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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 (RZadj > 0.78), while the width showed moderate but consistent
correlation (RZadj > 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 (Rzad]- > 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 modelling; metallography measurements

1. Introduction

Laser powder bed fusion (LPBF) is one of the most widely used metal additive man-
ufacturing technologies due to its ability to produce near-net-shape parts with complex
shape, simplify post treatments and reduce material wastage [1]. 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 undertak-
ing [1]. Common major defects observed in LPBF parts include (a) keyhole 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 [1-3]. Both these defects are responsible for process-induced
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porosity and consequently a lower mechanical resistance of printed parts [4,5]. 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 [1,4,5]. 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 pro-
cess 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 [6-8], contact sensors
such as thermocouples cannot be used directly as they would interfere with the process [8].
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 [6,7]. Among
temperature measurement equipment, one can distinguish pyrometers which can measure
the temperature within a small, defined space using point, cross, or line modes [8]. 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) [6,8], 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 [9-12]. Therefore, an obvious solution for measuring all the dimensions of a
melt pool would involve a combination of in situ and ex situ methods [6,9,10].

Complementary to experimental techniques, simulations offer predictive links be-
tween 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 pro-
vide quick estimates of the melt-pool width, length, and depth in conduction melting
mode [11,12]. 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 [11,13-15]. 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 [11]. 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 [5].

Some studies have already analyzed the accuracy of melt pool simulations using ther-
mal camera observations [16,17], while others have compared thermal camera observations
with dimensions of solidified laser tracks obtained using conventional metallographic
techniques [18,19]. 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 [12] in terms of its capacity to predict the width, length, and depth
of a melt pool in LPBE 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.
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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 devel-
oped here enables the emissivity-independent extraction of melt pool width, length, and
temperature field directly from the thermal image, while metallography provides the com-
plementary 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.

2. Materials and Methods
2.1. Melt Pool Simulations (Analytical Model)

A simplified thermal conductivity-based numerical model of the LPBF process [10,12,20]
used in this work was developed in the MATLAB software (R2022b, MathWorks, Natick,
MA, 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 (1)-(3):

AP (0 1
T(x,y,2) = Ty + / exp(C)dt (1)
(x,y,2) = To o p(C)
with )
C=—(112)<(5—£"z) +v2)—72€2 @)
rf0O r k
:\le; :\/El; Z\ﬁi;Pe: f ;T = f o= — 3
¢ Tf 1 Tf ¢ Tf 2V/2u 2/ 2ndt PCp )

where T is the baseplate temperature (K); A the absorptivity; P the laser power (W); k the
thermal conductivity (W/(m-K)); r¢ the laser beam radius (m); Pe the Peclet number; v the
scanning speed (m/s); « the thermal diffusivity (m?/s); p the density (kg/m?); ¢, the mass
heat capacity (J/(kg-K) and dt the time (s).

The absorptivity (4) is calculated using the Hagen-Rubens model [21] approximating
the material absorptivity using its electrical resistivity value:

0.5
A= 0.365(1;5> (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 (5):

¢ =1—CBD (5)

where ¢ is the fractional porosity and CBD is the coefficient of bulk powder density
(without units).

The powder bed absorptivity is calculated according to [13], where the powder bed
is assumed as a porous surface composed of spherical bodies and holes, all having the
same temperature. Considering the bodies as “gray” without transmission of radiation,
absorptivity is then equal to emissivity (A = €). Thus, the powder bed absorptivity can be
calculated using Equations (6)—(8):

€p0wder = Sheh + (1 - Sh)es (6)
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with
€ =A (7)

and

1-9\2
008 € (2+3.082(¢ ) )
1908p= =29 +1° 7 <1+3.082(1;4’) >+1

where €pou4,r is the powder emissivity (absorptivity); S, the surface fraction occupied
by pores; €, the pores emissivity; €; the emissivity of a bulk material R;; the electrical

(®)

resistivity of the material (():m) and A the laser wavelength (m).
The thermal conductivity (9) is calculated following the work of [22]:

kpowder =ks(1— ¢)% )

where k40 and ks are the thermal conductivities (W/(m-K)) of a powder bed and a bulk
material, respectively.

