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• Pyrometer signal normalized by the spot size squared scales linearly to dimensionless enthalpy
• Pyrometric signal is mainly influenced by the depth of the keyhole
• Histographic signatures of pyrometric data correlate to keyhole stability and melting mode
• Enthalpy models can be used to predict the aspect ratio of a single line
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A B S T R A C T
In the realm of laser powder bed fusion (LPBF), controlling the melt pool in situ represents
a critical challenge, as numerous defects are associated with its dynamics. This research
demonstrates the utility of pyrometric signals in gaining insights into the depth of vapor
capillaries during LPBF processes. By establishing a correlation between a semi-empirical
enthalpy model and pyrometric data, gathered on a powder-free substrate, a pathway towards the
in-situ control of melt pool geometry is unveiled. The study introduces a dimensionless enthalpy
model designed for predicting the aspect ratio of melt pools in LPBF. A linear relationship
between the depth of melt pools, pyrometric signals, and dimensionless enthalpy is established
through correlation with this model and measurements from metallographic cross sections.
Histographic analysis of pyrometric data reveals unique signatures that correlate with conduction
and keyhole mode melting, suggesting that these distinct histogram forms are indicative of
keyhole stability. The findings confirm that the relationships defined in this study are applicable
across varying spot sizes and hatch distances, allowing for the inference of optimal parameters
directly from pyrometric signals. This research lays the groundwork for real-time control of
melt pool geometry, marking a significant advancement towards enhancing the quality and
consistency of LPBF and holds potential applications to laser welding processes.

1. Introduction

The geometry of a melt pool, created by a single laser scan in the Laser Powder Bed Fusion (LPBF) process [1],
serves as the cornerstone of the entire manufacturing mechanism, much like the role of the foundation in supporting and
shaping the structure of a building. Just as the strength, stability and integrity of a building, depend on its foundation,
the success and quality of LPBF-produced components rely among other process parameters on the precise control
and understanding of melt pool geometry. In LPBF, a part is created by arranging a myriad of single hatch lines next
to and on top of each other [1]. Contemporary LPBF parts are riddled with defects, some of which can be traced back
to the specific melt pool geometries [2].

It has been observed that primary laser parameters, including laser power, speed, and spot size, when set to levels
that result in low energy input, can lead to the formation of lack of fusion pores [3, 4]1. Under these conditions, the
cross section of the melt pool is typically semicircular, characterized by minimal to no vaporization. The majority of
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1Note that lack of fusion pores do not exclusively form due to low energy input. Other parameters, such as the choice of an adverse hatch

distance, can yield an increase in lack of fusion porosity [5]
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the laser energy in such scenarios is dissipated through thermal conduction, leading to the classification of this process
regime as conduction mode.

In contrast, when laser parameters are adjusted to high energy levels, significant vaporization occurs. This process
generates a recoil pressure that displaces molten material laterally, facilitating a drilling effect by the laser and resulting
in the formation of a vapor depression [6, 7]. The depth of the vapor depression often surpasses its width due to
multiple reflections within the depression [6, 8–11], leading to a cross sectional geometry akin to keyholes. This
phenomenon is known as keyhole mode melting or keyholing. In this case, the energy input by the laser exceeds what
can be dissipated through thermal conduction alone. Instead, convective melt pool flows, spurred by the vaporization,
predominantly contribute to energy dissipation. Defects characteristic of this regime include keyhole pores [10, 12–14],
which are remnants of keyhole collapse [11, 13], and centerline cracks [15], which arise from thermal stresses during
solidification.

Located between these two melting modes is a parameter region that induces the minimal number of defects [12,
16]. This region is characterized by the formation of a keyhole through vaporization and recoil pressure, yet, unlike in
laser-welding, its depth and width remain similar in size (consider the keyhole geometries observed by Cunningham
et al. [17]). The goal is to operate within this regime to minimize defects, though achieving this necessitates
comprehensive experimentation for each LPBF machine and material combination. Various models [8, 16, 18–20]
have been developed to characterize this region, thereby aiming to lessen the experimental efforts required to identify
optimal parameters.

Moreover, incorporating rapidly changing, local conditions during the LPBF process into these models is, at best,
an approximation. Local conditions, such as heat accumulation at hatches in corners and overhang situations, can
theoretically be addressed by some of the aforementioned models through adjustments in initial temperature or heat
conductivity [20, 21]. However, for complex parts, it becomes unrealistic to accurately describe local conditions at
every point in the build. The local environment in which a single hatch line is produced during LPBF can have an
impact on the melt pool geometry that is as significant as the primary laser parameters chosen [22, 23]. The search
for parameters that result in minimal defects thus becomes a daunting task, requiring exhaustive experimentation for
each conceivable geometry. Given that a major advantage of using LPBF is the manufacturing of complex parts (e.g.,
near-net shape, embedded cooling channels, gyroids, etc.), relying solely on such models in the quest for defect-free
parts appears to be only part of the solution.

The solution to numerous problems outlined above is conceptually simple to articulate yet challenging to
implement. The objective would be to monitor the melt pool geometry and maintain it at an optimal level previously
identified. It comes as no surprise that a segment of the scientific community, including the work presented here, is
endeavoring to develop methods to achieve this [24].
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High-speed optical imaging stands as one of the primary tools for investigating process dynamics in LPBF [24].
Numerous studies have shown the intricate dynamics present in LPBF: Scipioni Bertoli et al. [25] have illustrated
that the laser primarily interacts with molten material. Ly et al. [26] identified the key factors in spatter generation,
highlighting the effect of vapor induced powder particle entrainment, during LPBF. Bidare et al. [27, 28] employed
high-speed imaging alongside a schlieren imaging setup to reveal the intricate interactions between the atmosphere,
plume, and metal vapor, as well as spatter generation. It is clear that the length and width of the melt pool can be
measured using top-down images from high-speed cameras. The depth of the melt pool could be inferred from the
angle of the vapor plume, or the front wall angle [17, 26], although this necessitates complex image analysis. To the
authors best knowledge, no publication to date has explored in-situ control of the melt pool using data gathered from
high-speed optical imaging. Access to the depth of a melt pool remains challenging through these means.

In the studies referenced [13, 17, 29–34], x-rays were employed to in-situ capture the dynamics of melt pool
formation. Cunningham et al. [17] showed that a transition region between keyhole and conduction mode can be
defined. Simonds et al. [32, 33] demonstrated that the absorption of laser energy correlates with the geometry of the
keyhole. Hamidi Nasab et al. [13] found that acoustic emission signals have a proportional relationship with the keyhole
geometry. Khairallah et al. [35] indicated that periodic oscillations in the keyhole geometry precede the generation of
keyhole pores, and described the generation of keyhole pores with high fidelity. While this list is not exhaustive, the
effectiveness of x-ray imaging in revealing the complexities of melt pool and keyhole formation is clear. However,
such setups require specialized, laboratory-scale equipment. The adaptation of these techniques for use on industrial
machines appears unfeasible, and developing a viable concept for a feedback mechanism to respond to rapid in-situ
changes seems impractical.

