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Abstract 

 

 Powder bed fusion using a laser beam (PBF-LB) [1] enables geometrical design freedom 

to build parts for optimized functionality. Furthermore, PBF-LB allows microstructural design 

freedom. By controlling the solidification behavior microstructural adaptions can be made to obtain 

the full potential of the material. As the solidification rates and the thermal gradient depend on the 

local part geometry, new data-driven approaches, e.g. machine learning (ML), seem to be suitable 

for local microstructural adaptions. In this work an evaluation concept to analyze the thermal melt 

pool characteristics based on a high-speed camera is developed. The thermal radiation intensity of 

the melt pool is used to derive the thermal gradient and combined with an image rate of 41,000 fps 

the solidification rate is derived. The developed approach provides local data of the solidification 

for ML-based process adaptions but also serves for part individual quality assurance tasks. 

 

Introduction 

 

 Additive Manufacturing (AM) has shown its potential of flexible manufacturing to replace 

cut off value chains during covid-pandemic since 2020 [2]. In addition, AM enables socially 

requested resource-efficient manufacturing of critical alloys, e.g. rare-earth-alloys [3]. During the 

past years metal-based AM has been established widely. When it comes to high quality with good 

reproducibility, PBF-LB is used [4]. Based on a layer by layer applied powder bed, the part 

geometry is exposed using a laser beam to fuse the metal powder to a dense part. This melting 

process determines the resulting part properties and is therefore object of current research [5,6]. 

The layer-by-layer build up enables the use of process monitoring systems to observe and evaluate 

the process over the complete part. Furthermore, data driven approaches can be derived to control 

the process to achieve graded microstructure and therefore improved part functionality [6]. 

 

 Part properties can be estimated by its microstructure and geometry, including 

microstructural defects such as pores, cracks and chemical separation. Most scientific works focus 

on process anomaly detection and therefore estimate defects whereas the evaluation of 

microstructural properties such as grain size is often neglected [7]. 

 

 The microstructural crystal growth depends on local cooling rate, solidification speed and 

nucleation [8]. The grow direction can be estimated by the temperature gradient (Figure 1). 

Concurring grain growth with misorientation leads to grain boundaries, which can be divided into 

low angle grain boundary (LAGB) and high angle grain boundary (HAGB) [9]. HAGBs have 

significant higher interfacial energy, which serves as resistor to dislocations and therefore increases 
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mechanical strength. Smaller grains lead to subsequently to more interfaces and therefore higher 

overall interfacial energy leading to higher mechanical strength [9].  

 
Figure 1: Graphical illustration of the correlation between solidification rate R, thermal gradient G 

and the resulting microstructure (based on [10]) 

 

 The solidification rate R and the temperature gradient G depend on the part geometry, 

material and process parameters (Figure 1). High volume energy input of 200 J/mm³ leads to bigger 

melt pools and therefore homogenous temperature gradients. This results in grains with an average 

length of 200 µm. Low energy input of 58 J/mm³ leads to smaller grains with a length up to 100 

µm. [11] 

 

 To observe the process, multiple approaches have been developed [12,13]. Pyrometers 

(Melt Pool Monitoring, MPM) up to 100 kHz [14] are used to evaluate the process dynamics 

whereas thermographic cameras with up to 50 kHz [15] are used to evaluate the temperature. When 

it comes to multiphase-state where solid, liquid and vapor co-exist, an evaluation using a 

thermographic camera is difficult as it is only calibrated to a specified phase and temperature range 

[16]. Pyrometers are used to measure one value each time step, which does not represent the 

geometric thermal distribution of the melt pool. An evaluation of temperature gradients and cooling 

rates is therefore not possible. However, the recorded information are used to understand the 

process, e.g. melting behavior, and furthermore to adopt the process [17]. 
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Figure 2: Schematic concept of the solidification evaluation 

 

 Focus of this work is the evaluation of the solidification process using a high speed camera 

(HSC). The HSC is implemented on an PBF-LB manufacturing system and the influence of the 

process on the thermal radiation intensity evaluated. By defining two referenced intensity values, 

characteristics for the solidification rate and temperature gradient can be derived (Figure 2). Based 

on single melt tracks the method is validated. 

 

Research methodology 

 

 A commercially available PBF-LB/M system M290 from EOS GmbH (Krailling, 

Germany) is used to conduct the experiments. This system uses a 400 W single-mode fibre laser 

with a wavelength of 1060 nm focused to a spot size of 100 µm. The building volume has a size of 

250 mm x 250 mm x 325 mm. Gas atomized stainless steel 316L powder is used for all experiments 

in this study. A scanning electron microscope (SEM) analysis of the powder is used to determine 

the particle distribution. Particles ranging from 11 to 54 μm and a d50 of 25 μm was determined. 

