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Abstract: The design against fatigue failures of Additively Manufactured (AM) components is
a fundamental research topic for industries and universities. The fatigue response of AM parts
is driven by manufacturing defects, which contribute to the experimental scatter and are strongly
dependent on the process parameters, making the design process rather complex. The most effective
design procedure would involve the assessment of the defect population and the defect size distribu-
tion directly from the process parameters. However, the number of process parameters is wide and
the assessment of a direct relationship between them and the defect population would require an
unfeasible number of expensive experimental tests. These multivariate problems can be effectively
managed by Machine Learning (ML) algorithms. In this paper, two ML algorithms for assessing the
most critical defect in parts produced by means of the Selective Laser Melting (SLM) process are
developed. The probability of a defect with a specific size and the location and scale parameters of
the statistical distribution of the defect size, assumed to follow a Largest Extreme Value Distribution,
are estimated directly from the SLM process parameters. Both approaches have been validated using
literature data obtained by testing the AlSi10Mg and the Ti6Al4V alloy, proving their effectiveness
and predicting capability.

Keywords: machine learning; supervised feed-forward neural networks (FFNNs); fatigue design;
Additive Manufacturing; AlSi10Mg alloy; Ti6Al4V alloy

1. Introduction

The assessment of the fatigue response of components produced through Additive
Manufacturing (AM) processes is a challenging topic for researchers. The main issue is that
manufacturing defects (e.g., lack of fusion and porosities) drive the fatigue response of AM
parts, typically characterized by a large experimental scatter and lower strength compared
to that of traditionally built parts [1-3]. Defining reliable fatigue design methodologies is
mandatory to extend the use of AM components even in critical structural applications and
to further boost their diffusion.

According to the literature, the size of manufacturing defects is the main factor af-
fecting the fatigue response [4—6]. For defects with irregular morphology, typical of AM
parts, an equivalent size can be considered, e.g., following the rules reported in [4,5] and
based on the fracture mechanics approach. Given the defect size, different damage-tolerant
methodologies can be reliably employed [4,7-9] to design components. However, the
main challenge for a safe design is predicting the most critical defect that will appear in
the component during manufacturing. For example, micro-CT inspections provide the
population of defects, but this approach is not effective since it can only be applied after
having produced the part, whose safety against fatigue loads should have been already
verified in the design stage. Alternatively, the critical defect in the component volume
can be predicted if the defect distribution is available or has been estimated from fatigue
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tests and following analyses of the fracture surfaces. This approach is effective only if the
part will be produced with the same process parameters, since the defect population is
strongly dependent on them [6,10,11]. The correlation between the process parameters
and the defect population should therefore be assessed. However, the number of process
parameters for manufacturing AM parts is large, e.g., at least five for the Selective Laser
Melting (SLM) process, one of the most used AM techniques. Accordingly, a correlation
and, above all, the interactions between different process parameters and the critical de-
fect cannot be experimentally detected, since an unfeasible number of experimental tests
would be required. On the other hand, this multivariate problem concerning the fatigue
response of AM parts can be effectively managed with Machine Learning (ML) algorithms.
In the literature, ML algorithms have been increasingly used for dealing with the defect
population and, in general, the fatigue response of AM components. For example, in [12],
an ML methodology trained on artificial data is exploited to assess the fatigue limit of
AM Ti6Al4V and SS316L alloys. The influence of process parameters is embedded in the
computational approach used to generate data. In [13], the efficiency of both shallow and
deep neural networks in predicting the effect of thermal and shot peening post-treatment
on the fatigue life of AM AlSilOMg parts is investigated. The models are trained on the
experimental data of notched specimens produced with a specific set of printing parameters.
In [14], a probabilistic physics-guided model for the prediction of the stress-life relation-
ship of SLM Ti6Al4V starting from process parameters is defined, with soft constraints
on the S-N curve trend imposed and without accounting for the defect influence. In [15],
an Artificial Neural Network (ANN) is developed to assess the lowest stress to be used
for the design of AM components starting from the material hardness and the defect size.
In [16], a Physics-Informed ML algorithm is developed for the prediction of the fatigue
life of AM components. Phenomenological constraints based on Linear Elastic Fracture
Mechanics are embedded in the developed algorithm, making it appropriate even when
the dataset for training is limited. Moreover, prediction bands in place of deterministic
predictions are effectively considered to account for all the source uncertainty typical of
the AM fatigue response. In [17], a reinforcement ML algorithm is developed to assess
the posterior distribution of the fatigue strength of an AM AlSil12 alloy. The Bayesian
inferential statistics and the Metropolis Monte Carlo algorithms are used. The model
has been validated on AlSil2 alloy results obtained through tests up to the Very High
Cycle Fatigue (VHCF) life region. In [18], the fatigue life of AM AlSi10Mg specimens
is predicted by using Continuous-Damage-Mechanics (CDM)-informed ML algorithms.
In [19], the fatigue life of AM components is predicted starting from the process parameters
with an NN algorithm and a Physics-Informed NN algorithm based on the Murakami
theory [4], to model the influence of defect size and microstructure. The developed ML
algorithms have been validated on AlSi10Mg literature experimental datasets. In [20],
Artificial Neural Network (ANN), Support Vector Machine (SVR) and Random Forest (RF)
models are employed to investigate the influence of defects on the High Cycle Fatigue
(HCF)-VHCEF response of AM AlSi10Mg specimens. Moreover, these algorithms have been
used to predict the VHCEF life from the layer thickness process parameter, the stress ratio
and the defect properties. In [21], the fatigue life of an industrial AM Ti6Al4V demonstrator
is predicted with a simulation-based approach and by employing a supervised Machine
Learning algorithm. According to this literature review, ML algorithms can be reliably
employed for the assessment of the fatigue response of AM components, with promising
results. Approaches based on ML algorithms allow for simplifying the design against
fatigue failures of AM components by exploiting already-available literature data and by
embedding physical and phenomenological models, if the data for the training process
are limited.