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 [20] that considering the material properties at 80% of the melting temperature
(0.8Tyelt) 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 (Tyap); (b) melt-
ing temperature (Tyey), and (c) heat-affected zone (HAZ) temperature (Tyaz), where
(THAZ < Tmelt < Tvap)- This operation allows delimitation of the vaporization, melting and
HAZs shown in Figure 1a, and more specifically, extraction of the melt pool dimensions
(width, depth and length) shown in Figure 1b.
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Figure 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 the measurement of melt pool widths and lengths, and on the other,
post-process single-track metallographic analysis allows melt pool depths and widths to be
measured. In the framework of this study, both experimental techniques were combined to
provide a complete set of experimental data (Table 1).

Table 1. Melt pool simulation and validation experiments. (v': measured/predicted; —: not applicable).

Melt Pool Dimensions

Width Length Depth
Simulations v v v
Post-process single-track metallography v — v
In-process thermal observations v v -

2.2. 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 2.

Table 2. Chemical compositions (ASTM) and generic particle size distributions of three powder lots.

Chemical COMPOSITION (wt.%) PSD
(um)
. . Nb + . .
Material Fe Cr Ni Mo Ta Co Mn Si Al Ti C N P S
20.0- 8.0— 3.15-
IN625 <5.00 230 Balance 10.0 415 - <0.50 <0.50 <0.40 <0.40 <0.10 - <0.015 <0.015 15-65
170-  13.0-  2.25-
316L Balance 19.0 15.0 3.00 - - - - - - <0.03 <0.10 - - 20-65
CoCr <075 o0 o Balance <100  <1.00 - : <025 <025 . ; 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 ~0.8T ) conditions.

Although 316L, IN625, and CoCr have different thermophysical properties (e.g., ther-
mal conductivity, absorptivity, density, and heat capacity), they exhibit relatively close
melting and evaporation temperatures. This means that the phase change thresholds (solid—
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 mate-
rials with comparable melting and evaporation temperatures helps minimize the influence
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. Coefficient of bulk density extracted from FT4 measurements and material properties
at 0.8T e considered as model inputs: density, specific heat capacity and electrical resistivity
are extracted from JMatPro software and Carpenter Datasheet; absorptivity is calculated using
Equations (6)—(9).

Melting Specific Heat Thermal Electrical

Material itlaat;:rf CBD  Temperature ](I;(el;si?)r Capacity Conductivity Resistivity Abso(f]}))t ivity
Q) g (kg K) (W/(m-K)) (nQ-m) °
Dense 1 8440 27.2 40
IN625 1350 —_— 642 —_— 130
Powder 0.56 4773 13.8 53
Dense 7485 28.5 40
316L 1400 EEE— 656 E— 126
Powder 0.59 4413 14.4 53
Dense 1 8407 32.4 35
CoCr 1330 E— 594 E— 99
Powder 0.58 4873 15.6 50
2.3. Methods
2.3.1. 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 r¢ = 50 pm), in an inert argon atmosphere. For each material, ten printing
parameter sets (PO, 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 PO. To illustrate the entire printing plan for one of the three materials, 316L, all
ten parameter sets are plotted in Figure 2a in the linear energy density (LED)-scanning
speed (v) space coordinates.
LED(]/mm) = g (10)
Table 4. Printing parameters for each of the study materials (PO sets correspond to manufacturer’s
recommendations); LED is calculated using (10).
IN625 CoCr 316L
Parameter Power Speed LED Power Speed LED Power Speed LED
W) (mm/s) (J/mm) W) (mm/s) (J/mm) W) (mm/s) (J/mm)
PO 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
pP5 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 2. (a) Plan of experiments in the LED — v space coordinates defined for 316L (PO corresponds
to the manufacturer-recommended process conditions); (b) printing strategy illustration.

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 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 x 10 mm base prismatic specimen containing ten vertically
connected zones, each 3 mm in height and with a 40 pm layer thickness, was printed,
resulting in approximately 75 layers per parameter (see Figure 2b); each zone corresponded
to one of the ten printing parameter sets presented in Table 4.

2.3.2. 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 (A1) and 900 nm
(A2) wavelength sensors, each with a 14 x 14 mm? (1024 x 1024 pixels) field of view
and a 13.6 pm/pixel spatial resolution. The camera was aligned on-axis with the build,
as shown in Figure 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 [23], followed
by a manual rigid registration to minimize the displacement between each pixel across
channels. For each frame, an 80 x 80 pixel region of interest (ROI) was extracted around the
maximum intensity value to reduce memory usage and improve visualization (Figure 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 4b).
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Figure 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 A; = 725 nm sensor.
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2.3.3. Conversion of Two Wavelength Intensity Values into Their Temperature Equivalents

