approximately 

0.3 in the keyhole regime, an empirical correction can be implemented by multiplying the 

simulated depth slope by a compensation factor of kd ≈ 1/0.3 ≈ 3.3 (based on Table 3.7). This 

correction would enable the conduction-based model to serve as a rapid predictive tool across 

the entire process window, including the keyhole regime, albeit with reduced physical fidelity. 

For physically reliable predictions in the keyhole predictions, the model should be extended to 

incorporate the previously discussed physical phenomena, including recoil pressure, liquid 

Marangoni convection, and vapor dynamics. Further validation of this compensation strategy 

across additional materials and process conditions is recommended for future work. 
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Table 3.7: Results of linear regression analyses between the experiments and simulations of 
the melt pool length, width, depth, and the melted area for all three materials 

 IN625 316L CoCr 

 a1 a2 R2
adj RMSE a1 a2 R2

adj RMSE a1 a2 R2
adj RMSE 

Length 1.1 7.6 0.88 20 1.0 90 0.78 22 1.4 27 0.97 18 

Width 0.85 34 0.43 19 1.7 -90 0.76 9.63 1.4 -63 0.80 11 

Depth 0.29 42 0.94 4 0.3 47 0.86 3.8 0.3 41 0.86 4 

Melted 

Area 
1.2 0.0 0.8 0.01 1.5 0.0 0.93 0.003 1.4 0.0 0.9 0.003 

 

3.7 Conclusion  

The present study performed a reliability assessment of the simplified Gaussian heat source 

thermal conductivity-based melt pool LPBF model for 316L, IN625, and CoCr alloys using a 

combination of the in-process thermal camera and post-process single-track measurements; the 

main results demonstrated the following: 

 

 The model accurately predicted the melt pool geometry features (width, length, and melted 

area) across a wide range of process parameters corresponding to the conduction melting 

mode. The melt pool length showed the highest agreement with the thermal camera 

measurements (R2
adj > 0.78). The prediction of a melt pool width showed a more moderate 

agreement due to its inherent sensitivity to the Marangoni effect; however, the overall 

trends remained compatible with experimental observations and confirmed that thermal 

conduction-based models are highly effective for predicting the melt pool surface geometry 

in the conduction melting regime. 

 

 Quantitative prediction of the melt pool depth was found to be limited outside the 

conduction melting regime, with a regression slope of approximately 0.3 observed. This 

underestimation in the high-energy regimes and overestimation in the lack-of-fusion zones 

reflect the main limitations of the model in terms of its capacity to simulate the keyhole 

dynamics and consider the recoil pressure. Nevertheless, a high degree of linearity was 
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observed across all the materials, confirming that these discrepancies are systematic rather 

than random, which supports the model’s suitability for preliminary trend analysis. 

 

 Outside the conduction melting mode, the model should primarily be used for trend 

analysis rather than absolute predictions, since it does not account for the physical 

mechanisms governing the keyhole and lack-of-fusion regimes. 

 

 Dual-wavelength thermal camera measurements proved to be highly effective for 

validating the melt pool geometry simulations. Comparisons between the metallography 

and temperature measurements showed a discrepancy of only 6–9%, thus demonstrating 

the camera’s performance as a process monitoring tool. 

 

In summary, this work establishes a comprehensive methodology for the reliability assessment 

of LPBF thermal conductivity-based melt pool models. By utilizing simplified melt pool 

simulations validated in the present work, the computational and experimental costs associated 

with mapping the process windows for high-performance metallic alloys in LPBF can be 

significantly reduced. 
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CHAPTER 4 
 
 

VALIDATION OF THE IN-PROCESS CALIBRATION METHOD USING Ti-6Al-4V 

4.1 Context and Motivation 

The calibration method developed in Chapter 2 was built using five materials — 316L, IN625, 

CoCr, W, and Mo, whose liquidus temperatures served as calibration points spanning a range 

of approximately 1300 to 3422 °C. Although the method produced physically consistent 

temperature maps for all five materials, a calibration built exclusively from the data used to 

construct it cannot, by definition, demonstrate that it can be generalized to other materials. To 

address this limitation, independent validation was performed using Ti-6Al-4V, a material that 

was not part of the original calibration experiment. Ti-6Al-4V was selected for this validation 

because it is a widely used alloy in LPBF, its thermophysical properties are well characterized, 

and its liquidus temperature (approximately 1650 °C) falls within the calibrated range, 

allowing a direct comparison with the calibration curve. 