In this paper, ML algorithms are employed to estimate the most critical defect in a part
to be produced by SLM. The process parameters and the component volume are considered
as the input of the developed Neural Network (NN) architecture. By also considering
the component volume as an NN input, the dependence between the defect size and the
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part volume is also accounted for, i.e., the size effect is reliably modelled. The influence of
surface roughness has not been accounted for, even if it is widely known that it significantly
affects the fatigue response of AM parts and is among the most detrimental factors [5].
However, the surface roughness can be controlled through appropriate surface treatments.
On the other hand, the focus of the present work is to estimate rare and large defects that
randomly form in parts produced with optimized process parameters and contribute to
lower the fatigue response of AM parts even if characterized by the same roughness of
traditionally built parts.

Two approaches are followed for designing the NN architectures: the first one provides
the probability of a defect with a specific size for a set of process parameters and the part
volume. The second one provides the location and the scale parameters of the statistical
distribution of the defect size, assumed to follow a Largest Extreme Value Distribution
(LEVD) for a set of process parameters and the part volume. Both approaches have been
validated on literature data obtained by testing the AlSil0Mg and the Ti6Al4V alloy.

It must be noted that several works proposing ML algorithms for the structural
integrity of components have been proposed in the last years, but those focusing on the
fatigue response of AM components are the ones previously analyzed, to the authors’ best
knowledge. However, none of these models aims at predicting the defect size starting
from the process parameters. Indeed, the defect population is strongly dependent on the
process parameters and the most effective damage-tolerant fatigue design should start
from the process parameters. This idea and its implementation through the developed ML
algorithms open the path to an innovative way of designing AM components.

2. Machine Learning and Defect Size: Algorithms

In this Section, the Machine Learning algorithms developed to predict the defect size
are described in detail. Section 2.1 focuses on defects typical of AM components and on their
statistical distribution. In Section 2.2, details on the ML input data and the characteristics of
the training dataset are provided. In Section 2.3, the ML algorithms developed to assess the
probability of a specific defect size (Section 2.3.1) and the location and the scale parameters
of the LEVD followed by the defect size random variable (Section 2.3.2) are described.
Finally, Section 2.4 focuses on the procedure followed to validate the ML algorithms,
i.e., the k-fold cross-validation scheme.

2.1. Defects in AM Components

The main reason for the lower fatigue response of AM parts, if compared to that of
traditionally built components, is the formation of large manufacturing defects during
the AM process. Defects are well-known to significantly affect the fatigue response, since
they act as stress concentrators and enhance the crack nucleation process. For this reason,
a damage-tolerant approach should be employed when AM components are to be designed,
with the influence of defects that cannot be neglected to ensure a safe design. Figure 1 shows
the most common AM defects, pores (Figure 1a) and lack of fusion defects (Figure 1b).

In order to properly apply the damage-tolerant approaches developed in the literature,
the defect size in the component should be known or reliably predicted. According to [4],
the defect size, rather than the defect type or morphology, mainly affects the fatigue
response. In particular, the area of the defect projected in a direction perpendicular to the
maximum applied stress can be considered as the characteristic defect size, /4., and for the
analysis of the fatigue response. It is of utmost importance, therefore, to properly measure
or predict the /4. parameter in components. Moreover, according to [4], an equivalent
defect size can be estimated for defects with complex shapes, by considering the fracture
mechanics approach. In the following, therefore, the |/a, parameter is considered as the
characteristic defect size and will be employed for the developed ML algorithms.
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Figure 1. Typical defects in AM parts: (a) pores; (b) lack of fusion defect.

This work and, in general, design methodologies against the fatigue failure of AM
parts, focus on the most critical defect, or the killer defect, which is the one originating the
fatigue failure. The most effective procedure for assessing the population of critical defects
is by analyzing the defects originating the fatigue failure in specimens subjected to fatigue
tests. The population of defects can be also measured through micro-CT inspections, which
provide reliable information on the defect population, but do not allow an assessment of
the most critical defect in the inspected specimen or part. In this case, the largest defect
can be considered the most critical, even if, according to [22], the largest defect may not
necessarily be the killer defect.

