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Abstract. Pores are the inevitable concomitant in the current state of laser powder bed fusion (PBF-
LB/M) of AISI10Mg components. Various pore characteristics, such as pore size and pore shape,
influence the quality and affect the intended functionality of the component. Today, the experimental
effort to find the appropriate process parameters for additive manufacturing (AM) results in high costs
and long time-to-market. Pore formation is highly dependent on the applied process parameters.
Consequently, pores can also be seen as an individual process fingerprint. Computed tomography is
a commonly used measurement tool for AM components and can be used to comprehensively
investigate process-induced defects. Furthermore, X-ray data allows an accurate categorisation of
pores and provides a large amount of labelled data for supervised learning applications. The applied
classification method classifies the pores into six classes (A-F) according to their shape and size. A
total number of 3,066,249 pores detected in cylindrical samples were categorised and used for
machine learning. The purpose of this work is to demonstrate an approach for predicting AM process
parameters depending on the resulting pore distribution using supervised learning methods. The result
is an expandable machine learning model based on an artificial neural network.

Introduction

Previous studies have focused extensively on investigating the types and origins of pores in the
PBF-LB/M process [1-6]. However, porosity remains a common by-product of laser powder bed
fusion of Al alloys. Three types of pores have been identified as the most common, which can be
categorised into spherical and irregularly shaped classes. Spherical pores are recognised as either
hydrogen-induced or keyhole pores, while the so-called lack of fusion porosity has a highly irregular
shape. On the one hand, the formation of these types of pores can provide valuable insights into the
process conditions and influence the mechanical properties of the final product. Several research
reports have been published on process optimisation of the PBF-LB/M process using AlSil0Mg
[2,4,7-10]. On the other hand, computed tomography appears to be a suitable technology for the
collection of pore data, particularly in case of aluminium alloys. Many previous studies have
demonstrated the accuracy of X-ray data for defect detection and pore distribution analysis [11-14].
For classification tasks, supervised machine learning offers a promising approach. The proposed
method involves training a neural network with labelled pore data from the X-ray scans and process
parameters. The goal is to predict process parameters based on the resulting pore distribution.

Methods

The cylindrical specimens, analysed in this study, were fabricated at FIT AG using the SLM500
PBF-LB/M machine (SLM Solutions, Liibeck, Germany). The machine is equipped with a Nd:YAG
laser (A = 1064 nm) that has a maximum laser output of 400 W, with the working point usually set at
350 W. All specimens were built using AlSilOMg powder (Tekna Advanced Materials Inc.,
Sherbrooke, Canada). The specimen orientation was chosen to be vertical to the building platform.
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The chemical composition of the powder used in this study can be seen exemplarily in Nudelis et al.
[15]. A total of 32 PBF-LB/M parameter sets were evaluated to determine their impact on pore
formation. The scanning speed v (1000 mm/s, 1250 mm/s, 1500 mm/s, 1750 mm/s), the hatch distance
h (0.125 mm, 0.15 mm, 0.175mm, 0.2 mm) and the layer thickness # (30 um, 40 um, 60 pm, 80 pm)
were varied. Finally, 3,066,249 pores from 96 cylindrical specimens formed the pore database. Each
parameter set is represented by 3 specimens. These pores were then used to train the neural network.
A simple cylindrical specimen geometry (10 mm diameter, 18 mm height) was chosen for the X-ray
scans to facilitate consistent scanning with minimal CT-artifacts. A Diondo d2 microfocus CT-system
(Hattingen, Germany) with a minimum voxel size of 9.659 pm? was used for scanning. The specimen
was rotated 360° in 1500 projections, with an integration time of 1.4 seconds per projection, using a
power output of 9.5 W and a voltage of 190 kV. The raw CT data were reconstructed into a 3D model
using VGSTUDIO MAX 3.1.0 64 by (Volume graphics, Heidelberg, Germany). Porosity analysis
was carried out using the VGDefx algorithm, with a region of interest (ROI) of 785.4 mm?>.

Table 1. Parameter sets for additional generalisation check

Parameter Set Scanning Speed [mm/s] Hatch Distance [mm] | Layer Thickness [um]
1 1125 0.1275 35
2 1600 0.17 35
3 1400 0.155 70
4 1200 0.12 70
5 1700 0.19 70