Plotting the inverse temperature against the logarithm of the intensity ratio yields a
straight line, whose slope and intercept are used as calibration constants (Figure 5). The

temperature T is then given by
1

— =AInR+B (11)
T
where A and B are the constants corresponding to a linear regression [24] obtained by
single-track calibration experiments on five metallic materials whose melting temperatures
cover a 1500-3600 °C temperature range; R is the average intensity ratio obtained from
a defined region of the powder bed. This relation allows the direct determination of the
temperature value from a known intensity ratio based on the ratio pyrometry theory.

x10™

°
L]
A
L4
v

12

CoCr 1 1 Az 4
316L 7=621+107In( 22 +457x10

10 | 1

-1 -0.5 0 0.5 1
In(A,/A,)

Figure 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 [25], 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 A; intensity images
were defined, avoiding overlapping regions and excluding background pixels. Next, for
each isoline, the corresponding pixel positions were used to sample the A; image and
compute the R = A; /A, 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 zones (HAZs)
shown in Table 5. Figure 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 A intensity).
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Table 5. HAZ, melting and evaporation values for each material used (316L, IN625 and CoCr).

Material Characteristic Temperatures (°C)
HAZ (0.5 Tpyere) [26,27] Melting (Tye1¢) Evaporation (Tyap)
IN625 675 1350 2913
316L 700 1400 3000
CoCr 665 1330 2930
Temperature (°C)
-t N w e
g 8 8 8
LO o o o =]
150 2
—_ a N
100 2
s 98
X s .
© S0 S &
g 8 °
o 0 ----------------$-F SEEEEENCERR. - W - ----- S o =
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N 2.
> -100 3
-300 -200 -100 0 100
X distance to peak (um)
4000
C
G 3000
Y
5
T 2000
o
Q
£
O
= 10004
0
300 200 100 0 -100
Distance to peak (um)
Figure 6. Melt pool image (a) with corresponding temperature profiles 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 7). The shaded areas represent the standard deviation of the measurements across
the acquired frames.
200 200 200
a o T, p (3000°C) b Melted area T o (1400 C) c Total area ——— 1,,,, (700C)
= Vaporization area T (000 | s ——— T, (000 | T
i 100 i o = rmtmoc') 5 100 (liquid+vapor) bl 5 100 l
é -100 'g -100 'g -100
s = s
-200 -200 -200
-100 0 200 300 400 500 -100 0 100 200 300 400 500 -100 0 100 200 300 400 500
Horizontal (length) (um) « front Horizontal (length) (um) <« front Horizontal (length) (um) <« front

Figure 7. Representation of the camera measurements per ROI using the 316 PO 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 the HAZ. Arrows indicate the
scanning direction.
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2.3.4. Post-Process Single-Track Measurements

After printing, a VHX 7000 Keyence optical microscope (Keyence, Osaka, Japan)
having up to a 6000x magnification and a 4K resolution (4000 x 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 8b). The melt
pool characterization was defined using the top view image of the single tracks, enabling
to analyze the whole track (Figure 8a). This method allows correlations to be established
between in-process thermal observations and post-process metallographic measurements.

Figure 8. (a) Final layer with single tracks and (b) transverse view, highlighting measurements performed.

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 x and 1000 x
magnification. The uncertainty reported in Table 6 (£5-40 pm) reflects the combined
contributions of track-to-track process variability and the complexity associated with the
operator-dependent identification of melt pool boundaries.

Table 6. Single-track widths and depths obtained by metallographic analyses for the three materials studied.

IN625 316L CoCr
Width, Depth, Width, Depth, Width, Depth,
um pum um um um um

PO 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 4= 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 3345 124 4+ 31 22+ 8 150 4+ 20 70 £+ 31
P9 114 + 27 46 +7 119 4+ 27 18£9 114 + 28 34+ 13

3. Results
3.1. Single-Track Measurements

Single tracks were classified using two distinct characteristics. The first classification
was derived from top view observations, dividing the tracks into continuous or discon-
tinuous (Figure 9(1A,2A,3A)). Continuous tracks (Figure 9(1A,2A)) were defined as those
exhibiting an uninterrupted geometry along their length, whereas discontinuous tracks
(Figure 9(3A)) presented a lack of fusion in certain sections. A second distinction was
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made using the melt pool depth images (cross-section analyses), which allowed three
distinct behaviors to be observed: regular, lack-of-fusion and keyhole (Figure 9(1B,2B,3B)).
When the single-track depth was smaller than a one-layer thickness, it was considered
to be lack-of-fusion (Figure 9(3B)); when the single-track depth was 1-2.5 times the layer
thickness (Figure 9(3A)), it was considered regular, and when the single-track depth was
>2.5 times the layer thickness (Figure 9(3B)), it was considered keyhole.
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Figure 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.