Compared to the previously discussed methods of monitoring the melt pool, pyrometric data collection is somewhat
exotic, given the limited number of publications on the subject [24]. Lane et al. [36] showed that the intensity signal
from a photodiode correlates with the absorptance of a melt pool. Further, it was hypothesized that the photodiode
signal might also relate to the surface morphology of the melt pool, a plausible hypothesis considering that Simonds
et al. [33] found a correlation between absorptance and melt pool geometry. Forien et al. [12], in efforts to detect keyhole
pores via pyrometric signals, demonstrated that histographic analysis leads to distinct signatures for conduction,
transition, and keyhole mode melting. Further, a correlation between pyrometric signals and melt pool depth was
shown. Empirically, Vallabh et al. [37] utilized pyrometric data to train a support vector machine that successfully
predicts the depth of a melt pool to a reasonable degree. In an experiment aimed at synthesizing oxides in-situ in
stainless steel, Haines et al. [38] also concluded that the pyrometer is primarily sensitive to melt pool geometry. Unlike
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other measurement methods mentioned earlier, Renken et al. [39] proved that in-process measurement and closed-
loop control using pyrometric data are feasible. Moreover, such a closed-loop control system based on these findings
is currently commercially available, with a feedback time of 22 µs [40].

Given the evidence outlined previously, the development of a method for controlling melt pool geometry in-situ
appears feasible using pyrometric data. There is accumulating evidence supporting the correlation between pyrometric
signals and melt pool geometry. However, to date, no study has specifically focused on describing and explaining this
correlation in detail.

This paper addresses the gap in knowledge by combining the models from Ye et al. [8], Fabbro [16], Lankalapalli
et al. [21] and Hann et al. [20] to predict the cross sectional melt pool geometry for a specified set of parameters and
linking the predictions and corresponding experimental measurements to in-situ gathered pyrometric data. The model
developed herein is detailed and its plausibility established through experimentation. Experiments were conducted on
a powder-free tungsten substrate, where the aspect ratios were determined through metallographic cross sections and
correlated with pyrometric signals analyzed via histographic methods. An interpretation of the results should provide
insight into the importance of the pyrometric signals in determining cross sectional melt pool geometry. Additionally,
the relationship between pyrometric signals and the geometry of the melt pool is investigated across different spot
sizes to verify whether the model is consistent. As a secondary objective, this study also explores the impact of hatch
distance on a powder free substrate.

2. Model

The model introduced in this paper builds upon the concept of dimensionless enthalpy initially proposed by Hann
et al. [20]. Modifications have been made to the original framework, with a comprehensive derivation available in
Appendix A. The foundation of the model lies in the factorless, dimensionless enthalpy Δ𝐻𝑓 , articulated by Eq. (1a):

Δ𝐻𝑓 = 𝑃

ℎ𝑚

√

𝛼𝑣
(

𝜎
2

)3
, (1a)

Δ𝐻 = 𝐺 ⋅ Δ𝐻𝑓 ⋅ 𝜂. (1b)

In this context, 𝑃 , 𝑣, and 𝜎 represent the laser power, speed, and spot size (1∕𝑒2), respectively. The term 𝛼 = 𝑘∕(𝑐𝑝𝜌)

defines the thermal diffusivity of the material, where 𝑘 is the thermal conductivity, 𝑐𝑝 the specific heat, and 𝜌 the density
of the material. The enthalpy required for melting, denoted as ℎ𝑚, is given by ℎ𝑚 = 𝑐𝑝𝜌(𝑇𝑚−𝑇0), with 𝑇𝑚 representing
the melting point and 𝑇0 the initial temperature, following the remarks set by Fabbro [16]. It is important to note that
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the spot size 𝜎 is considered as the width of the keyhole [32, 33]. Additionally, the depth of the keyhole is assumed to
be approximately equal to the melt pool depth.

The definition of the dimensionless enthalpy Δ𝐻 , as presented in Eq. (1b), commonly incorporates 𝐺, which
represents a geometric factor determined by the assumed energy distribution of the laser (e.g. 𝐺 = 1∕𝜋 [8]). Further,
the absorptance factor 𝜂 is usually included as shown in Eq. (1b). In this study, the geometry factor is chosen to be
𝐺 = (2∕𝜋)3∕4. The reasoning for this can be found in Appendix A. Discussion on the absorptance 𝜂 is provided later
in the text.

A successful LPBF process, with minimal induced defects, typically occurs near the conduction-keyhole transition,
with a stable keyhole [12, 16, 17]. Therefore, to design experiments that elucidate the LPBF process, it is essential
to choose parameter sets (different combinations of primary laser parameters) that result in melt pool geometries
within this region. To evaluate the proximity of a given parameter set to the transition region, the formalism presented
by Lankalapalli et al. [21] was employed to estimate the melt pool depth 𝑑 of a parameter set beforehand. Division by
the spot size 𝜎 yields the aspect ratio AR = 𝑑∕𝜎. Further, the dimensionless enthalpy, as demonstrated by Fabbro [16]
can be incorporated into the formalism of Lankalapalli et al. [21] to derive Eqs. (2a) and (2b):

AR = 𝑑
𝜎
= Δ𝐻𝑓

√

𝑃𝑒
2

𝑇𝑚 − 𝑇0
𝑇𝑣 − 𝑇0

1
𝑔(𝑃𝑒)

, (2a)

𝑔(𝑃𝑒) = ∫

2𝜋

0
−𝑃𝑒 𝑒−𝑃𝑒 cos(𝜃)

⋅

[ ∞
∑

𝑛=0
𝜖𝑛𝐼𝑛(𝑃𝑒) cos(𝑛𝜃)

(

𝑛
𝑃 𝑒

−
𝐾𝑛+1(𝑃𝑒)
𝐾𝑛(𝑃𝑒)

− cos(𝜃)
)

]

.
(2b)

Where 𝑃𝑒 = 𝑣𝜎∕(2𝛼) represents the Péclet number and 𝑇𝑣 denotes the boiling point. The function 𝑔(𝑃𝑒)

characterizes the temperature gradient in dependence of 𝑃𝑒 within a cylindrical keyhole, the walls of which are at
temperature 𝑇𝑣. Within Eq. (2b), 𝐼𝑛 and 𝐾𝑛 refer to modified Bessel functions of the first and second kind, respectively,
and of the 𝑛th order. The term 𝜖𝑛 is defined as 1 for 𝑛 = 0 and 2 for 𝜖𝑛 ≥ 1, as described by Lankalapalli et al. [21]. In
the context of this study, keyholing is defined by an aspect ratio 𝑑∕𝜎 ≥ 1. Conversely, the conduction mode is signified
when the aspect ratio 𝑑∕𝜎 ≤ 1. Based on this definition, Eq. (2a) can be rearranged to compute the theoretical required
dimensionless enthalpy at the point where the transition from conduction mode to keyhole mode occurs, as shown in
Eq. (3).