 

4.2 Material Properties and Experimental Setup 

The melting point of Ti-6Al-4V is defined as 1660 °C. Single-track experiments were 

conducted following the same protocol used for the five calibration materials in Chapter 2. A 

parameter matrix covering conduction, keyhole, and lack-of-fusion melting regimes was 

selected by varying laser power from 50 to 360 W and scanning speed from 500 to 1200 mm/s, 

as shown in Figure 4.1A. The top view of the printed tracks (Figure 4.1B) highlights the 

morphological difference between parameters producing stable, continuous tracks in the 

conduction regime and those that generated balling in the low-energy-input conditions 

(parameters P8 and P9). 
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Figure 4.1: Ti-6Al-4V single-track parameter matrix: A) linear energy density vs. scanning 
speed map with process regime classification; B) top-view images of single tracks showing 
stable conduction-mode tracks in parameters P0 and P1 and balling in parameters P8 and P9

4.3 Calibration Curve Validation

To validate the calibration independently, the intensity ratio measured by the thermal camera 

at the melt pool boundary of Ti-6Al-4V single tracks was extracted using the same 

metallographic width cross-referencing procedure. This procedure consisted in taking the 

intensity contour at which the thermally measured width matches the metallographically 

measured width as the liquidus point of the material. The resulting intensity ratio-temperature 

value was then compared against the calibration curve constructed. The deviation between the 

Ti-6Al-4V data point and the curve was approximately 87 °C, corresponding to a relative 

difference of 6% with respect to the liquidus temperature of the alloy. This agreement, obtained 

from a material that was not used to construct the calibration, confirms that the curve 

generalizes beyond the original dataset and provides a physically consistent temperature 

estimate for alloys within the calibrated melting point range.
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Figure 4.2: Ti-6Al-4V melting point comparison on the calibration curve

4.4 Melt Pool Width Measurement

In addition to the calibration curve comparison, melt pool widths were measured from the Ti-

6Al-4V thermal images using the liquidus isotherm as a contour threshold, and compared 

against the metallographic width measurements obtained from cross-sections of the same 

tracks. As shown in Figure 4.2, for parameters producing stable, continuous single tracks in 

the conduction regime, the agreement between the two measurement methods is within 12% 

(21.5 μm), consistent with the discrepancies observed for the five calibration materials in 

Chapter 2. This agreement inverts for the balling parameters (P8 and P9), where the track is 

discontinuous and the metallographic width measurement becomes unreliable or impossible at 

many cross-sections, generating a difference of up to -21% (22.6 μm). Notably, for these 

balling conditions, the thermal camera provides a more consistent width estimate than the 
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metallographic approach, since the camera observes the melt pool surface continuously during 

printing regardless of track morphology, while the post-process cross-section can only be 

measured where a coherent track exists. This suggests that in the balling regime, the optical 

width from the camera may in fact be the more reliable of the two measurements. However, 

the biggest difference was seen on the P1, the parameter with the highest energy input, with a 

difference close to 30% (or 60 μm). 

 

 

Figure 4.3: Comparison of melt pool width measurements from ex-situ metallography and 
thermal camera for Ti-6Al-4V single tracks across all parameter sets. Balling parameters (P8, 

P9) are indicated 

 

4.5 Summary 

The Ti-6Al-4V validation confirms that the in-process calibration method developed in 

Chapter 2 generalizes to materials not used in its construction, with a calibration curve 
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deviation of approximately 87 °C for a material whose liquidus temperature falls within the 

calibrated range. Melt pool width measurements from the thermal camera are consistent with 

metallographic measurements to within 15% for stable conduction-mode tracks, and the 

camera outperforms metallography as a width measurement tool in the balling regime, where 

track discontinuity renders top view measurement unreliable. Together, these results support 

the use of the calibrated dual-wavelength thermal camera as a material independent (material-

agnostic) tool for quantitative melt pool characterization in LPBF. 