In the following, according to [4], 1/ac is assumed to follow a LEVD distribution,
whose cumulative distribution function (cdf) is given by:

F _ 7€_<¢> 1
VA =¢ @

where y and ¢ are the location and the scale parameters. Equation (1) has been proven
to properly work for AM defects [5] and allows us to reliably compute the probability
associated with a defect with an equivalent size equal to \/a.. The location and the scale
parameters ¢ and ¢ should be estimated experimentally and are strongly dependent on the
process parameters, as discussed in the following Section.

2.2. Process Parameters and Defects in AM Components

The objective of the present work is to assess the probability associated with a defect
with a specific size or the defect size distribution for a given set of process parameters
used in the SLM process. Indeed, the defect population is mainly controlled by the set of
process parameters adopted to manufacture the components [6,11]. Given the defect size
expected in the component volume, or its probability of occurrence, the component can be
reliably designed with the available damage-tolerant approaches employed in the literature.
However, the estimation of the defect size in the component volume requires expensive and
time-consuming experimental tests or micro-CT inspections, which can only be performed
after having manufactured the parts. By employing ML algorithms, the defect distribution
can be assessed beforehand, overcoming the above-mentioned criticalities.

The following process parameters are considered as the input of developed
neural networks:

e  Building orientation: several experimental results have proved the influence of the
building orientation on the defect size and, accordingly, on the fatigue strength. In
the following, with 0° and 90° the authors refer to a building orientation with the
specimen axis parallel and perpendicular to the building platform (horizontal and
vertical building orientation), respectively [23,24].
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e  Power and scan speed: these two parameters are strongly correlated, since the energy
per unit length, dependent on both input power and scan speed, controls the formation
of pores or lack of fusion defects [25].

e  Hatch distance: the hatch distance has proven to significantly affect the defect size.
Indeed, the defect size tends to reduce as the hatch distance is reduced [9,26], and
large hatch distances can be responsible for the formation of large pores, according
to [26].

Layer thickness: this parameter is known to affect the defect density [11,27].

Powder size: the powder size affects the defect formation. For example, in [28,29], it
has been shown that defects tend to be larger in parts produced with smaller powder,
thus affecting the fatigue response. In the following analysis, the average powder size
has been considered as the input parameter for the developed ML algorithms.

These process parameters mainly affect the defect size population and, accordingly,
the fatigue response. Together with the process parameters, another important factor to
be considered for a damage-tolerant design against fatigue failures is the loaded volume.
Indeed, according to [4], the larger the material volume, the larger the probability of
more critical defects. In other words, the likelihood of large defects increases in large
material volumes. This is a well-known size effect [30]. Accordingly, the loaded volume
must necessarily be considered as the input of the developed ML algorithm, since the
objective of this work is to assess the most critical defect for the design of components.
In the following, the risk-volume, or the Vg, i.e., the material volume subjected to a stress
amplitude above 90% of the maximum applied stress, is considered as the loaded volume.
This parameter can reliably model the volume at risk of crack nucleation in components
subjected to fatigue loads [4]. Indeed, considering the whole component volume can be
rather conservative, since it has been shown experimentally that only the region subjected
to a stress amplitude close to the maximum stress is at risk of crack nucleation [4] and,
moreover, AM components are generally subjected to a non-uniform stress amplitude.

2.3. Neural Networks Architecture

In this Section, the architectures of the ML algorithms developed to estimate the
probability of a specific defect (Section 2.3.1) and the location and the scale parameters of
the defect size distribution, i.e., the LEVD distribution (Section 2.3.2), are described.

For both approaches, supervised feed-forward neural networks (FFNNs) have been
employed. FFNNSs are the simplest type of artificial neural network and aim at learning
a function that maps the input data to the output variables. This function is estimated
through a learning process based on the training dataset, which is composed of an input
object, generally a vector of input data, and by the expected outputs, i.e., the results
experimentally assessed given the input data. In detail, a FFNN is composed of N layers,
each one containing n operational blocks that are the so-called neurons. The hidden layers
are intermediate layers between the input and the output layers, and within them, the
following operation is carried out:

y=A(} wixi+Db) 2)

where x; is the output of the previous layer or the input variable of the NN, w; is the weight
that multiplies each input variable, b is the bias of the neuron, A(-) is the activation function
and y is the output of the layer, with i = 1...#n, where n is the number of neurons. w; and
b are the learnable parameters, whereas the number of neurons #n, the number of layers N
and the activation functions are the hyperparameters of the model. During the training
process, the learnable parameters are randomly initialized and their value is upgraded
with a back propagation scheme to optimize the loss function, which compares the NN
predicted output with the target output available in the training dataset. Practically, the
loss function measures the capability of the NN of modelling the training data. The back
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propagation is carried out iteratively in each epoch over a subset of data (i.e., the batch), to
minimize the loss function.

