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Abstract 
Laser-based powder bed fusion of metals (PBF-LB/M) enables the manufacture of complex 
geometries for high-performance applications. However, process variations can lead to 
dimensional inaccuracies or microstructural issues affecting the overall part quality. In 
consequence, there is a need for efficient qualification methods to ensure part consistency, 
reliability, and reproducibility.  The proposed qualification approach leverages key scanning 
system data to simulate the process at both micro- and macro-scales. The method aims to enhance 
analytical models to simulate melt pool morphology by incorporating scanning data containing 
speed, acceleration, deceleration, and default process scanning parameters such as polygon delays. 
In addition, the method uses laser beam positions to simulate geometry outcomes for macro-scale 
qualification approaches. By using more representative speed profiles and actual laser paths, the 
proposed method offers a practical and efficient strategy, improving accuracy and confidence in 
process qualification. 

1.0 Introduction 
Laser-Based Powder Bed Fusion of Metals (PBF-LB/M) enables the manufacture of 

complex components for high-performance applications.1  The process can produce multiple 
geometries, such as those used for aerospace components, heat exchangers, and biomedical 
implants with specific performance outcomes, including lightweight strength or energy 
absorption.2–4  PBF-LB/M process variations resulting in dimensional, microstructural, and surface 
roughness deviations impact the overall part quality, limiting the adoption in industry 
applications.5,6  In consequence, there is a need for efficient qualification methods to ensure part 
consistency, reliability, and reproducibility.7,8  Some qualifications process relies on test coupons, 
destructive testing, and geometry inspections to ensure the part quality.  As part of qualifications 
and process understanding efforts, multiple authors have been reviewing process outcomes either 
in a micro-scale approach, for example, evaluating melt pool morphology, or in a macro-scale, 
reviewing geometry accuracy, surface quality, or porosity.9  However, current studies 
underestimate  the complex speed and path profiles variations form commanded targets, limiting 
the accuracy of the qualification process. In response, this study proposes the integration of scan 
data logs into micro and macro evaluations to improve qualification accuracy. 

Micro-scale evaluations focusing on melt pool size and shape are crucial in process 
qualification approaches,  since they can be correlated with process windows and part properties 
such as density, hardness, microstructure, and other mechanical characteristics.10–12  Li et al. 2024 
evaluated the effect of melt pool morphology and grain structures of alloy 718 samples and found 
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a correlation between melt pool shapes and hardness values.13  Similarly, melt pool evaluations 
help to determine optimal process windows by defining conduction and keyhole modes, which 
contribute to the overall part quality.14 

Numerical and analytical models have been developed to simulate the PBF-LB/M process 
in a micro-scale qualification approach.  Numerical models are highly accurate in predicting melt 
pool physics and morphology;  however, they are associated with a large computational cost, a 
single-track study using scan speed and laser spot can take at least several hours, which makes 
them impractical, as reported by Parivendhan et al. 2023 and Bayat et al. 2019.15,16  In contrast, 
the analytical or semi-analytical approach based on deposited energy has been used to describe 
melt pool morphology; however, this relation is insufficient to describe the melt pool behavior.17  
More advanced analytical models using the normalized enthalpy, a dimensionless variable 
combining power, speed, and thermophysical properties of the material, have been studied by 
several authors.18  Coen et al. 2022 proposed a methodology combining semi-analytical 
expressions of the melt pool width and depth and the aspect ratio, defining the conduction and 
keyhole melting regimes with good agreement between the experimental and model data.19 One 
limitation of published studies when evaluating melt pool morphology is diminishing the speed 
variations from acceleration, deceleration, or parameter configurations, such as polygon or mark 
delay of the scanning system.  It is well documented that the scanning system can induce defects 
such as porosity related to speed and scanning delays.  Even nominal speed may not be achieved 
in some scanning and geometry configurations.20   Thus, employing accurate speed profiles in melt 
pool simulations can enhance the qualification approaches. 