Δ𝐻𝑓 |𝑑∕𝜎=1 =
2

√

𝑃𝑒

𝑇𝑣 − 𝑇0
𝑇𝑚 − 𝑇0

𝑔(𝑃𝑒). (3)
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A notable challenge arises from the interdependence between absorptance and dimensionless enthalpy, creating a
chicken-and-egg dilemma. A particular dimensionless enthalpy is associated with a specific geometry, as noted by Hann
et al. [20], which subsequently influences the absorptance [9, 10, 32, 41]. Note, that a change in absorptance changes the
enthalpy, which in turn changes the geometry. Nonetheless, to calculate Δ𝐻 in advance, knowledge of 𝜂 is necessary.
This challenge can be addressed by consulting the results of Ye et al. [8], which show that the trend of increasing
absorptance with Δ𝐻𝑓 remains consistent across various materials. The study by Ye et al. [8] provides a description
of the absorptance 𝜂

(

Δ𝐻𝑓
), as outlined in Eq. (4):

𝜂 = 𝜂max ⋅ (1 − 𝑒−0.66 𝜂minΔ𝐻𝑓 ∕(𝜋
√

𝑃𝑒)). (4)

Where 𝜂max = 0.7 denotes the plateau of absorbtion [8] and 𝜂min denotes the minimal absorptance of the material used.
The culmination of the theoretical arguments presented can be seen in Eq. (5). As a measure to determine if

a parameter set is close to the conduction-keyhole transition, the enthalpy threshold difference (ETD) is calculated
according to Eq. (5). Parameter sets resulting in ETD < 0 are more likely to be in the conduction regime, whereas
those with ETD ≥ 0 fall into the keyhole regime.

ETD = Δ𝐻 − Δ𝐻|𝑑∕𝜎=1 =

𝐺𝜂max

(

1 − 𝑒−0.66𝜂minΔ𝐻𝑓 ∕(𝜋
√

𝑃𝑒)
)

⋅
(

Δ𝐻𝑓 − Δ𝐻𝑓 |𝑑∕𝜎=1
)

.
(5)

A fundamental premise of the model proposed by Lankalapalli et al. [21] is the insignificance of heat conduction
into the part in the z-direction2, which holds true if the thermal diffusion length 𝛿 =

√

𝛼𝜎∕(2𝑣) < 𝜎∕2 [8].
Consequently, for this assumption to be valid, the condition 2𝛼∕𝜎 < 𝑣 needs to be met3. This has to be taken into
consideration when utilizing the presented model to choose parameter sets.

In this study, unlike in the approaches of Fabbro [16] and Lankalapalli et al. [21], Eq. (2b) was not approximated
by polynomial or linear functions. It was determined numerically by summing 100 terms, ensuring rapid convergence
of the sum function with higher-order terms contributing changes on the order of 10−6. This numerical method
is applicable for Péclet numbers up to 15, which typically surpasses the range observed in LPBF processes. For
example, the parameter combination {

𝑣 = 4m s−1; 𝜎 = 80 µm} results in a Péclet number of approximately 9, whereas
{

𝑣 = 0.6m s−1; 𝜎 = 80 µm} leads to a Péclet number of approximately 1. It should be noted that the first example
represents an excessively high speed, which is not realistic for current LPBF processes. However, it could still be

2Consider that the laser scans on the plane given by the x- and y- direction
3Note that the thermal diffusion depth shown here is an approximation when used in the context of Gaussian beams. In order to verify whether

the model can be used this approximation is sufficient. Nevertheless, a discussion on the thermal diffusion depth can be found in Appendix A
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Table 1
Thermodynamic quantities of tungsten used (* near liquidus)

Symbol Value Unit Reference
𝜌 ∗ 17 200 kgm−3 [42]
𝑐𝑝 ∗ 308 J kg−1 K−1 [43]
𝜂min 0.26 [41]
𝑘 ∗ 92 Wm−1 K [44]
𝑇𝑚 3695 K
𝑇𝑣 5828 K
𝑇0 300 K

incorporated into the model, provided the condition for thermal diffusion in the z-direction is met. Additionally, the
method employed for computing 𝑓 (𝑃𝑒) is computationally efficient, taking only minutes to process 100 parameter sets
on a standard office PC.

3. Methodology

3.1. Experimental

Based on the model outlined in Section 2, calculations were performed for over 200 different parameter sets. The
thermodynamic quantities used for the calculations can be found in Table 1. Out of these, 18 combinations were selected
so that the ETD and predicted AR is situated, between −3.5 to 16 and between 0.5 to 2.2 respectively. The primary laser
parameters varied within the following ranges: power between 400W to 900W, speed between 0.1m s−1 to 1.7m s−1,
and spot sizes of 80 µm, 120 µm and 160 µm. The Péclet numbers selected for this study ranged from 0.4 to 6. It is
important to note that Eq. (2b) was individually computed for each of the 200 parameter combinations, ensuring a
unique comparison of each parameter against its corresponding threshold, according to Eq. (3).

Each selected parameter set was applied to three hatch blocks, as illustrated in Fig. 1, with varying hatch distances.
These distances corresponded to overlaps of 75%, 50%, and 25% relative to the utilized spot size. Hatch blocks have
been assigned a width of 1mm. The number of hatch lines used varied depending on the hatch distance to fill the width
of a hatch block adequately. The length of each hatch block was consistently maintained at 30mm, in order to reduce
the thermal effect each line has on the next one. The hatch blocks were created on an Aconity 3D Midi (Aconity3D
GmbH, Germany, Herzogenrath).