The above-described architecture should be designed to assess the set of trainable
parameters that minimize the loss function, i.e., that maximize the predictive capability of
the FENN. In particular, the number of layers, the number of neurons for each layer, the
number of epochs, and the batch size should be defined to maximize the performance of
the FFNN. For both FFNN described in Sections 2.3.1 and 2.3.2, the hyperparameters have
been optimized through an iterative process to achieve the best ML performances. The
Mean Square Error (MSE) loss function has been considered in both ML algorithms:

Zsz (gi*yﬂ

MSE = N,

®)

where N, is the batch size, y is the real output and y is the predicted output. Different loss
functions can be considered during the training and the validation process. However, the
MSE loss function has been selected for its regularization capability and since it “amplifies”
high errors and is less affected by small differences and deviations. For this application,
this is important since small deviations are accepted, due to the stochastic nature of the
phenomenon, whereas higher deviations are to be avoided and are properly “amplified”
by the MSE loss function.

7

2.3.1. NN Architecture: Probability of a Specific Defect Size (Probability ML)

The first developed ML algorithm, the Probability ML algorithm in the following,
provides in output the probability of a defect with size \/a.. Accordingly, the input
parameters are the SLM process parameters, the defect size /a. and the risk-volume V.
Figure 2 visualizes the input parameters and the output of the developed ML algorithms.

Hidden layers

Orientation Q

Power Q

Hatch O WA,

spacing .74

Speed O 5K ; Defect size
Y probability

Powder Q :

size mean i

Volume Q

Defect Q

size

Figure 2. ML algorithm which provides in output the probability associated with a defect with size
\/ac (Probability ML).

The developed NN is composed of three hidden layers and one output layer, the first
one with 100 neurons, the second one with 75 neurons and the third one with 50 neurons.
The number of hidden layers has been optimized to maximize the NN performance. Accord-
ingly, the number of hidden layers has been varied to find the configuration minimizing the
loss function for the set of the other selected hyperparameters. For each hidden layer, the
hyperbolic tangent activation function has been used, whereas for the output layer a linear
activation function has been considered. The activation functions have been carefully
chosen to provide the best performance and to minimize the average loss function. The
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other hyperparameters have been optimized depending on the material considered for
the validation.

2.3.2. NN Architecture: LEVD Distribution Parameters (LEVD ML)

In the second developed ML algorithm, LEVD ML algorithm in the following, the
input parameters are the process parameters and the risk volume, whereas the output
parameters are the location and the scale parameters of the LEVD followed by /a.. Figure 3
shows the input parameters and the output of the developed LEVD ML algorithm.

Hidden layers

Orientation Q
Power Q
Hatch Q Y LEVD location
spacing S parameter, u
Speed O X ; LEVD scale

: . paramter, o

Powder Q } . :

size mean

Volume Q

Figure 3. ML algorithm which provides in output the location and the scale parameters of the LEVD

of \/a. for a given set of process parameters and risk-volume.

Even for this second approach, the NN is composed of three hidden layers and
an output layer, the first one with 100 neurons, the second one with 75 neurons and the
third one with 50 neurons. The number of hidden layers has been optimized to maximize
the NN performance. Accordingly, the number of hidden layers has been varied to find the
configuration minimizing the loss function for the set of the other selected hyperparameters.
For each hidden layer, the hyperbolic tangent activation function has been used, whereas for
the output layer a linear activation function has been considered. The activation functions
have been carefully chosen to provide the best performance and to minimize the average
loss function. The other hyperparameters have been optimized depending on the material
considered for the validation.

2.4. k-Fold Cross Validation

The predicting capability of the developed ML algorithms has been validated with
a k-fold cross-validation procedure. Indeed, ML algorithms can be effectively employed
only if it can be shown that they can predict the output on datasets that have not been used
for the training. k-fold cross-validation ensures a reliable validation, especially for a limited
number of available data. According to this procedure, the input dataset is divided into
k subsets of data, called folds. The model is thereafter trained on all folds except one,
i.e.,, k — 1 folds, and thereafter the loss function is computed on the subset not used for
the training process. This resampling procedure provides an appropriate and reliable
validation of the ML algorithm and ensures that each fold is used as the validation dataset.
The training process is therefore iteratively repeated. For example, by considering five folds,
the dataset is subdivided into five folds. In the first iteration, the first fold (k = 1) is used as
the test dataset, whereas the other k — 1 folds are used as the training dataset. In the second
iteration, the second fold (k = 2) is used as the test dataset, whereas the other k — 1 folds
are used as the training dataset. The procedure ended when each fold is used as the testing
dataset. Figure 4 helps to clarify the k-fold cross-validation procedure, by considering
five folds.
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1st Validation Training Training Training Training
_’8‘ 2nd Training Validation Training Training Training
g
<
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g
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Figure 4. k-fold cross validation procedure: example with 5 folds.

3. Experimental Validation

In this Section, the ML algorithms described in Section 2 are validated using experi-
mental data from the literature. Section 3.1 focuses on the validation on SLM AlSi10Mg
data, whereas Section 3.2 focuses on the validation of SLM Ti6Al4V literature data.