 

 





 

CONCLUSION 

This thesis developed and validated an experimental methodology for quantitative in-situ melt 

pool monitoring in LPBF using a dual-wavelength thermal camera calibrated through ex-situ 

single-track metallography. A persistent challenge in LPBF process monitoring is the difficulty 

of obtaining reliable measurements from in-situ thermal cameras: commercial tungsten 

filament calibrations produce physically inconsistent temperature readings, and no single 

monitoring technique provides access to all melt pool dimensions simultaneously. In particular, 

the melt pool length, an important parameter for validating thermal simulations, can only be 

measured in-situ from the thermal image, since metallographic cross-sections provide only the 

melt pool width and depth. The methodology proposed in this work addresses these limitations 

by combining two complementary measurement techniques, in-situ thermal camera (width, 

length, temperature) and ex-situ metallography (width, depth), that share a common melt pool 

width measurement enabling cross-validation between the two approaches. The main 

contributions, limitations, and directions for future research are summarized below. 

 

In-Process Calibration of the Dual-Wavelength Thermal Camera 
 

The commercial tungsten filament calibration of the camera was shown to systematically 

overestimate melt pool contour temperatures by approximately 450 °C for medium range 

melting temperature alloys (316L, IN625, CoCr), producing temperature readings that prevent 

reliable melt pool boundary extraction from the thermal images. A novel in-process calibration 

method was proposed, in which the liquidus temperature of the material being processed serves 

as a fixed physical reference point, identified by cross-referencing the thermal image intensity 

contour with metallographically measured single-track widths. Applied to five materials 

(316L, IN625, CoCr, W, Mo), the method produced the following key results: 

– A single calibration curve covering a melting temperature range of approximately 1300 to 

3422 °C was established using the five materials, demonstrating that the method is applicable 

across the full range of alloys and refractory metals commonly processed by LPBF. 
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– The new calibration reduced the peak temperature overestimation at the melt pool center 

from more than 1500 °C to approximately 100 °C for the medium melting temperature range 

alloys, bringing the camera readings into physical consistency with the known thermophysical 

properties of the materials. 

 

– The liquidus isotherm could be used directly as a contour threshold for melt pool boundary 

extraction, enabling quantitative width and length measurements from the thermal images, a 

capability that was not possible with the commercial calibration. 

 

– Cross-validation between the two experimental techniques, thermal camera (width from 

liquidus contour) and metallography (width from cross-section), revealed average differences 

of 6–9% across all three materials, with discrepancies up to 30%. This agreement, obtained 

from two independent measurement approaches that do not rely on any assumptions, confirms 

the consistency of the combined methodology and the reliability of the calibrated camera as a 

quantitative dimensional measurement tool. 

 

– An independent validation using Ti-6Al-4V, a material not included in the calibration dataset, 

confirmed that the calibration curve generalizes to other alloys within the calibrated 

temperature range, with a deviation of less than 90 °C, or 6%, from the expected liquidus point. 

 
Reliability of the Analytical Melt Pool Model 

 
The reliability of the simplified Gaussian moving heat source analytical model was assessed 

by comparing its predictions of melt pool temperature, width, length, depth, and area against 

simultaneous in-situ thermal observations and ex-situ metallographic measurements for 316L, 

IN625, and CoCr across ten parameter sets per material spanning the LOF, conduction, and 

keyhole melting regimes. The following conclusions were observed: 
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 The model reliably predicts the process trends of melt pool width, length, and area in 

the conduction melting regime. Melt pool length showed the strongest agreement with camera 

measurements (R²adj > 0.70), while melt pool width showed moderate but consistent correlation 

(R²adj > 0.52). CoCr achieved the best overall predictive performance (R²adj = 0.97 for length), 

operating predominantly in the conduction regime under the investigated conditions. 