The PBF-LB/M system is extended by an on-axis high speed camera system plasmoEye (plasmo 

Industrietechnik, Austria) as shown in Figure 3. The camera has a pixel size of 14 µm and a variable 

region of interest (ROI). The camera detects a wave length of 950 nm. The ROI is set to 80x40 

pixel with a spatial resolution of 11.2 by 5.6 mm. The recording rate is set to 41,000 fps and an 

external trigger signal from the melt pool monitoring system is used to time stamp each image. 
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This time stamp is used to map each image with the position data from the melt pool monitoring 

system. 

 
Figure 3: Experimental Setup - On-Axis High-Speed-Camera mounted on an EOS M290 

 

 The images are evaluated offline post process. Position- and exposure-dependent effects 

are taken into account by a correction and subsequent validation through a comparison of the 

generated melt track geometry with the evaluated melt track width. The temporally and spatially 

resolved intensity distribution as well as the weld mode and the melt pool depth represent the input 

variables for the modeling of the process-microstructure correlation. In addition, the temperature 

gradient is determined via the spatial distance between the solidification and sublimation iso-lines 

and the knowledge of the melting and boiling temperatures. The solidification rate is determined 

via the change in position of the solidification front over time. The investigations and data 

recording start with the production of one-dimensional single melt tracks and are continuously 

extended to two-dimensional melt track composites and three-dimensional layer composites. The 

influence of the build position, the scan vector direction, and the process parameters on the 

detection of the melt track via defined isolines of the melt pool intensity is examined. To evaluate 

the influence of these factors on the melt pool and the melt track detection, line tests are carried 

out and investigated by means of optical 3D measurement. The process parameters laser power and 

scan speed as well as the scan direction and the positioning in the build space are varied. 

 

 The detectability of the melt pool using the blob detection algorithm strongly depends on 

the HSC noise. To reduce noise and therefore improve the quality of the blob detection, a noise 

correction is developed. The mean value of each pixel is evaluated over 1,000 images from 

different build jobs and subsequently the difference between reference mean value and current 
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value derived for each image. The amount of 1,000 images is set to get a proper database and is 

also usable for other materials. 

 

 The basic algorithm for advanced evaluation is based on linking the melt pool geometry of 

the binary image with the intensity of the grayscale image (Figure 4). By overlaying the binary 

image with the intensity image, the noise is filtered out, as these would otherwise also be detected 

as meltpool. After superposition, the isolines can be formed for defined intensity values. This has 

the advantage that there is comparability across all experiments. The intensity level of the isolines 

can also be selected as a function of the exposure time in order to infer the intensity density, which 

enables a comparison of images taken at different exposure rates. The isolines show a significant 

correlation to the different phase states present and were determined using a best fit method. 

Orthogonal to the direction of the first major axis, measurement lines are then drawn at regular 

intervals along the length of the melt pool and the intersection points between the measurement 

line and the isoline are determined. The distance between the intersections on a measuring line is 

defined as the melt track width of the measuring point. 

 
Figure 4: Schematic images of the central evaluation steps 

 

 The evaluation of the cooling rate via a comparative quantity from the HSC data is defined 

via the isoline of the keyhole edge (if a keyhole is present) and the solidification line (isoline of the 

intensity I = 0.2 digits), which is of decisive relevance for the geometry. The temperature gradient 

corresponds to the difference between the melting temperature and the evaporation temperature 

and depends on the distance between the melting transition and the evaporation transition. For this 

purpose, a direction-dependent variable is defined. The cooling rate is defined by the time 

difference between the transition of the gaseous state at the keyhole edge to the melt and the 

solidification of the melt and is to be determined locally. 
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 For the metrological calibration, three melt tracks are produced on a cuboid. The edge 

length of the cuboid is 10 mm. The distance between adjacent melt tracks is 3 mm, the distance to 

the edge of the cuboid is 2 mm. One side of the cuboid is parallel to each of the melt tracks. 

 
Figure 5: Example of the optical melt track measurement referenced by the intersection of the melt 

track and the reference track 

 

 For metrological referencing of the origin of the melt tracks, a reference melt track was 

manufactured perpendicular to the melt tracks at a distance of 0.5 mm from the edge of the cuboid 

(Figure 5). This thus crosses the melt tracks to be measured and can therefore be used as a starting 

point for measurement purposes in the height profile and by locating the process monitoring data. 

To evaluate the dependence of position and scan direction, eight cuboids per position were 

produced with varying scan directions at nine positions. The scan direction varies between 0° and 

315° with an increment of 45°. The position varies evenly distributed in nine fields, three each in 

x-direction and three in y-direction. The basic influence of the process parameters on the detection 

and calibration of the isolines is done by varying the laser power and the scanning speed. The 

process parameter set qualified by the system manufacturer with a line energy of 0.18 J/mm is used 

as reference parameter set. A process parameter combination with reduced line energy of 

0.09 J/mm in the range of heat conduction welding and a process parameter combination with 

increased line energy of 0.36 J/mm in the range of keyhole welding are selected. 