All hatch blocks were created on a powder-free tungsten substrate. As noted by Scipioni Bertoli et al. [25], powder
in front of the laser beam typically melts by the time the laser reaches the location of the particle. This implies that the
laser primarily interacts with the substrate and the molten material, similar to laser-welding processes as discussed
by Ye et al. [8].4 Additionally, Trapp et al. [41] found that the absorptance, linked to the melt pool geometry as

4Consequently, the thermodynamic quantities presented in Table 1 are set close to the melting point of tungsten

Janko Stajkovic et al.: Preprint submitted to Elsevier Page 7 of 26



Enthalpy, Pyrometry and Melt Pool Geometry in LPBF

30  m
m

Overlap
50%

1  mm 0.5  mm

75% 25%

H
at

ch
bl

oc
k

100  mm

1 22 54
Hatchblock

AA

Section A-A
Hatchblock 53

100  µm 

d1 ... dn dmean

Figure 1: Illustration of the experimental setup: 18 parameter sets were selected based on the model described in Section 2.
These parameter sets were utilized in conjunction with various hatch distances, corresponding to spot overlaps of 75%,
50%, and 35%. Hatch blocks were sectioned using wire electrical discharge machining (WEDM), as indicated by the
cut line A-A. The lower half was further reduced by approximately 4mm in height, through grinding. Cross sections were
metallographically prepared and imaged. The depth of each individual hatch line was measured, and the mean and standard
deviation of these depths were calculated for each hatch block.

indicated by Simonds et al. [32], remains qualitatively unchanged with or without powder in the context of keyholing.
Bitharas et al. [45] observed that the presence of a powder layer does not alter melt pool geometry. These observations
provide a rationale for employing laser-welding models [20, 21] alongside a powder-free substrate to analyze the LPBF
process. Due to the anticipated more dynamic environment resulting from the use of powder [17, 26], it was omitted
to facilitate an understanding of the principal usability of the pyrometer in determining the melt pool geometry. The
substrate surface used for the experiment was smoothed using a plane grinder, resulting in a surface roughness 𝑅𝑎 of
approximately 2 µm.

The powder-free substrate containing the hatch blocks was partitioned using wire electrical discharge machining
(WEDM) on a Sodic VZ300L (Sodick Co., Ltd, Yokohama, Japan) as shown in Fig. 1. Subsequently, one half was
ground down about 4mm with a plane grinder in order to measure the depth of the melt pool at two different locations
along the hatch block.

The metallographic preparation of the partitioned cross sections involved grinding using SiC paper with sequential
grit sizes of 220, 500, 800 and 1000. Subsequent fine grinding was done on a Struers Largo using a 9 µm Diamond-
Water Suspension (Dia-Pro). Post-Grinding, the polishing process comprised two stages: a 3 µm step using Struers
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Floc and a 1 µm step with Struers Nap. To improve the visibility of grain boundaries and the melt pool, Murakami’s
etchant [46] was applied to the samples. Metallographic imaging was conducted using an Alicona InfiniteFocus G5+
(Alicona Imaging GmbH, Raaba, Austria). Images from both cross sections were measured using ImgageJ [47] as
shown in Fig. 1. With the obtained depth the measured aspect ratio could be defined as the ratio between measured
depth and spot size 𝑑∕𝜎.

3.2. Pyrometric Data

Pyrometric data was collected for each hatch block using a Kleiber KG 740-LO pyrometer (Kleiber Infrared GmbH,
Unterwellenborn, Germany). The employed pyrometer recorded the raw signal in mV at a polling rate of 100 kHz. The
position of each measurement was determined using the data from the laser scanning system, as the two systems are
interconnected. The wavelength of light to which this pyrometer is sensitive was 1753 nm. The measurement area was
a circular region with a diameter of approximately 300 µm, concentric to the laser spot. The setup is depicted in Fig. 2.

The concentricity of the pyrometer measurement spot and the laser spot was verified through preliminary
experiments. These experiments involved creating hatch patterns in six different scanning directions. The collected
pyrometric data were analyzed to identify any directional bias towards higher or lower signals. The system’s optical
lenses were adjusted until no directional bias was observed, and the signal was maximized, ensuring adequate
concentricity between the pyrometer measurement spot and the laser spot. Although a pyrometer was used in this
study, temperature calibration was unnecessary, as only the raw signal was analyzed.

The analysis of the raw data was conducted using a script developed in-house. The dataset comprised approximately
11million lines, making the full analysis and graphical representation computationally demanding. The primary
function of the custom-developed script involves creating a 2D array, where each element corresponds to a 20 µm ×

20 µm area. Every measured data point was allocated to one element of this array. In instances where multiple
measurements corresponded to the same coordinates within the predefined array, the highest value was selected to
represent the pixel in question. The choice of 20 µm as the element size was a compromise to balance resolution with
data volume. The generated image size was 1622 px × 3819 px, which, even with the smallest spot size utilized in
these experiments, suffices to distinctly resolve the melt pool. A schematic illustrating this algorithm can be found
in Fig. 2. To mitigate signal noise, a background analysis was conducted. This involved tracking the laser scanning
path with deactivated laser, a process repeated six times. This yielded data on signal noise encompassing approximately
66million points. To ensure the integrity of the data presented in this work, the maximum intensity value from these 66
million points was identified (875mV) and subsequently subtracted from all points in the actual data, before mapping
to the array occurred.
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Figure 2: Pyrometric data was captured within an area given by a measurement spot diameter of 300 µm, concentric to the
laser spot. The laser scanner system and the pyrometer were interconnected, allowing for synchronized data acquisition.
Pyrometer measurements, recorded at a polling rate of 100 kHz, were associated with xy-positions obtained from the laser
scanning system and presented in a tabular format. An in-house developed script aligned the tabulated data with an array,
where each array element represented an area of 20 µm × 20 µm.

A section of the resultant image is displayed in Fig. 3. It should be noted that this image only illustrates five out of
the 54 hatch blocks created. For a detailed analysis, the image was segmented into individual hatch blocks, facilitated
by precise knowledge of the spacing and positions of the hatch blocks. For each hatch block histograms with a bin size
of 15mV were created. Note that the bin size was chosen as the ceiling of the standart deviation of the background
signal. A representative excerpt of the 54 created histograms can be seen in Fig. 6. The created histograms show a
set of distinct peaks. A Gaussian Mixture Model (GMM) [48] was employed to identify the position and shape of all
modes in the histogram data. Each hatch block was used to train a separate GMM model utilizing the entire dataset. This
resulted in 54 different models describing the 54 different histograms. The determination of the number of components
of each histogram was informed by using the Bayesian Information Criterion (BIC) in the range 0 to 5 components.
The selection process involved choosing the number of components based on the minimum BIC value with the highest
gradient, alongside visual analysis by the author. The mean value and standard deviation of each Gaussian peak were
extracted for each histogram.