As previously described, macro-scale evaluation in terms of geometry accuracy is another 
important qualification metric, sensitive to process parameter variations.21–24  The deviation 
between the intended geometry and the produced geometry significantly impacts mechanical 
performance, functionality, and reliability.  For example, deviations in the strut thickness of lattice 
structures reduce the compressive strength.  Similarly, surface irregularities can reduce fatigue or 
lead to stress concentration points.  Dimensional inaccuracies can shift lattice structures from 
intended stretch-dominated (high stiffness and strength) to unintended bending-dominated 
behavior (lower strength, higher compliance).25–32  Macro-scale part qualification using X-ray 
Computed Tomography (XCT) provides pore distribution and can quantify deviation from the 
original Computer Aided Design (CAD) model.33  This method is the gold standard for complex 
internal geometries; however, ongoing work continues to refine scanning protocols, segmentation 
algorithms, and best practices to ensure reliability and repeatability.34–40  Other methods to quantify 
geometry outcomes include Scanning Electron Microscopy (SEM) to evaluate surface morphology 
and structural deviations at the microscale or Finite Element Analysis (FEA) to evaluate thermal 
distortions that significantly contribute to geometric inaccuracies.41–43  However, challenges 
remain associated with developing methods that balance cost-effectiveness, practical applicability, 
and measurement accuracy.44 

In response to some of the limitations when assessing process qualifications, this study 
objective is to integrate scanning data with accurate speed profiles, including acceleration and 
deceleration phases into analytical models to have a more accurate process qualification results.  
In addition, the research introduces the use of laser position data to simulate geometry profiles for 
macro-scale qualification approaches.   
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2.0 Methodology  
Micro and Macro-scale qualification approaches were integrated into process scanning data 

to improve process qualification accuracy, See Figure 1.  A micro-scale method was simulated by 
adapting scanning paths and speed profiles into a first-order analytical model for melt pool width 
estimation.  Process data containing actual scan paths were collected using a custom device 
installed in an EOS M290 with details in section 2.1. Speed profiles were calculated for each vector 
segment using the scanned data positions and the sampling time rate, (see section 2.2).  The 
simulated melt pools widths were validated through experimental data to estimate the model 
accuracy under different scanning paths, (see section 3.0).  Data-driven model simulations were 
obtained using laser path positions and the melt pool width for a macro-scale qualification by 
Finite Element Analysis with details described in section 3.1. 

 

Figure 1  Micro and macro scale process qualification using scan path and  speed profiles.  

2.1 Process Data Collection 
The PBF-LB/M process relies on precise control of a laser beam, guided by a 

galvanometric scanning system.  The scan control systems consist of galvo motors, driven by 
digital-to-analog control systems that execute scanning paths through a closed-loop feedback 
mechanism.  An external high-speed data acquisition system, developed by Tailored Alloys, was 
installed in the EOS machine to simultaneously capture the commanded position sent to the galvo 
driver and the actual feedback positions reached by the galvo encoder.  This method enables the 
data collection of the laser path (commanded and actual positions of scanning paths).  The scanned 
geometry consisted of multiple shapes containing angled geometries, circular shapes, and irregular 
shapes to evaluate multiple scan paths, see Figure 2. 
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Figure 2 Process data collection method. The controller generates the x–y scan path, packages it in digital form, converts it to 

analog drive voltages, and sends them to a local closed-loop galvanometer driver then  an external high-speed acquisition system 

(orange) records  the commanded  and actual  feedback signals. 

 2.2 Data Pre-Processing Calculation of Speed Profiles 
The actual 𝑋 and 𝑌 laser's position of each scanning path is recorded at intervals of 10 µs 

(100 kHz clock rate), and the difference in position between two consecutive time steps is 
employed  to calculate the laser beam speed  with  the  following  Equation 1.  

Equation 1 

𝑣(𝑡) =
√(𝑋(𝑡 + 1) − 𝑋(𝑡))

2
+ (𝑌(𝑡 + 1) − 𝑌(𝑡))

2

Δ𝑡
 

Where: 

• 𝑣(𝑡) is the speed at the time 𝑡. 

• 𝑋(𝑡 + 1) and 𝑋(𝑡) are the positions at times 𝑡 + 1 and 𝑡  along the X-axis. 

• 𝑌(𝑡 + 1) and 𝑌(𝑡) are the positions at times 𝑡 + 1 and 𝑡  along the Y-axis. 

• Δ𝑡 is the time difference between two consecutive measurements. 

 2.3 Analytical Melt Pool Simulation Approach  
A conduction-based square root relationship between the power and speed ratio from 

Rosenthal-type conduction solutions offers a first-order approximation of the melt pool width. This 
analytical melt pool width simulation, defined by equation (2), uses a constant ε that consolidates 
material properties (e.g., thermal conductivity, density, heat capacity, melting temperature) and 
process factors (e.g., absorptivity, radiation, convection, etc.).  While this first-order method does 

946



 

 

not consider complex phenomena such as recoil pressure, Marangoni flow, or keyhole formations, 
it was used as a conservative approach to evaluate the integration of speed profiles obtained from 
scanning data into analytical models. To estimate the value of the constant ε that consolidates 
material properties and process factors, a regression model was used.  In addition, MAE (Mean 
Absolute Error), RMSE (Root Mean Squared Error), and R^2 (Coefficient of Determination) were 
calculated to evaluate the performance and validity of the analytical model in comparison with 
experimental data. 