The experimental data for the AlSil0OMg and the Ti6Al4V alloy have been digitized
with the software Engauge from images in the original papers, if not available in tabular
form. For the analysis, literature papers, where the defect sizes and the process parameters
described in Section 2.2 were available, have been considered. Since the focus of the pro-
posed approaches are the critical defects, i.e., those controlling the fatigue response and
from which the crack initiates, defects at the origin of the fatigue failures after experimental
tests have been considered. The risk-volume of dog-bone specimens subjected to conven-
tional fatigue axial tests has been computed analytically by considering the gage section
and the gage length. The risk-volume of hourglass specimens subjected to conventional
axial fatigue tests or of specimens subjected to ultrasonic fatigue tests has been computed
through Finite Element Analyses (FEAs), starting from the specimen geometry reported
in the original paper. For the validation of the LEVD ML approach, the location and scale
parameters of the original datasets and for a given set of process parameters have been
estimated by applying the Maximum Likelihood Principle and by considering the LEVD
truncated to 0 um, i.e., by implying that defects cannot have a negative size, according
to [31]. The experimental probabilities for the defect sizes contained in each dataset have
been computed with Benard’s approximation for Median Ranks [32].

In the following analyses, the number of folds has been selected depending on the
datasets and on the number of available data, to have enough data for an effective training
and a reliable validation. Accordingly, for the Probability ML the number of folds has been
selected to have at least 24 data for the validation, whereas for the LEVD ML the number
of folds has been selected to have at least two datasets within each validation fold for the
majority number of folds (in particular, due to the number of available datasets, three folds
for the Ti6Al4V alloy have one dataset for the validation). The split ratio between training
and validation data is given by the reciprocal of the number of folds.

For the sake of clarity, in the following figures for the validation of the Probability
ML algorithm, “ML predicted” refers to the probabilities predicted with the Probability
ML, whereas “Experimental” refers to the experimental probability. In the figure for the
validation of the LEVD ML, “Experimental fit” and “ML fit” refers to the LEVD estimated
experimentally and with the developed ML algorithm, respectively.



Appl. Sci. 2023,13, 4294

9o0f21

3.1. AlSi10Mg Validation

This Section focuses on the validation of the Probability ML and LEVD ML algorithms
on SLM AlSi10Mg datasets [30,33-36]. In Figure 5, the experimental datasets considered
for the validation are reported in a Gumbel plot.
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Figure 5. AlSi10Mg datasets considered for the validation of the proposed ML algorithms.

According to Figure 5, the experimental defects show a large scatter, thus highlighting
the influence of the investigated process parameters on the fatigue response and justifying
the use of ML algorithms for solving this problem concerning the structural integrity of
SLM parts. Defects are characterized by sizes ranging from 40 pm up to 1000 pm, even if
only two datasets out of twenty show defects with sizes above 400 um. The defects in [30]
were experimentally obtained by the authors. The data in [34,35] were available in tabular
form. The experimental data in [36] were randomly simulated starting from the parameters
of the LEVD distribution for machined specimens. Therefore, for these experimental data,
a “digitization error” is excluded. On the other hand, the experimental datasets in [33]
were retrieved by using the Engauge Digitizer software. A digitization error cannot be
excluded for these datasets. However, it should be noted that the objective of Section 3 is to
validate Machine Learning algorithms and a small error in the digitization of the defect
size can be accepted, having limited influence on the validation process.

Table 1 summarizes the process parameter and the risk-volume ranges of the
investigated datasets.

Table 1. Range of process parameters for the datasets on AlSil0Mg considered for the validation of
the developed ML algorithms.

Orientation Power Speed Hatch Distance  Layer Thickness = Average Powder Size Risk Volume
(W] [mm/s] [ nm] [ um] [um] [mm?]
[0, 90] [220, 380] [600, 1650] [130, 190] [30, 60] [30, 41.5] [250, 2300]

3.1.1. Probability ML Validation

In this Section, the Probability ML approach is validated. Figure 6 plots the loss
function in function of the k-fold considered for the validation. For example, k = 3 means
that the third subset has been considered as the validation dataset. According to the k-fold
validation scheme, the data available in each validation fold is at least 24, thus providing
a reliable validation.
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Loss function

1 2 3 4 5 6 7 8
k — fold

Figure 6. k-fold cross-validation: loss function with respect to the k-fold considered for the validation.

According to Figure 6, the trend is almost constant and flat, with the loss function
below 0.2 for all folds, except for the first one, characterized by a loss function above 2.5.
This means that the developed ML algorithm works well for the investigated dataset, but
for one fold, it has a low predicting capability.

Figure 7 shows the Gumbel plot for the validation (Figure 7a) fold and a training
fold (Figure 7b) for k =1, i.e., the validation fold for which the loss function reaches its
maximum value and where the Probability ML shows, therefore, its worst performance.
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Figure 7. Gumbel plot for k = 1; (a) validation dataset; (b) training data.