4. Results and Discussion

4.1. Model Validation

No influence of the hatch distance on melt pool depth was observed, attributed to the chosen hatch line length
ensuring uniform thermal conditions for each line. Hence, three hatch blocks, despite having different hatch distances
but identical laser speed, spot, and power, are grouped into a single parameter set. Consequently, the 54 hatch blocks
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Figure 3: Optical image (top) and pyrometric image (bottom): Several defects (changes in surface quality) are visible in
the optical image that correspond to signal changes in the pyrometric data. Each hatch block presented was created with
different primary laser parameters. Note that changes in parameters can be identified by a change in the mean signal of
each hatch block (qualitatively). Note that a small amount of aliasing could not be avoided.

created in this study can be condensed into 18 parameter sets. The measured depths (see Fig. 1 on how measurements
were performed), representing an average from six unique positions on the substrate across multiple hatch lines, ensured
statistically significant measurements. Fig. 4 illustrates the applicability of the model described in Section 2. Taking
into account the measurement uncertainty, 16 out of 18 AR were correctly predicted. A linear relationship between
dimensionless enthalpy and aspect ratio was established, corroborating findings by several researchers [8, 20, 49].
Remarkably, Fig. 4 shows that parameter sets with varying spot sizes but comparable ETD were also well predicted,
and yield similar AR. The illustrated range in Fig. 4 of ETD between−3.5 to 16 corresponds to dimensionless enthalpies
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Figure 4: Agreement between model prediction and experimental results: Approximately 90% of the predictions fell within
the margins of error for experimentally measured values. A linear relationship between AR and ETD could be established.
Parameters with different spot sizes but comparable ETD yield similar AR

between 14 to 39 in Hann et al. [20], 2 to 8 in King et al. [49] and Forien et al. [12] and 1 to 15 in Ye et al. [8]5. As
already noticed by Ye et al. [8] the utilization of a variable 𝜂 yields a single linear response, eliminating the slope
change observed by King et al. [49], Hann et al. [20] and Fabbro [16]. Note, that in the range presented here, the slope
change should be evident.

4.2. Pyrometric Data

4.2.1. Pyrometric Image

Fig. 3 displays a comparison between the pyrometric data acquired and an optical image of the hatch blocks. The
creation of these hatch blocks introduced defects such as sudden changes in surface quality, as evidenced by their
comparison. The defects correspond to areas with elevated pyrometric signals, a relationship that aligns with findings
from prior research on the potential of using pyrometric signals to identify common defects in LPBF processes [50].
However, the details regarding this correlation remain a subject of discussion [38]. Note that as some defects correlate
with the melt pool geometry, as described in Section 1, a correlation between some types of defects and pyrometric
signals is plausible. Following the acquisition of pyrometric data, each of the 54 hatch blocks was segmented, and
a histogram for each segmented hatch block was produced, employing the methodology described in Section 3.
Representative histograms can be found in Fig. 6

5For the comparison to Hann et al. [20] and King et al. [49] a fixed 𝜂 = 0.4 was used. For the comparison to Ye et al. [8] a variable 𝜂 according
to Eq. (4) was used
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Figure 5: Influence of hatch distance on pyrometric signal: Considering the histograms of hatch blocks created under
identical primary laser parameters yet with varying hatch distances, a negligible difference in the position of the main
mode is observed, considering the intrinsic variability (15mV) of the signal and the change that occurs due to a change in
primary laser parameters.

4.2.2. Histographic Data

Figure 5 displays the typical variation in pyrometric signal for a single parameter set (comprising laser power, speed,
and spot size) produced using different hatch distances. Note that this sample is representative of the entire dataset.
Thus, for the purposes of this study, the assumption that hatch distance does not significantly impact the pyrometric
signal is justified. Note that changes in primary laser parameters yield much greater changes than the changes presented
in Fig. 5. This allows for the consideration of different hatch distances as a unified parameter set in further analysis.
Note that this is mainly due to the length of the hatch blocks used in this study. As illustrated by Renken et al. [39], the
pyrometric signal can change depending on local environmental circumstances.

Reviewing Fig. 6, the histograms of hatch blocks with different ETD are presented. A significant portion, 74% of the
histograms, exhibit a monomodal distribution, whereas 26% display a multimodal distribution of signals. Multimodal
distributions predominantly occur in parameter sets where ETD ≤ 0. Additionally, parameter sets where ETD ≫ 0 are
likely to show broader distributions, with their mean mode shifted towards higher signal values. These observations
regarding histogram morphology align with the findings of Forien et al. [12].6

4.2.3. Principal Mode Data Collapse

The mean signal of the principal mode from histograms was selected to represent the pyrometric signal, with the
standard deviation of the Gaussian fit being used as measurement uncertainty. Presenting the data in this manner and

6Given that Forien et al. [12] conducted their research using a different material and a fixed absorptance, discrepancies in their findings compared
to the current study are anticipated. However, the extent of peak broadening observed in the high-enthalpy regime of this study was not reported by
Forien et al. [12], despite the comparable enthalpy ranges. The origin of this discrepancy remains uncertain, underscoring the need for additional
research to elucidate these differences.
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Figure 6: Histograms of hatch blocks with different ETD: Analysis shows that most histogram distributions can be
approximated by a single Gaussian peak. Parameters with ETD ≤ 0 show a multimodal distribution. The higher ETD, the
higher the spread of the signal.
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Figure 7: Pyrometric signal vs. ETD for different laser spot sizes. A separate linear relationship for each spot size can be
found between signal intensity and ETD, which is plausible considering the results of Forien et al. [12]

plotting it against ETD, as shown in Fig. 7, reveals that distinct linear relationships between the pyrometric signal 𝜖

exist for each of the investigated spot sizes. Note that a linear trend was also observed by Forien et al. [12] for one
specific spotsize.The consistency of the pyrometer signal across different spot sizes suggests it may contain information
about the melt pool geometry, raising the question of whether this relationship can be substantiated on a physical basis.

The pyrometer measures the intensity of radiation at a specific wavelength. As depicted in Fig. 7, an increase in
ETD correlates with a rise in signal intensity. Concurrently, the model verified indicates that an increase in ETD results
in a higher AR. The width of the keyhole, approximately constant and determined by the chosen spot size [32], suggests
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Figure 8: Approximation of the geometries involved: The keyhole can be approximated by a cone with diameter 𝜎. The
measurment spot of the pyrometer is given by the radius 𝑟𝑝. For small aspect ratios the emissive surfaces of the melt
pool 𝐴𝑚 and the keyhole 𝐴𝑘 are in a comparable range. Considering the temperature difference it is argued that the main
contribution to the pyrometer signal is given by the emissive suface of the keyhole 𝐴𝑘.

that an increase in AR primarily stems from a deeper keyhole. Considering the impact on the light-emitting surface
detected by the pyrometer, a deeper keyhole enlarges its surface area, thereby creating more radiative surface, which
leads to an enhanced signal.