Equation 2 

𝑊𝑚 =  𝜀√
 𝑃

 𝑣
 

Where: 

𝜀 − Consolidates material properties and process factors.  

𝑃 -Laser power 

𝑣 -Speed 

𝑊𝑚 – Melt pool width/Scan line width  

3 Experimental Validation and Results 

A scanning plate approach was used to isolate the scanner path from powder interaction. 
The plate was made of Stainless Steel 304 with a nominal dimension of 25x25x3.5mm and was in 
the center of the building platform.  A laser power of 100W and 1000mm/s and 800 mm/s scanning 
speeds were tested in different geometries, see Figure 3.  High-resolution imaging was obtained 
using a Keyence VHX-7000 4K microscope (Keyence Corporation, Osaka, Japan) with an 
accuracy of 0.001 mm and up to 500X magnification to measure the scan line/melt pool width 
(Wm). 

 

Figure 3 Scan line width measurement across multiple circular geometries where different line widths are observed for the same 

commanded speed.   
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Figure 4 shows the actual speed calculation based on the previous Equation (1) and the 
commanded speed (1000m/s).  As observed, multiple regions show speed variations from 
commanded, especially in corners and circular shapes.  These speed profiles were adapted to 
analytical models to simulate the melt pool width across the entire scan path regions. 

 

Figure 4 Commanded  and actual speed at different scan path regions. The figure illustrates how the scan control introduce local 

variations under a single commanded speed. 

Figure 5 shows the experimentally measured line width (Wm) and the calculated speed at 
two scan path segments (straight and a circular path), where the commanded speed was set to 
1000/mms.  The scan line width measurement shows significant variations between the two 
segment paths, similar to the scan speed calculation obtained from the scan data, with almost 50% 
reduction from the commanded value at the circular shape.  The result highlights the scanner 
systems’ limitations and configurations in the scanning speed based on the geometry regarding the 
commanded set value. The results highlight the importance of integrating more accurate speed 
profiles when evaluating micro- and macro-scale regions, either with analytical or numerical 
models. 
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Figure 5 Line width and speed variations related to the geometric shape, both tracks were executed with the same commanded 

speed of 1000 mm/s, yet the actual speed locally dropped to ~520 mm/s for the wider track and stayed near 1000 mm/s for the 

narrower track. 

Figure 6 illustrates the experimental and predicted melt pool widths across multiple 
scanning speed values, derived from the commanded speed (1000m/s).  A calculated constant, ε = 
0.007321, was obtained from the regression model and the previous Equation (2), consolidating 
the material properties and process parameters of Stainless Steel 304.  The regression model shows 
a Mean Absolute Error (MAE) of 0.0036 mm, a Root Mean Square Error (RMSE) of 0.0051 mm, 
and a coefficient of determination (R²) of 0.8799, which are acceptable values for a first-order 
simulation. 

Figure 6 Melt pool width based on Experimental and predicted data. 

Figure 7 illustrates the simulated melt pool width along the entire scan path.  In addition to 
the observations from the previous Figure 5, variations in scanning speed significantly affect not 
only circular but also irregular paths, which both impact the scan path uniformity quality.   
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Figure 7 Melt pool width distribution across multiple scanning paths reflecting different speed regimes (steady straight scans, 

curved/accelerating regions, and dwell/overlap zones) that produce distinct energy input and, consequently, different melt-pool 

width. 

The effect of scan vector length on melt pool width can be observed as well by 
incorporating scan data into the analytical model, see Figure 8. Differences in melt pool width 
between short and long vectors produce morphology variations related to excessive energy input 
as discussed by Li et al. (2024). The simulations also captured melt pool width variations at the 
start and end of scan vectors, as well as in corner regions, where deviations reached up to 71.43%.  
These results emphasize qualification opportunities using scan data to assess the discrepancies 
between commanded and actual speed profiles, demonstrating how certain regions are susceptible 
to localized energy density fluctuations that can compromise part quality and consistency. 

 

 
Figure 8 Impact of vector length and cornering on simulated melt-pool width (constant command 1000 mm/s).  