The neural network approach was chosen in order to allow reliable process parameter or pore class
prediction using supervised machine learning. The fully-connected neural network deals with a multi-
class classification problem [16] for predicting pore types. All neurons within the hidden layers are
connected with the log-sigmoid transfer function [17]. This ensures that there are no negative outputs,
which are simply not present in this type of classification. Additionally, the log-sigmoid transfer
function normalises the input to a finite range of positive values between 0 and 1. The log-sig function
1s also differentiable, which is essential for the multi-layer backpropagation network [17] used in this
work. The output layer employs the softmax transfer function [17] to generate the final classification
result. As input, the neural network takes the layer thickness (um), the hatch distance (mm) and the
scanning speed (mm/s). The output consists of the resulting pore classes A-F, as defined by the
classification method in Nudelis et al. [18]. The optimal configuration of the neural network,
including the number of layers and neurons per layer, is determined using the grid search technique
[19]. The number of layers is varied incrementally from 1 to 5, while the number of neurons per layer
ranges from 1 to 20. Finally, performance metrics such as Brier-score [20], the area under the ROC
curve (AUC) [21] and cross-entropy are utilised to evaluate the neural network variants. Matlab
R2021b (Natick, MA, USA) was used to create the neural network. The transfer, performance,
training and initialisation functions are set as constant hyperparameters. The cross-entropy served as
a performance function, while the scaled conjugate gradient backpropagation (trainscg) was used as
the training function [22]. The networks are trained on the training data set (70 %) until the
performance on the validation data set (15 %) starts to decrease, indicating that the generalisation
ability of the network has reached its peak. Additionally, the test data set (15 %) is reserved for an
independent assessment of the network’s generalisation. The data are randomised before being split
into training, validation and test data sets. The Nguyen-Widrow layer initialisation function (initnw)
was used to initialise the weights and biases of the layer. This function is based on Nguyen et al. [23].
Due to the lack of data variation, an additional generalisation check on new data (5 unknown
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parameter variations) is performed as well (Table 1). The average deviation (error) between these
measured and predicted values must be as small as possible.

Results and Discussion

Hyperparameter optimisation was carried out to investigate the impact of varying the number of
hidden layers (1-5) and neurons (1-20) on the performance of the network. Several performance
metrics, including area under the ROC curve (AUC), the Brier-score and the cross-entropy were used
to evaluate the network. All classification networks were successfully trained. The best fully-
connected network consisted of 1 hidden layer and 9 neurons per layer and showed an AUC of 0.6280,
a Brier-score of 0.1072 and cross-entropies of 0.1989 - 0.1992 for the training, test and validation
sets. Further explanation of the meaning of the performance metrics can be found in [20-21]. The
generalisation check reached an average deviation of 1.04 %. The designed neural network is capable
of predicting several million combinations of process parameters based on the pore type distribution.
The network was trained using typical parameter ranges for PBF-LB/M with AlSi10Mg (Fig. 1).
These ranges were also used for the following parameter predictions. Assuming that the scanning
speed can be set in 750 increments (ranging from 1000 mm/s to 1750 mm/s in 1 mm/s steps), the
hatch distance in 300 increments (ranging from 0.125 mm to 0.2 mm in 0.00025 mm steps) and the
layer thickness in 200 increments (ranging from 30 pm to 80 pm in 0.25 pm steps). This would result
in 45,000,000 predictable parameter combinations, each with corresponding pore type distributions.

Machine Learning
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Fig. 1. lllustration of the initial parameter space and the prediction space after the machine learning
process. Input values are the scanning speed, layer thickness and hatch distance. Output values are
the pore types A-F.

It is obvious that not all of these combinations can be visualised, which is why the 5 unknown
parameter cases from the generalisation check are used for the following prediction example. Figure
2 shows the predicted results, divided into 9 parameter cases, where only one parameter is varied
while the others remain constant. The predictions follow the same trends as the measurements, which
represent unknown data for the used network. Nevertheless, there may be discrepancies between the
predictions and the real behaviour due to lack of data. Process parameters are undoubtedly crucial in
the context of part quality [2,4,7,24]. However, several other influences contribute to the final part
quality, including powder characteristics, machine equipment, finishing processes and part
geometries [25]. This work only considers a limited number of process parameters. Additional inputs
must be generated to improve the predictive capabilities. Further discrepancies may occur due to
missing information. Any changes in powder characteristics, material or manufacturing technology
may lead to deviations between predicted and actual results. The networks were trained solely on
virgin AlS110Mg powder from the same supplier, processed using SLM500 machines. Moreover,



62 Achivements in Additive Manufacturing

predictions closer to known parameter data sets or industrial conditions are expected to yield better
results than those in completely unknown parameter ranges.
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Fig. 2. Pore class prediction of 9 parameter cases (varied scanning speeds (v), hatch
distances(h) and layer thicknesses (t))

Conclusion

Additive manufacturing is recognised for its design freedom, flexibility and numerous other
benefits [26-27]. However, challenges related to reproducibility and functionality still limit the
potential of AM and hinder its widespread adoption in many industries. Supervised machine learning
can help to overcome quality constraints, reduce costs and time-to-market. The developed machine-
learning based prediction model offers a flexible and cost-effective solution for customised AM-
projects.
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Nevertheless, further research should expand the current models to include a greater number of
parameter variations, as well as other significant influencing factors such as powder characteristics,
other manufacturing technologies and materials and additional human or process-related influences.
A greater number and variety of data will lead to better generalisation and reduce the number of
incorrect predictions.
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