To understand the effect of a changing radiative surface, approximating the geometries of the melt pool and keyhole,
as illustrated in Fig. 8, proves useful. The keyhole is roughly conical, with its base diameter determined by the laser spot
size [21, 32]. The depth for a given parameter set can be estimated using the model outlined in Section 2 and verified
in Fig. 4. Thus, the radiative surface of the keyhole can be expressed as 𝐴𝑘 = 𝜋𝜎∕2 ⋅

√

𝑑2 + (𝜎∕2)2. Additionally, the
radiative surface of the melt pool can be approximated by 𝐴𝑚 = 𝜎𝑟𝑝 − 𝜋 (𝜎∕2)2, where 𝑟𝑝 represents the radius of the
pyrometer measurement spot, as depicted in Fig. 8.

In order to compare the radiative contributions of melt pool and keyhole, the temperatures involved need to be
approximated. The walls of the keyhole are maintained at the vaporization temperature of tungsten, which is 𝑇𝑣 =

5828K. The thermal gradient (TG) is approximately 30K µm−1 [51, 52]. Given the diameter of the pyrometer spot, the
temperature at the edge of the pyrometer measurement spot can be determined by calculating 𝑇𝑒 = 𝑇𝑣−TG ⋅(𝑟𝑝−𝜎∕2).
For the sake of argument the temperature of the radiative surface from the melt pool𝐴𝑚 is set equal to 𝑇𝑚 = (𝑇𝑒+𝑇𝑣)∕2,
which represents the average temperature between the edge and the vaporization temperature.

Based on Planck’s radiation law for ideal black bodies, the band radiance for the wavelength utilized by the
pyrometer used in this study can be determined by performing an integration over 𝜆 within the limits 𝜆1 = 1748 nm

and 𝜆2 = 1758 nm7, as shown in Eq. (6a).

𝐵(𝑇 ) = ∫

𝜆2

𝜆1

2ℎ𝑐2

𝜆5
1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1
𝑑𝜆. (6a)

7It should be noted that the specific wavelength band to which the pyrometer responds was not specified. For the purposes of this analysis, an
assumption was made to consider a wavelength band of 10 nm, symmetrically centered around the nominal sensitivity wavelength of 1753 nm. It
is crucial to emphasize that variations in the width of the assumed wavelength band do not significantly impact the conclusions derived from this
analysis.
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Here, 𝜆 represents the wavelength of the observed radiation, ℎ is the Planck constant, 𝑐 denotes the speed of light,
𝑘𝐵 is the boltzmann constant, and 𝑇 refers to the temperature at which the distribution is calculated.

By multiplying the previously calculated emitting surface areas of the melt pool and the keyhole with their
respective band radiances, denoted as 𝐵(𝑇𝑣) ⋅ 𝐴𝑘 and 𝐵(𝑇𝑒) ⋅ 𝐴𝑚 respectively, it becomes possible to compare the
estimated contributions to the pyrometric signal. For spot sizes within the range of 80 µm, 120 µm and 160 µm, AR
from 0.7 to 2, and a pyrometer measurement spot size of 300 µm, it is estimated that the contribution of the keyhole to
the total emitted power ranges from 82% to 93%.

The observation that the keyhole contributes significantly to the total emitted power is not surprising, especially
when considering that even small keyholes created by a spot size of 80 µm and an aspect ratio of 0.7 possess
approximately the same surface area as the melt pool, without accounting for the differences in radiation intensity
due to the temperature of the emitting surface.8 It is important to note that the area of the radiative surface of the melt
pool 𝐴𝑚 primarily scales with the spot size, whereas the radiative surface of the keyhole 𝐴𝑘 also scales with the depth.
According to Simonds et al. [32], depth oscillations by a factor of 2 occur at a frequency of 10 kHz, significantly
affecting 𝐴𝑘 and consequently leading to an even higher contribution of 𝐴𝑘 compared to 𝐴𝑚 in the total received
pyrometric signal. Furthermore, this analysis does not consider the idea proposed by Lane et al. [36], which suggests
that the keyhole, due to its geometric nature, emits radiation in a more directed manner, as opposed to the more diffuse
emission from shallow melt pools. If applicable, it would further exaggerate the contribution of the keyhole to the total
signal measured by such a setup, still without taking into acount the difference in band radiance due to the temperature
(see Fig. 10). These arguments lead to the conclusion that the keyhole area is the primary contributor to the total
measured pyrometric intensity.

In Fig. 7, it is demonstrated that the received pyrometric signal exhibits linear relationships for different spot sizes.
It was already argued that the primary component of the pyrometric signal is the keyhole surface area 𝐴𝑘. To elucidate
the scaling behaviour observed in Fig. 7 for different spot sizes, consider what would happen to the pyrometric signal,
for parameter sets that have the same AR but different spot sizes.

The surface area of the keyhole, which is proportional to the recieved pyrometric signal, can be expressed in
terms of the aspect ratio 𝜖 ∝ 𝐴𝑘 = 𝜋(𝜎∕2)2 ⋅

√

4(𝑑∕𝜎)2 + 1. When considering two different signals originating
from keyholes with identical aspect ratios but different spot sizes, characterized by 𝜖1, 𝑑1, 𝜎1 and 𝜖2, 𝑑2, 𝜎2, where
𝑑1∕𝜎1 = 𝑑2∕𝜎2, it follows that 𝜖1∕𝜎21 = 𝜖2∕𝜎22 . This implies that the received pyrometric signal scales with 𝜎2. By
applying a normalization of 𝜎2 to the data presented in Fig. 7, Fig. 9 is obtained. It is observed that the linear scaling
previously noted for different spot sizes in Fig. 7 converges onto a single line, defining the scaling relationship between
ETD and the received, normalized pyrometric signal 𝜖∕𝜎2.

8Even when a pyrometer with a larger measurement spot is utilized, accounting for the temperature difference renders the contribution of the
melt pool as negligible compared to the keyhole.
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Figure 9: Normalized pyrometric signal vs. ETD. By normalizing pyrometric data to the spot size used, a single linear
scaling between ETD and the recieved pyrometer signal can be obtained, implying a relationship between keyhole geometry
and pyrometeric signal.