 

 For melt pool depth, the model systematically underestimates their values in the 

keyhole regime due to the non-consideration of recoil pressure and vapor dynamics — the 

physical mechanisms responsible for the additional penetration of the laser in keyhole mode. 

However, high linearity of the correlation (R²adj ≥ 0.86) confirms that the deviations are 

systematic rather than random, indicating that a simple empirical scaling factor could partially 

correct the model in this regime. 

 

 The dual-wavelength camera calibrated via the material's liquidus temperature provides 

emissivity-independent melt pool temperature, width and length measurements. This enables 

a complete three-dimensional melt pool dataset (width and length from the camera, width and 

depth from metallography) with built-in cross-validation on the shared width. 

 

Limitations 
 

The following limitations of the present work should be acknowledged when interpreting the 

results and planning future studies: 

 

 The calibration method requires ex-situ metallographic measurements as input, which 

are time-consuming and introduce an uncertainty of approximately ±5–20 μm in the width 

measurement that propagates into the calibration. The method is therefore not fully in-situ and 

cannot be applied without a parallel metallographic experiment. 

 

 The gray-body assumption underlying ratio pyrometry, which states that emissivity at 

the two camera wavelengths (725 and 900 nm) is identical, represents a simplification that may 

not hold for all materials or all surface states encountered during LPBF. In practice, this 
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introduces a systematic error in the temperature maps that cannot be separated from the 

calibration error without independent emissivity measurements. 

 

 The calibration temperature range excludes low melting point alloys such as aluminum 

or copper and at the upper end temperatures above the tungsten melting point are extrapolated 

beyond the calibrated range, not capturing all the details close to vaporization temperature for 

many materials. Similarly, the heat-affected zone surrounding the melt pool, where 

temperatures fall below the lowest calibration point, cannot be measured with the same level 

of confidence. 

 

 The analytical model is a conduction-only formulation that neglects Marangoni 

convection, recoil pressure, and evaporation. Its reliability is therefore limited to the 

conduction melting regime, and it cannot reproduce the melt pool morphology in the keyhole 

regime without empirical corrections. The depth prediction, in particular, should not be used 

for the keyhole-regime parameter selection without such corrections. 

 

 The camera spatial resolution of 13.6 μm/pixel limits the accuracy of width and length 

measurements for the smallest melt pools in the study (low-power, high-speed conditions), 

where the melt pool width approaches 50–70 μm and is captured within only 4–5 pixels. 

 

Overall, this work demonstrates that a dual-wavelength thermal camera can be properly 

calibrated using the physical melting points of the materials being processed, serving as a 

reliable, quantitative, and material independent tool for in-situ melt pool characterization in 

LPBF. Combined with ex-situ single-track metallography and the analytical simulation model, 

it constitutes a comprehensive methodology for process characterization and model validation 

that is practical to implement on any LPBF system equipped with a thermal imaging capability. 

 

 

 



 

RECOMMENDATIONS 

The results of the thesis open several options for further research, both in the refinement of the 

tools developed and in their application to broader process and material development problems. 

Possible future use and works are: 

 

 Closed-loop melt pool control. The calibrated camera is capable of extracting 

quantitative melt pool dimensions in real time using the temperature map. This capability can 

be used as the feedback signal in a closed-loop control system, where geometrical deviations 

from the melt pool leads to real-time adjustments of laser power or scanning speed. 

 

 Extension of the calibration to additional materials and camera configuration. The 

current calibration covers six materials. Extending the dataset to other industrially relevant 

alloys, including copper alloys, aluminum alloys, and additional titanium alloys, would expand 

the applicability of the calibration curve and test its robustness across materials with very 

different emissivity characteristics. Also using different neutral density filters could be used to 

broaden and validate the calibration to different optic setups 

 

 Model improvement for the keyhole regime. The systematic depth underestimation of 

the analytical model in the keyhole regime could be corrected by incorporating an empirical 

keyhole depth correction factor calibrated against the metallographic measurements collected 

in this thesis. Additionally, a correction based on the recoil pressure balance at the keyhole tip 

could be implemented without the full computational cost of a high-fidelity physics-based 

simulation. 