 

 

Results 

 

 The calculated mean noise of each pixel over 1,000 images of the HSC and subsequent 

consideration is used to decrease the noise by 85 % to 90 %. While isolines larger than the intensity 

of 0.4 digits can be interpreted as gaseous phase, isolines of intensities between 0.2 and 0.4 digits 

indicate melt. Isolines of intensities smaller than 0.2 digits indicate partially or completely 

solidified melt. Characteristic of the gaseous phase is the high fluctuation of the cross-sectional 

shape. An isoline stabilized in the cross-sectional shape near the keyhole indicates the transition 

between melt and keyhole. The transition between melt and solidified material can be seen by the 

transition into noise. From these isolines, further characteristic parameters are defined. These are 

the major axis lengths of the individual isolines as well as the width along the first major axis at 

defined measurement intervals. However, not all isolines are equally suitable for determining the 

melt pool width at defined measuring intervals. In particular, the isolines of intensity 0.1 to 
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0.2 digits exhibit a large dependence of the noise behavior and corresponding irregularities. 

Isolines from an intensity of 0.25 digits show a high stability in shape. 

 
Figure 6: Comparison of melt track width for different parameter sets based on 3D-optical 

measurement (off-line, marked in red) and the high speed camera approach (marked in grey) 

 

 The detection of the melt track width via defined measuring points of the intensity isolines 

shows a dependence of the process parameters. The mean value of parameter set 3 (130 µm) is 

within the standard deviation of the melt track width determined by metrology measurement 

(130±7 µm). The mean value of parameter sets 1 (98 µm) and 2 (117 µm) are outside the standard 

deviation (Parameter set 1: 93±3 µm, parameter set 2: 96±5 µm) of the melt track width determined 

by measurement (Figure 6). Parameter set 2 shows the greatest deviation from the melt track width 

determined by measurement. The measuring points of parameter set 1 as well as the standard 

deviation overlap with the metrologically determined standard deviation. For all parameter sets, a 

large scattering of the measurement points can be seen. 

 

 

M
e
lt
 t

ra
ck

 w
id

th
in

 µ
m

Parameter set

Mean width HSC
Measurement points width HSC
Mean width Alicona
Standard deviation Alicona

x-Position
X- X+X0

M
e
lt
 t

ra
ck

 w
id

th
in

 µ
m

Position

Mean width HSC
Measurement points width HSC
Mean width Alicona
Standard deviation Alicona

Parameter set 1

Shielding gas

y
-P

o
si

ti
o
n

Y
-

Y
+

Y
0

1395



Figure 7: Comparison of melt track width for different positions based on 3D-optical measurement 

(off-line, marked in red) and the high speed camera approach (in-line, marked in grey) 

 The observation of the melt track detection via the isolines of the melt pool geometry shows 

a dependence on the position. The average melt track width is on average lower than the measured 

melt track width (Figure 7). Melt tracks which were produced on the X- position are detected as 

smaller by optical process monitoring compared to melt tracks which were produced on the X+ 

positions. A dependence on the y-position is not statistically significant. 

 

 The mean intensity shows high position dependency and varies between 0.03 and 

0.07 digits. The X-Y- position shows the lowest mean intensity (0.03-0.04 digits). X-Y+ and X+ 

show the highest mean intensity (0.055-0.07 digits) as shown in Figure 8. The position-dependent 

intensity is used to adopt the characteristic intensity values for the evaluation. The characteristic 

intensity value for the transition from liquid to solid is set to 90% of the position depended mean 

intensity. The intensity value for the transition from liquid to gaseous is set to 90% of the position 

dependent maximum intensity. 

 
Figure 8: Influence of the position of the build platform on the detected mean intensity 

 

 A higher influence of the scan angle is seen when higher line energy density is used. The 

influence on the melt track evaluation is mainly for 90° (laser moves against shielding gas 

direction) and between 235° and 330° (laser is moving in shielding gas direction). The detected 

melt track via optical monitoring increases compared to other scan angles (Figure 9). The influence 

of the scan angle depends on the parameter set. 
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Figure 9: Comparison of melt track width for different scan angles based on 3D-optical 

measurement (off-line, marked in red) and the high speed camera approach (marked in grey) 

 

 Finally, the corrections based on position-dependency, scan vector angle, and noise were 

used to adopt the melt pool evaluation. This results in improved characteristics to characterize the 

melt pool and the resulting solidification. Deviations in the melt track are also detectable using the 

new approach (Figure 10). 