To conclude this line of reasoning, recall the model described in Section 2 and verified by Fig. 4, where it was
demonstrated that ETD scales linearly with the aspect ratio AR of the keyhole. It has been shown that parameter sets
with different spot sizes and similar ETD yield comparable AR. Additionally, in Fig. 9, a linear scaling between ETD
and the normalized pyrometric signal 𝜖∕𝜎2 was established. Therefore, by the argument of transitivity, a linear scaling
between the normalized pyrometric signal 𝜖∕𝜎2 and AR must exist. As demonstrated by Simonds et al. [32], changes
in the keyhole width for a given spot size are negligible compared to changes in depth, positioning the depth of the
keyhole as the principal variable determining the intensity of the pyrometric signal in this scenario.9

The results discussed are specific to tungsten, prompting curiosity about the possibility of similar scaling between
keyhole geometry and pyrometric signal for different materials. By applying the same approximations with adjustments
for the temperatures involved, insights into different materials can be obtained. The keyhole walls are always at
approximately their respective temperature of vaporization, 𝑇𝑣. In Fig. 10, the effect of a change in keyhole depth
on the radiation intensity change is illustrated as a function of temperature. For instance, for tungsten, the difference in
the received signal for a keyhole depth change from 40 µm to 160 µm is approximately 0.32mWsr−1. For aluminum,
this difference shifts to 0.06mWsr−1. Therefore, the ability to resolve differences in depth may depend on the material
and the pyrometer used. The higher the vaporization temperature, 𝑇𝑣, of the metal observed via pyrometry, the better
the resolvability of different depths.

9As can be inferred from references [8, 9, 25, 32, 33, 36], the presence of powder should only lead to more noise in the signal without changing
the fundemental relationship between the depth and pyrometric signal.
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Figure 10: Emission strength of a keyhole at different depths as function of temperature: For materials with a high
temperature of vaporization 𝑇𝑣, oscillations in depth yield a higher difference in emission than for materails with a lower
temperature of vaporization. Resolvability of depth changes by pyrometric signals is therefore dependent on the material
observed.

4.2.4. Interpretation of Histograms

It has been demonstrated that the pyrometric signal provides insights into the size of the emitting surface, thereby
shedding light on the aspect ratio of the keyhole. This suggests that the morphologies of the histograms depicted in
Fig. 6 reflect changes in keyhole geometry. The multimodal nature of histograms associated with low-energy parameter
sets (ETD < 1) supports the hypothesis that these multiple modes correspond to the unstable region identified by
Fabbro [53], where changes between distinct geometries can occur. As the parameter ETD increases, a transition occurs
towards a stable keyhole configuration characterized by a singular keyhole geometry and a Gaussian distribution in
the pyrometric signal, indicating stability. Successful LPBF typically occurs within the keyhole regime prior to the
emergence of keyhole instabilities [12], aligning with an AR between 1 to 1.7 or corrosponding to an ETD between 0

to 10. This is consistent with the observations by King et al. [49] and Forien et al. [12], though it is noted that Forien et al.
[12] identifies an optimal parameter range slightly higher than what is suggested here, yet still within a comparable
range. In the case of parameter sets with ETD >> 1, indicating high energy, the broad distribution of pyrometric
signals imply a highly unstable keyhole, prone to frequent depth variations. Such instability and oscillations in depth
are indicative of potential keyhole porosity, as described by Khairallah et al. [34], due to the formation of keyhole
pores. It is important to note that the specific peak position of the signal depends on the pyrometer and the material
used. In this case, the optimal position was identified to be approximately 400mV above the noise floor.
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5. Conclusion

In this publication a modified, dimensionless enthalpy model based on the findings of Ye et al. [8], Fabbro
[16], Lankalapalli et al. [21] and Hann et al. [20] was presented. Predictions of the aspect ratio of a melt pool fit
reasonably well to the experimental findings. The pyrometric signal of 54 hatch block experiments was analyzed
consisting of 18 parameter sets (laser speed, spot size and power) and overlaps ranging from 35% to 75%. Histographic
analysis of the received pyrometric data was carried out for each parameter set and compared to aspect ratios obtained
via the measurment of metallographic cross sections and model predictions. Following conclusions can be drawn from
the results presented here:

• The dimensionless enthalpy model presented herein enables the prediction of keyhole aspect ratios for various
parameter sets. Moreover, it allows estimations when the spot sizes are altered. Parameters with comparable
dimensionless enthalpy yield comparable aspect ratios. Further, because the melt pool depth can be approximated
by the depth of a keyhole, concrete depths can be predicted by the model presented herein.

• The pyrometric signal primarily originates from the emitting surface of the keyhole, thereby enabeling the
inference of the aspect ratio of the keyhole and, subsequently, its depth. The depth of the keyhole is approximately
the depth of the melt pool, at least in the case of tungsten for typical LPBF conditions. The aspect ratio of the
keyhole is linearly proportional to the pyrometric signal, normalized by the square of the corresponding laser
spot size used. Note that the temperature of the keyhole wall is equal to the temperature of vaporization by
necessity. Therfore, changes in the pyrometric signal are due to changes in the emitting surface.

• Histograms of pyrometric signals exhibit three distinct forms: multimodal, single modal narrow, and single
modal wide, corresponding to low, medium, and high enthalpy inputs, respectively. It is posited that the shapes
of these histograms reflect changes in aspect ratio, thereby encoding information about the stability of the LPBF
process. Parameters conducive to stable LPBF conditions were identified as those leading to a relatively narrow,
single modal distribution of the pyrometric signal. Because of the found relationship between the model and the
pyrometric signal, it can be concluded that parameters suitable for LPBF of tungsten have an AR between 1 to
1.7 or ETD between 0 to 10 according to the model presented here. Comparison to prior studies done by other
authors indicates that this range is the optimum for a multitude of materials.

This study provides a detailed physical description and interpretation of pyrometric signals and their correlation
with the geometry of the keyhole observed in LPBF. It has been demonstrated by Renken et al. [39] that a closed
feedback loop based on pyrometric data is feasible. Therefore, achieving in-situ control of melt pool geometry appears
within grasp to the scientific community. However, investigations into materials other than tungsten are essential to
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determine whether the scaling described herein is universally applicable. Further, in-situ control could be used more
generally in laser welding, as indicated by the results of Xiao et al. [54]. Note that the calculations presented here
can be used to predict the depth of the meltpool. Additionally, translating this fundamental research into actual part
manufacturing in LPBF should be pursued to investigate the relationship between melt pool stability and part quality.
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Appendix

A. Derivation of the Dimensionless Enthalpy and Physical Description

The interpretation of the dimensionless enthalpy by King et al. [49] is revisited, where the fundamental concept is
elucidated through the dwell time 𝜏. The absorption of laser energy 𝜂𝑃 𝜏 on the irradiated surface 𝜋(𝜎∕2)2, combined
with thermal diffusion depth 𝛿 =