According to Figure 7a, the predicted probabilities are not conservative, with the
Probability ML algorithm providing larger probabilities and with the predicted data above
the experimental data. Indeed, the ML-predicted probability of a defect smaller than ,/a. is
larger (with therefore a smaller probability of defects with a size larger than /a.), being
theML predictions less-safe. The percent error, i.e., the difference between the predicted
probability and the experimental one, normalized by the experimental probability has
also been adopted to quantify the error in the prediction. The percentage error has been
found in the range [5.2, 1310]%, with a median value of 94%. As expected, the percentage
error is very large, especially for small defect sizes where it reaches its maximum. Indeed,
the difference range reduces to [5.2, 605]%, with the median value equal to 81%, without
considering the smallest defect. However, it must be noted that this validation dataset is
the one showing anomalous behavior, i.e., the one with defects significantly larger than
those found in other datasets (Figure 5). This could be the reason for the large differences
in Figure 7a and the predicting capability can be enhanced by increasing the number of
training datasets covering the range of ,/a. above 400 pm. On the other hand, the ML and
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the experimental probabilities for the training dataset in Figure 7b overlap, with negligible
differences (percent difference in the range [0.6, 15.6]%, with a median value equal to 2.4).

Figure 8 shows the Gumbel plots for the validation dataset for k = 4, i.e., one of the
validation folds characterized by a loss function below 0.2. Figure 8b shows the Probability—
Probability plot, with the abscissa axis reporting the experimental probability, Pexp, and the
ordinate axis reporting the probability estimated with the ML algorithm, Pest, for k = 4 and
by considering the training and the validation data.
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Figure 8. Validation of the investigated Probability ML algorithm: (a) Gumbel plot for the validation
dataset for k = 4; (b) P-P plot for k = 4 by considering the training and the validation data.

According to Figure 8a, the ML probabilities are in good agreement with the ex-
perimental data for k = 4, with limited differences. The percent difference is in the
range [2.5, 212.5]%, with a median value of 64%. Unexpectedly, the range is quite large,
with the largest differences found for defects smaller than 40 um. Indeed, if the defects
smaller than 40 pm are not considered, the range is significantly reduced, i.e., [2.5, 51]%,
with the median value equal to 13%, proving that the Probability ML has high predicting
capabilities, with however possible small deviations in specific defect size ranges. Since
other validation folds are characterized by similar loss functions, it can be concluded that
the Probability ML algorithm also performs properly for them. The probability plot in
Figure 8b further confirms the validity of the developed approach, with all the training and
validation data concentrated close to the bisector.

3.1.2. LEVD ML Algorithm: Validation

In this Section, the LEVD ML algorithm (Section 2.3.2) is validated on AlSi10Mg data.
Figure 9 plots the loss function with respect to the k-fold considered for the validation.

0.3

0.25 ¢

Loss function

k — fold

Figure 9. k-fold cross-validation for the LEVD ML: loss function with respect to the k-fold considered
for the validation.
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According to Figure 9, the loss function is almost flat and below 0.2 for all the consid-
ered folds, except for fourth fold. Accordingly, the LEVD ML has averagely good predicting
capabilities on validation datasets.

Figure 10 shows the Gumbel plot for the validation (Figure 10a) and a training
(Figure 10b) fold for k = 4, i.e., the validation fold for which the loss function reaches
its maximum. In Figure 10 and in the following Figures, Rgxp and R, refer to the co-
efficient of determination computed by considering the experimental fit and the ML fit,
respectively.
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Figure 10. Gumbel plot for k = 4; (a) validation dataset; (b) training dataset.

According to Figure 10a, the ML LEVD is in good agreement with the experimental
LEVD and provides an acceptable prediction, even if characterized by a higher slope. The
Rgxp and R%,; are very close, being equal to 0.94 and 0.93, respectively, thus confirming the
effectiveness of the prediction. The predictive capability of this approach can be further
improved by increasing the number of datasets available for the training. The experimental
and the ML LEVD for the training dataset are close and tend to overlap, providing the
same R%xp and R%,; values.

An interesting further validation can be carried out by verifying the capability of the
ML algorithm of predicting the LEVD variation with the risk-volume, and thus of modelling
size effect. This can be done by considering the dataset in [30]. Indeed, experimental tests
in [30] have been carried out on specimens produced with the same process parameters,
but with horizontal and vertical building orientations and with different risk volumes
(200 mm3 and 2300 mm?3). Figure 11 shows the Gumbel plot of experimental data in [30]
for defects measured on the fracture surfaces of specimens built in a horizontal (Figure 11a)
and vertical direction (Figure 11b) and with a risk volume of 2300 mm?. These are the
validation datasets for k = 2 (Figure 11a) and k = 3 (Figure 11b), and therefore have not
been considered for the training. In Figure 11, the blue line is the LEVD estimated from the
experimental data, whereas the green line is the ML LEVD.

According to Figure 11, the predicted LEVDs are in good agreement with the experi-
mental data and with experimental LEVD. In Figure 11a, Rgxp and R%,; are close and are
equal to 0.87 and 0.80, respectively. The percent differences between the location and the
scale parameters, computed as the difference between the experimental and the ML values,
normalized by the experimental values, are equal to 5.1% and 7.8%, respectively. The differ-
ence tends to be larger for vertical specimens (Figure 11b), for which szp, equal to 0.84, is
larger than the R3,; value, equal to 0.44. This decrement can be explained by analyzing the
percentage difference between the location and the scale parameters, equal to 19.6% and
12.8%, respectively, with the ML fit being shifted rightward with respect to the experimental
curve. However, in both cases, the predicted values are close to the experimental ones and
the differences are in an acceptable range. This validation confirms the capability of the
LEVD ML algorithm of modelling size effect, which has a fundamental importance when
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components are designed, since datasets on defect size are obtained with experimental tests
on specimens with small volumes, whereas components are characterized by significantly
larger risk volumes.
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Figure 11. Analysis of the capability of ML LEVD of predicting size effect: (a) Gumbel plot for k = 2,
showing the validation fold obtained through tests on horizontal specimens with a risk volume of
2300 mm?. (b) Gumbel plot for k = 3, showing the validation fold obtained through tests on vertical
specimens with a risk volume of 2300 mm?3.