950



 

 

3.1 Process-Driven Modeling Simulation  
Figure 9 shows the process-driven modeling simulation of two circular paths obtained 

using scan data position and melt pool width simulations.  For each discrete sample point along 
the scan trajectory, unit tangent and normal vectors were computed to accurately define local 
directions and offsets of the melt pool width.  These vectors facilitated the creation of a closed 
polygon, representing the melt-pool's width outline at each segment.  Delaunay triangulation was 
applied to convert these polygons into a structured mesh of triangles, enabling the representation 
of a continuous, accurately defined surface geometry.  Finally, the generated triangular mesh was 
exported as a binary Standard Triangle Language (STL) file using MATLAB's built-in 
triangulation and export function (stlwrite(triangulation(faces, vertices))). The generated model 
provides a baseline for a more suitable geometric representation for further simulations and macro-
scale qualifications.  

 

 

 
Figure 9 Process-driven modeling example using accurate paths and speed profiles.  

Differences between Finite Element Analysis and the experimental results when 
performing mechanical evaluations in PBF-LB/M produced parts have been described by multiple 
authors, with special interest in small complex features such as those used in lattice structures.  
Process-induced defects, such as porosity or geometry variations, have been introduced into the 
Finite Element Models to improve the agreement between the simulation and experimental results.  
XCT data containing the process anomalies is typically used as a reference to induce defects into 
these models and improve the accuracy results.45,46  Figure 10 shows a Finite Element Analysis of 
an angled segment (<5mm) focusing on the corner section using the designed or nominal geometry 
and process-driven geometry simulation described in the previous section.  As shown, by using 
accurate process-driven scan paths and speed profiles, significant variations were observed 
between these two models. These results highlight the opportunities of scanning data induced 
defects into FEM to enhance the qualifications accuracy in a macro -scales approaches. 
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Figure 10 Comparison of the nominal and process design models used for the Finite Element analysis in a corner region.   

4.0 Discussion 
Scanning data has been used to characterize the overall performance of the scanning system 

and for calibration purposes, but not to correlate process defects such as porosity.47–49  One 
advantage of evaluate scanner data is overcoming the unknown inner configuration and limitations 
of the scanning system, since many manufacturers do not provide access to these critical parameter 
configurations such as polygon delay, one of the key functions defining the scanner's influence on 
irregular geometries or mark delay another essential parameter, assigning the time required for the 
scanner system to switch between vectors that has been linked by researchers to porosity-related 
defects, such as keyhole formation.50,51  Thus, the integration of scanning data and derived speed 
calculations can enhance part qualification by more accurately reflecting the thermal history and 
variations in melt pool morphology.  The limitation of this qualification approach lies in the 
complex interaction between the laser scanning system and the powder bed, including factors such 
as powder uniformity, spatter particles, and other stochastic events, in consequence, these 
interactions must be accounted for to provide a more complete description of the (PBF-LB/M) 
process.  Therefore, by coupling current in situ monitoring methods, such as optical, thermal, or 
acoustic techniques, with scanner data that includes scanning speed variations and positional 
information, process qualification can be enhanced and validated. 

5.0 Conclusion and Future Work 
In this study, scanning data has been collected with a custom device installed in an EOS 

machine.  Scanner data positions were used to calculate speed profiles across multiple path 
geometries, including circles and angled paths. Experimental data was obtained by scanning the 
geometry in a Stainless-Steel plate without powder to isolate the scanner’s behavior from other 
process interactions.  The study used a correlation between speed and power and a constant factor 
that integrates material properties and process parameters to estimate the melt pool width.  This 
method allows practical experimental evaluation of use of scan data integration in melt pool 
predictions and qualifications.  A macro-scale qualification approach was proposed based on 
process-driven modeling, containing data positions and melt pool width.   
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Speed variations up to 50% from the commanded speed (1000m/s) in some geometries and 
path sections were found and highlight the importance of more representative scan speed profiles 
used for micro and macro-scale qualifications.  Similarly, process-driven modeling containing 
representative speed profiles and scan paths could provide first-order models that can be used for 
Finite Element Analysis to improve mechanical performance predictions.   

In conclusion, scanner data can be integrated into micro and macro qualification techniques 
and offers a practical and efficient strategy for improving accuracy and confidence in qualification 
methods.  From an industry perspective, scan data qualification provides a low-cost process 
qualification technique that can be run without powder or coupons. Further work will be dedicated 
to the integration of scanner data with additional in-situ monitoring techniques, such as optical and 
thermal-based, and machine learning methods for enhanced process defect detection and 
prediction in micro and macro scale approaches.  
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