√

𝛼𝜏, constitute the non-normalized enthalpy. By dividing the absorbed energy by
the volume determined by the surface area and thermal diffusion depth, an expression is derived that closely mirrors
the formula for dimensionless enthalpy as defined by Hann et al. [20], differing only by the inclusion of a 𝜋 instead of
a √

𝜋 in the denominator. This discrepancy does not alter the physical interpretation but needs some clarification.
Consider the fundamental beam mode solution of the paraxial wave equation in cylindrical coordinates [55]. Let

the coordinate system be defined such that the 𝑧 axis aligns with the propagation direction of the Gaussian beam,
which exhibits radial symmetry about this axis. Note that 𝑧 = 0 is at the exact focus point of the Gaussian beam. The
transverse electric field of any Super-Gaussian beam is described by Eq. (7):

𝐸𝑧(𝑟, 𝑛) = 𝐸(𝑟, 𝑧 = 0, 𝑛) = 𝐸0𝑒
(

− 𝑟
𝜔0

)𝑛

. (7)

The transverse electric field of a Gaussian beam is obtained by 𝑛 = 2, a Super-Gaussian beam is described by
satisfying 2 < 𝑛 < ∞ and ideal flat top beam is obtained by lim𝑛→∞ 𝐸𝑧(𝑟, 𝑛). Note that therefore 𝑛 describes the order
of the Super-Gaussian beam and must satisfy 𝑛 ≥ 2, 𝐸0 denotes the peak strength of the transverse electric field, at
𝑟 = 0 and 𝑧 = 0, 𝜔0 denotes the focus radius and 𝑟 denotes the radial distance from the 𝑧 axis. The intensity is given by
|𝐸(𝑟, 𝑧 = 0, 𝑛)|2∕(2𝛽) where the wave impedance is denoted by 𝛽. The total power of any order of a Super-Gaussian
beam can be calculated by integrating the intensity with respect to the spatial coordinates as shown in Eq. (8)10:

𝑃 (𝑛) = 2𝜋𝐼0 ∫

∞

0
𝑟𝑒

−2
(

𝑟
𝜔0

)𝑛

𝑑𝑟

= 2−
2
𝑛Γ

(

1 + 2
𝑛

)

𝐼0𝜋𝜔
2
0.

(8)

Γ denotes the gamma function, and 𝐼0 = 𝐸2
0∕(2𝛽) represents the peak intensity at the origin of the coordinate

system. Note that the power depends solely on the free variable 𝑛. By solving Eq. (8) for 𝐼0, the peak intensity at the
focus point is determined, as articulated by Eq. (9a):

10Note that the integral with respect to the azimuthal angle in the limits from 0 to 2𝜋 is already solved and given by the factor 2𝜋. Therefore,
this integral is omitted in the representation
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𝐼0(𝑛) =
2

2
𝑛

Γ
(

1 + 2
𝑛

)

𝑃
𝜋𝑤2

0

, (9a)

𝐼0𝑓 = lim
𝑛→∞

𝐼0(𝑛) =
𝑃

𝜋𝑤2
0

, (9b)

𝐼0𝑔 = 𝐼0(2) =
2𝑃
𝜋𝜔2

0

. (9c)

For a Gaussian beam, where 𝑛 = 2, the intensity is given by 𝐼0𝑔 , as described in Eq. (9b), whereas a flat-top laser
is described by 𝐼0𝑓 in Eq. (9c). To describe the enthalpy in LPBF, it is necessary to multiply the peak intensity by the
dwell time and the reciprocal of the thermal diffusion depth: 𝐼0𝜏𝛿.

For a transient Gaussian beam, it is necessary to consider that a Gaussian distribution is also present in temporal
coordinates. The approach of Hann et al. [20] considers a Gaussian distribution of 𝜏, as formulated in Eq. (10a):

𝜏(𝑛) = 2∫

∞

0
𝑒
−2

(

𝑣𝑡
𝜔0

)𝑛

𝑑𝑡,

= 21−
1
𝑛Γ

(

1 + 1
𝑛

) 𝜔0
𝑣
,

(10a)

𝜏𝑓 = lim
𝑛→∞

𝜏(𝑛) =
2𝜔0
𝑣

, (10b)

𝜏𝑔 = 𝜏(2) =

√

𝜋𝜔0
√

2𝑣
. (10c)

Notice that for flat-top laser profiles, as described by 𝜏𝑓 in Eq. (10b), the conventionally used dwell time is obtained,
whereas for a Gaussian temporal component, 𝜏𝑔 is given by Eq. (10c). Since the thermal diffusion depth 𝛿 depends on
the choice of 𝜏, a generalized expression for 𝛿 is obtained, as described in Eq. (11a):

𝛿(𝑛) =
√

𝛼𝜏 = 2
1
2−

1
2𝑛

√

Γ
(

1 + 1
𝑛

)

√

𝛼𝜔0
𝑣

, (11a)

𝛿𝑓 = lim
𝑛→∞

𝛿(𝑛) =

√

2𝛼𝜔0
𝑣

, (11b)

𝛿𝑔 = 𝛿(2) = 4

√

𝜋
2

√

2𝛼𝜔0
𝑣

. (11c)
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Analogously to the deliberation made for 𝜏, the thermal diffusion depth for a flat-top laser profile is given by 𝛿𝑓 in
Eq. (11b), whereas the thermal diffusion depth for a Gaussian beam is given by 𝛿𝑔 in Eq. (11c).

By combining Equations (9a) to (11c) in different ways, normalizing by the melting enthalpy ℎ𝑚 and multiplying
by the absorptance 𝜂, the most common definitions of the dimensionless enthalpy Δ𝐻 can be obtained. By calculating
𝐼0𝑔𝜏𝑔∕𝛿𝑓 , the enthalpy definition of Hann et al. [20] is obtained, which yields a geometric factor 𝐺 = 1∕

√

𝜋. The
enthalpy described by King et al. [49] and Ye et al. [8] is obtained by calculating 𝐼0𝑓 𝜏𝑓∕𝛿𝑓 , leading to the geometric
factor 𝐺 = 1∕𝜋. This derivation indicates that the geometric factor 𝐺 = 1∕𝜋 is applied when describing a flat-top
laser.

In this work, 𝐺 = (2∕𝜋)3∕4 is utilized, derived by calculating 𝐼0𝑔𝜏𝑔∕𝛿𝑔 . However, the employment of one specific
geometric factor does not alter the physical interpretation and significance of all correlations made to the dimensionless
enthalpy.
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