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 (LED) across all the tested materials
(Figure 9(4)). Specifically, for 316L, a lack-of-fusion behavior was observed when the LED
was below 0.20 ] /mm, whereas keyhole formation occurred at LED values above 0.31 ] /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 6) highlighted that during a constant scanning speed operation, increasing the LED
(P7—P0—P3—P2) consistently resulted in increased single-track widths and depths.
Conversely, for a fixed LED, increasing the speed (P4—P0—P5—P6) tended to increase
the melt pool depths, but did not affect their widths.

3.2. Melt Pool Width and Length (Numerical Simulations Versus Camera Measurements)
3.2.1. 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 tempera-
ture of each material as a threshold. The point clouds corresponding to melt pool widths
(Figure 10a) and lengths (Figure 10b) measured for 316L were compared with their simu-
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lated equivalents (black lines in the graphs). The same procedure was executed for IN625
and CoCr (see corresponding plots in Appendix A Figures A1l and A2).
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Figure 10. 316L melt pool temperature profiles obtained using simulations (black lines) and camera
observations (point clouds): (A) width, (B) length.

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 LED,
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 LED
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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 in the keyhole melting mode. However,
temperature distributions predicted for the melt pools produced at lower LED and v values
(P4-P9) can be considered close to their experimentally measured equivalents.

The predicted melt pool dimensions were compared with the thermal camera record-
ings in Figure 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
(a7) is close to 1 and the intercept (ay) is negligible (equal to 0). The quality of the correlation
is reflected by a high adjusted Rzadj (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 A1l and A2 in Appendix A for all three materials studied.
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Figure 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.
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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 11b), the global linear regression
yields a slope of 1.08 and an adjusted R? adj 0f 0.70, indicating a strong positive correlation
and consistent scaling between simulated and camera measurements. The corresponding
RMSE is 37 pum, reflecting the larger dimensional range involved in length measurements,
corresponding to a difference of 3 pixels. For the width comparison using camera data
(Figure 11a), the agreement is more moderate, with a slope of 0.94, an adjusted Rzadj of 0.52,
and an RMSE of 17.3 pum. 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 11c. The resulting regression shows a
slope of 1.09 and an adjusted Rzadj of 0.67, with an RMSE of 17.39 um. 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.

3.2.2. Melt Pool Area

The 2D thermal camera maps are plotted in the LED — v space in Figure 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 LED (P7 —P0—P3—P2) and scanning
speed values (P4—P0—P5—P6). Conversely, no clear trend can be observed in the
evolution of the vaporization and HAZs with respect to process parameters. The simulated
thermal fields presented in Figure 12b show similar trends when compared to their thermal
camera equivalents as far as the melting zones are 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.

Finally, it can be observed that the higher the laser power, the larger the melt pool
areas obtained from simulations (Figure 13a) and observations (Figure 13b). For 316L,
the simulated melted area varies from 0.021 to 0.058 mm?, while the total area goes up
to 0.085 mm?2. The camera results show a similar trend, although with smaller melted
areas in the 0.017 to 0.041 mm? 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
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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.
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Figure 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.
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Figure 13. Melt pool area for 316L: (a) simulations, (b) thermal camera observations.
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When area data for all three materials are grouped together (Figure 14), the linear
fit yields a; = 1.30, with an adjusted R?,4; of ~0.80 and an RMSE of 0.005 mm?. 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.
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Figure 14. Melt pool area: simulations versus camera measurements. The solid line represents the
perfect agreement (a; = 1), and the dashed line represents the linear regression fit.

3.3. Melt Pool Depth (Simulations Versus Metallography)

Comparing the calculated melt pool data with their metallographic equivalents
(Figure 15) enables assessing the limitations of a heat conduction-based model regard-
ing 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 um (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 15). For measured depths between 10 and 35 pm,
the model overestimates the experiments, with a difference of ~30%, while following linear
regression with a low dispersion (Rzadj = 0.84), which is an excellent fit. The measurements
and relative errors for all the materials are presented in Table A3 in Appendix A.
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Figure 15. Melt pool depth: simulations versus metallography results. The solid line represents the
perfect agreement (a; = 1), and the dashed line represents the linear regression fit.