3.2. TibAl4V Validation

In this Section, the ML models are further validated by considering datasets on Ti6Al4V
alloy specimens [28,37-41]. Figure 12 plots the defect sizes in a Gumbel plot for the datasets
considered for training and validating the NN. The investigated datasets show a large
scatter, thus proving the influence of the process parameters on the defect size. The data
in [40,41] were available in tabular form, whereas the experimental datasets in [28,37-39]
were retrieved by using the Engauge Digitizer software. As for the AlSi10Mg alloy, errors
in the digitization are small and have limited influence in the validation process.
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Figure 12. Ti6Al4V datasets considered for training and validating the developed ML algorithms on
a Gumbel plot.

In particular, defects are concentrated below 150 um, except for one dataset, character-
ized by defects with equivalent size up to 400 um.

Table 2 summarizes the process parameter and the risk-volume ranges of the investi-
gated datasets.
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Table 2. Range of process parameters for the datasets on Ti6Al4V considered for the validation of the

developed ML algorithms.

Orientation Power Speed Hatch Distance  Layer Thickness = Average Powder Size Risk Volume
(W] [mm/s] [ um] [um] [wm] [mm?]
[0, 90] [175, 400] [150, 1400] [120, 140] [30, 60] [34, 45] [84, 1204]

3.2.1. Probability ML Validation

In this Subsection, the Probability ML algorithm has been validated. Figure 13 plots the
loss function with respect to the k-fold considered for the validation. As for the AlSi10Mg
alloy, the trend is almost constant, with the loss function being flat and below 0.25, except
for the first fold, characterized by a significantly higher value, above 1.75.

Loss function

1 2 3 4 5 6
k — fold

Figure 13. k-fold cross validation of the Probability ML algorithm: loss function with respect to the

fold considered for the validation.

In order to stress the fitting capability of the ML algorithm in the worst condition,
the validation and the training dataset for the first k-fold have been considered. Figure 14
shows the Gumbel plot for the k = 1 fold, Figure 14a shows the Gumbel plot for the
validation fold, whereas Figure 14b shows the Gumbel plot for a training fold.
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Figure 14. Gumbel plot for the k = 1 fold considered for the validation; (a) validation dataset;
(b) training data.

According to Figure 14, the trend predicted with the Probability ML is similar to
the experimental one, but the data are significantly above, being less conservative. The
percentage difference is in a large range, [4.8, 1289]%, with a median value equal to 94%, as
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expected. In particular, for defects characterized by small size, the difference tends to be
higher and justifies the large percentage difference range. It must be noted that, as for the
AlSi10Mg alloy, the Probability ML has quite poor predictive capability for the validation
dataset showing an anomalous trend with respect to the other datasets considered for
the training. This criticality in the prediction can be overcome by increasing the number
of datasets with defects in the range [150—400] um. On the other hand, according to
Figure 14b, the estimated ML probabilities are in good agreement with the experimental
ones for a training dataset, as for the AlSi10Mg alloy, with the median percentage difference
equal to 2.8%.

Figure 15a shows the Gumbel plot for the k = 3 validation fold, i.e., a fold characterized
by a small loss factor. Figure 15b, shows, on the other hand, the Probability—Probability
plot, with the abscissa axis reporting the experimental probability, Pexp, and the ordinate
axis the ML probability, Pest.
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Figure 15. Validation of the investigated Probability ML algorithm: (a) Gumbel plot for the validation
dataset for k = 3; (b) P-P plot for k = 3 by considering the training and the validation data.

According to Figure 15a, the predicted and the experimental data are in good agree-
ment, thus confirming the predicting capability of the proposed method for the range of
defect size where many data are available for the training. The largest percentage difference,
equal to 60%, has been found for the largest experimental defect, but the median percentage
difference is very small, being about 4.7%. As for the AlSi10Mg alloy, the Probability ML
has, on average, very good predictive capabilities, with larger deviations only for specific
defect sizes or defect sizes ranges. Since for the other validation k-folds the loss factor has
almost the same value, it can be reasonably inferred that the developed ML algorithm also
works properly for them. The P-P plot further confirms the validity of this approach, with
all the data concentrated close to the bisectors.

3.2.2. LEVD ML Algorithm Validation

In this Section, the LEVD ML is validated using Ti6Al4V data. Figure 16 plots the loss
function with respect to the k-fold considered for the validation. According to Figure 16,
the computed validation loss functions are close to 0.04, with only the one computed for
k =1 showing a larger value close to 0.14.
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Figure 16. k-fold cross-validation: loss function with respect to the k-fold considered for the validation.