 

 Integration with machine learning for defect prediction and microstructure-sensitive 

process optimization. The thermal camera data collected in this study could serve as training 

data for machine learning models that predict defect formation, or physical effects like 

vaporization, from melt pool geometry and temperature distributions. Furthermore, the 

spatially resolved temperature field enables the calculation of thermal gradients and cooling 
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rates, which directly influence the microstructure and the level of residual stresses in the 

printed material. The combination of a physically consistent temperature field with spatial melt 

pool geometry represents a promising direction for data-driven in-situ LPBF quality assurance. 

 

 



 

APPENDIX A 
Supplementary data for Chapter 3 

Table AA.1: Simulated widths and associated relative errors according to metallographic 
observations 

 

IN625 316L CoCr 

Exp. 

(μm) 

Model 

(μm) 
Error 
(%) 

Exp. 

(μm) 

Model 

(μm) 
Error 
(%) 

Exp. 

(μm) 

Model 

(μm) 
Error 
(%) 

P0 139±22 167 -20 134±19 146 -9 155±15 167 -7 

P1 176±17 217 -23 154±20 167 -8 170±22 187 -10 

P2 166±21 197 -19 140±19 177 -26 166±19 177 -6 

P3 167±31 167 0 142±19 157 -11 156±20 136 13 

P4 138±14 177 -28 129±18 136 -5 173±20 167 3 

P5 141±15 157 -11 136±34 146 -8 170±22 167 2 

P6 128±24 167 -30 129±31 146 -13 167±30 157 6 

P7 120±33 116 3 118±29 116 2 148±16 136 8 

P8 133±28 126 6 124±31 126 -1 150±20 136 9 

P9 114±27 126 -11 119±27 106 11 114±28 96 16 

 

Table AA.2: Simulated lengths and associated relative errors according to camera 
observations 

 

 

IN625 316L CoCr 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

P0 305±44 309 -1 326±51 333 -2 347±51 364 -5 

P1 328±60 333 -2 315±58 291 8 318±49 327 -3 

P2 286±43 291 -2 386±56 376 3 346±55 345 0 

P3 236±32 230 3 361±54 358 1 179±38 170 5 
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IN625 316L CoCr 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

Camera 

(μm) 

Model 

(μm) 

Error 

(%) 

P4 343±65 364 -6 252±57 242 4 307±41 297 3 

P5 229±31 230 -1 380±43 406 -6 382±52 376 2 

P6 329±100 333 -1 388±47 382 2 345±49 358 -4 

P7 162±36 158 2 260±55 255 2 270±47 285 -5 

P8 205±65 218 -6 323±53 315 3 340±54 370 -8 

P9 238±76 236 1 309±63 315 -2 194±33 200 -3 

 

Table AA.3: Simulated depths and associated relative errors according to metallographic 
observations 

 

IN625 316L CoCr 

Exp. 
(μm) 

Model 
(μm) 

Error 
(%) 

Exp. 
(μm) 

Model 
(μm) 

Error 
(%) 

Exp. 
(μm) 

Model 
(μm) 

Error 
(%) 

P0 92±6 73 20 55±9 64 -16 114±20 76 33 

P1 201±14 103 49 110±6 79 28 146±28 82 44 

P2 158±16 91 42 118±7 79 33 147±26 85 42 

P3 118±29 73 38 68±7 73 -7 64±14 64 0 

P4 142±18 82 42 26±6 61 -134 97±22 76 22 

P5 80±14 70 13 52±5 64 -22 131±43 76 42 

P6 121±14 70 42 60±4 64 -6 107±36 70 35 

P7 11±3 48 -327 21±14 52 -149 57±24 61 -8 

P8 33±5 52 -59 22±8 52 -137 70±31 64 9 

P9 46±7 52 -14 18±9 45 -145 34±13 42 -24 
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Figure AA.1: CoCr melt pool temperature profiles obtained using simulations (black lines) 
and camera observations (point clouds): A) width, B) length
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Figure AA.2: IN625 melt pool temperature profiles obtained using simulations (black lines) 
and camera observations (point clouds): A) width, B) length.
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