4. Discussion

The commercial calibration method for a dual-wavelength thermal camera, which
consists of resistance-heating a tungsten filament [28], 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 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 litera-
ture [29-31], 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 [30] 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 [32]. 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 [19]. 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
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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 um in the plane measured, which defines the spatial image resolution. For
the melt pool widths in the 100-200 um range, this means that a one-pixel difference in
measurements would correspond to roughly 7-14% melt pool width variations. Conse-
quently, even small uncertainties in the edge detection or the threshold value can translate
into relatively large errors, especially for smaller melt pools [18]. Another limitation of
the thermal measurement method developed in this study is the presence of a quite nar-
row 1000-3000 °C calibration range, also reported in [17]. 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 [18]. 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 [33]. 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 [34]. 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 [35], 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
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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 forma-
tion, 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 con-
text, Karayagiz et al. (2019) [35] 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 vapor-
ization 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 there-
fore unaffected. A more rigorous treatment of 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 Rzad]- 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 condi-
tions, 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 [36].

At the same time, the linear regression coefficient (a;) ranged mostly between 1.0 and
1.5 and the a; > 0, meaning that there was a 30% systematic overestimation for all the
materials. These results align with the findings in [37], 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 Rzad]- 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 a; 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 [36]. However, the
same 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 [38,39].

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 [36,40].
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These observations naturally demonstrate that conduction-only models are more reli-
able 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 [41]. This notwithstanding, sim-
plified 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 [42,43], 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 [44,45], underestimate the melt pool depths. Conversely,
for irregular tracks with low energy inputs (LED < 0.2 ]/mm), simulations overestimate
the melt pool depth, since the model assumes continuous melting and does not consider
cooling and incomplete powder sintering [45].

Given the strong linearity observed (Rzadj > 0.86) and the regression slope of ap-
proximately 0.3 in the keyhole regime, an empirical correction can be implemented by
multiplying the simulated depth slope by a compensation factor of kq ~ 1/0.3 ~ 3.3 (based
on Table 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 regime, 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.

Table 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 a» R2 adj RMSE  a a» R2 adj RMSE a1 a» R? 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 14 —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 14 0.0 0.9 0.003

5. Conclusions

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:

o  The model accurately predicted the melt pool geometry features (width, length, and
melted area) across a wide range of process parameters corresponding to the con-
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duction melting mode. The melt pool length showed the highest agreement with the
thermal camera measurements (Rzadj > 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 observa-
tions and confirmed that thermal conduction-based models are highly effective for
predicting the melt pool surface geometry in the conduction melting regime.

e  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 observed across all the materials, confirming that these discrepancies are
systematic rather than random, which supports the model’s suitability for preliminary
trend analysis.

e  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.

e Dual-wavelength thermal camera measurements proved to be highly effective for
validating the melt pool geometry simulations. Comparisons between the metal-
lography 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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Abbreviations

The following abbreviations are used in this manuscript:

LPBF  Laser powder bed fusion

HAZ Heat affected zone

LED Laser energy density

ROI Region of interest

FE Finite element

NDF Neutral density filter

RMSE  Root mean square error

PSD Particle size distribution

CBD Coefficient of bulk powder density
LOF Lack of fusion

CMOS Complementary metal oxide semiconductor
Appendix A

Table A1l. Simulated widths and associated relative errors according to metallographic observations.

IN625 316L CoCr
Exp. Model Error (%) Exp. Model Error (%) Exp. Model Error (%)
(um) (um) (um) (um) (um) (um)
PO 139 4+ 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
pP7 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 A2. Simulated lengths and associated relative errors according to camera observations.
IN625 316L CoCr
Camera Model Error (%) Camera Model Error (%) Camera Model Error (%)
(um) (um) (um) (um) (um) (um)
PO 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
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
pP7 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 4+ 33 200 -3
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Table A3. Simulated depths and associated relative errors according to metallographic observations.

IN625 316L CoCr

Exp. Model Error (%) Exp. Model Error (%) Exp. Model Error (%)

(um) (um) (um) (um) (um) (pm)
PO 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 42 266 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
pP7 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 A1l. CoCr melt pool temperature profiles obtained using simulations (black lines) and camera
observations (point clouds): (A) width, (B) length. Each color in the point clouds corresponds to one
of the intensity isoline levels (5, 10, 30, 50, 70, and 90% of the peak A; intensity).
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Figure A2. IN625 melt pool temperature profiles obtained using simulations (black lines) and camera

observations (point clouds): (A) width, (B) length. Each color in the point clouds corresponds to
one of the intensity isoline levels (5, 10, 30, 50, 70, and 90% of the peak A; intensity).
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