 
Figure 10: Illustration of the melt track width determination based on the HSC (red crosses) 

compared to the height profile of the melt track 

 

 Overall, the accuracy was improved, and the influence of position and scan angle was 

reduced (Figure 11). The deviation between melt track and evaluated melt pool characteristics was 

reduced to 1-5 µm. There are two outliers (180° and 225°) using parameter set 1 with a deviation 

higher 5 µm. However, the influence of the parameter set still exists. The evaluated melt pool 
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characteristics show higher results than the real melt track width. The deviation is between 

4 to 20 µm. 

 
Figure 11: Final results of the melt track evaluation based on the HSC (blue crosses) compared to 

the optical determined melt track width for different parameter sets and scan angles 

 

Discussion 

 

 The detection of the melt pool geometry is based on the intensity distribution. The emission 

coefficient of the emitted thermal radiation of the melt pool depends on the material, temperature, 

and phase. Assuming homogeneous energy coupling, a uniform melt pool can be assumed to emit 

similar thermal radiation. The intensity of the detected thermal radiation would be constant under 

this assumption. This assumption neglects influencing factors of the energy coupling as well as 

changed detectability of the thermal radiation. The energy coupling is reduced by the angle of 

incidence of the laser beam and the scattering of the laser beam due to the formation of smoke 

above the vapor capillary and thus causes variable melt pool characteristics. In addition, the smoke 

causes scattering of the emitted heat radiation and thus influences the detectable intensity of the 

thermal radiation. 

 

 The effects investigated must be taken into account in the evaluation. For this, a separation 

of the effects must take place and a correction or adjustment of the evaluation algorithm must be 

made. Both the energy coupling and the heat radiation are position dependent. The consideration 

of the resulting fumes is dependent on both the scan angle of the laser beam and the process 

parameters. In the process, the stripe angle or the scan vector angle influences the interaction 

between the laser beam and the generated fume. If the laser travels in the opposite direction to the 

shielding gas direction, the fume generated in the interaction zone is transported out of the 

following interaction zone by the shielding gases. In the opposite case, when the scan vector 

direction and the shielding gas direction are identical, the fume is transported by the shielding gas 

into the new interaction zone and changes the laser beam properties geometry and power by 

scattering and reflection. Thus, deviating material properties can result from the changed laser-

material interaction. The extent of the change depends on the combination of process parameters 
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and the inert gas flow. Furthermore, not only the laser radiation is changed, but also the detectable 

radiation in the process monitoring systems. Similar to the laser beam, the radiation emitted by the 

melt pool is modified by the fume. Scattering and reflection occur, with the result that the process 

radiation is less perceptible. All other alignments between the travel path of the laser beam and the 

shielding gas flow direction can be described by a partial scattering of the laser beam. The process 

parameters influence the quantity of the resulting fumes and thus the degree of scattering. High 

line energies tend to lead to greater fume generation due to vaporization of alloying elements. The 

scattering of the emitted heat radiation of the molten bath by flue gases is equally dependent on 

these same process phenomena. 

 

 The deviation of the melt track width for process parameter set 2 can be explained by the 

increased scanning speed. On the one hand, this results in a shorter exposure time and thus a longer 

melt pool length, and on the other hand, a higher scanning speed leads to faster removal from the 

area of welding fumes, which influence the laser radiation and the heat radiation. This prevents 

scattering of the laser radiation and the heat radiation by fumes. 

 

Summary and outlook 

 

 In this work a new approach to determine local thermal solidification characteristics is 

presented. A high speed camera with 41,000 fps is used to detect thermal radiation of the process 

zone in the wave length of 950 nm. The evaluation of the images is based on a melt pool detection 

and identification of intensity isolines, which define the characteristic transitions from gaseous to 

liquid and from liquid to solid phase. The experimental validation uses a best fit to compare 

metrological measurements with the derived melt track width from the HSC. The position, scan 

angle and process parameters are considered using correction factors within the evaluation. This 

results in good predicting quality of the melt track width with a low deviation less 5 µm except for 

two outliers. To enhance the model quality and identify the limits of the method, more experimental 

investigations have to be made. 

 

 For further research the extension of the evaluation algorithm is focused to derive the the 

thermal gradient. This concept has to be validated experimentally. Therefore, specimens have to 

be evaluated in terms of microstructural characteristics, e.g. by means of Electron-Backscatter-

Microscopy. The current two-dimensional evaluation is supposed to include the melt track depth. 

Therefore, a model to predict the melt pool depth can be derived based on metallographic 

investigations or already established models. The ability to transfer to further materials has to be 

investigated. Based on the proposed approach, the experimental setup as well as the experimental 

design and the measurements can be copied to new systems and materials. 

 
 The overall aim of enabling data-driven processes is now provided with an approach to 

generate a high quality database. The sampling rate is able to match the process speed. The amount 

of information covers geometrical aspects and information which can be controlled by process 

adaptions.  The developed approach provides local data of the solidification for ML-based process 

adaptions but also serves for part individual quality assurance tasks 
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