The predictive capability has been thereafter verified on the validation fold for which
the loss function shows the largest value, i.e., for k = 1. Figure 17 compares the LEVD
computed experimentally and with the ML algorithm: Figure 17a for the validation dataset
and Figure 17b for a training fold randomly chosen.
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Figure 17. Gumbel plot for k = 1 considered for the validation; (a) validation fold; (b) training fold.

According to Figure 17a, the LEVD ML algorithm works well even for the first fold,
i.e., for the dataset characterized by defects significantly larger than those found in the
other datasets, for which the Probability ML has shown worse performance (Figure 14a).
Rgxp and R%,; are very close, being equal to 0.95 and 0.93. The slope and the intercept
show acceptable differences, with the two curves showing similar trends. Accordingly,
the LEVD ML has proven to work better than the Probability ML for the Ti6Al4V dataset
showing an “anomalous” trend. As for the other analyses, the LEVD ML overlaps with the
experimental LEVD for the training dataset (Figure 17b).

4. Discussion

In this Section, the architecture, as well as the input parameters, of the developed ML
algorithms are analyzed and discussed, to highlight their strengths and weaknesses and
point out possible improvements. It must be noted that the proposed ML algorithms have
been developed to address a challenging open issue concerning the structural integrity
and the design against the fatigue of AM components and to show that NN networks can
be reliably employed in industrial and research fields. The methodologies analyzed in
the Introduction section employ ML algorithms with this objective, but with a different
approach. “Traditional” approaches, such as the one in [35] can be also considered for the
sake of comparison. In [35], the process parameters are varied to assess their influence on
the defect population. However, a model that provides the probability associated with
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a defect size directly from the process parameters has not been proposed yet and it can be
hardly developed with this “traditional” approach, due to the unfeasible number of data
required for a reliable estimation.

As pointed out in the Introduction Section, the surface roughness has not been con-
sidered in the present work, even if it is the factor that most affects the fatigue response.
However, for the prediction of the surface roughness, a specific NN with additional inputs,
such as surface treatments, should be considered. Similarly, the influence of the load-
ing direction with respect to the building orientation has not been considered, since this
work focuses on critical defects and it does not provide in its output the fatigue response.
However, starting from the predicted defect size, which accounts for the influence of the
building direction, and by considering damage-tolerant approaches, the effect of the load
direction on the fatigue response of AM parts can be reliably modelled.

In this work, the most relevant SLM process parameters have been considered as input
for the ML algorithms, generally reported in the literature papers on the fatigue response
of SLM specimens. By analyzing the available datasets (Figures 5 and 12), it must be noted
that the scatter associated with the defect size is large, even for the same set of process
parameters. Process parameters different from those considered in the present paper, or
post-treatments, can be the reason for this large scatter or can influence the critical defect
population. For example, heat treatments have not been considered as inputs for the ML
algorithms, since the literature results agree that they do not affect the defect size, especially
low-temperature heat treatments. However, the influence of heat treatments is still debated
in the literature, since some researchers have proven that they can enlarge porosities [42,43].
Similarly, heating the building platform helps to stabilize the melt pool [44], with a positive
effect on the defect size and with the part being more “damage tolerant” [45]. Moreover,
in place of the average powder size, the powder size range can be considered as input.
Indeed, a large dispersion of the powder size could induce the formation of larger defects
and this cannot be accounted for by considering the average powder size. Other “hidden”
factors can also contribute to the defect size scatter observed in Figures 5 and 12 and may
have stressed the predictive capability of the developed ML algorithms. For example,
the AM production systems can influence the defect size population, providing different
defect sizes, even for the same set of process parameters. All these factors, which are
known to have a smaller influence on the defect population, can, however, contribute to
the large experimental scatter and can be integrated into the ML algorithms to improve
their predictive capability, provided that significantly larger datasets are available and can
be used for a reliable training process.

The influence of defect location has not been considered in the present work, since the
NN algorithms have been trained to predict the defect sizes, regardless of their location.
However, the defect location has a significant influence on the fatigue response, with
surface defects being more critical. An effective approach for modelling the larger criticality
of surface defects is to multiply the defect size predicted with the developed NN by the
ratio between the Stress Intensity Factor (SIF) associated with a surface defect and the SIF
of an internal defect (i.e., 0.65/0.5=1.3). Accordingly, the predicted defect is considered as
an internal defect and its equivalent size can be increased by a factor of 1.3 for the design
with damage-tolerant approaches against surface defect failures, i.e., to model the largest
criticality associated with surface defects with a reliable fracture mechanics approach.

The Probability and the LEVD ML algorithms have confirmed their effectiveness
in the proposed architecture, as demonstrated by the validation using two of the most
used SLM materials, the AlSi10Mg and the Ti6Al4V alloy. The loss functions computed
for the validation datasets were shown to be almost constant for both approaches and
materials, apart, in general, from one validation dataset. However, it is widely known that
the predicting capability tends to decrease for datasets characterized by large differences
with respect to the other available datasets, since the ML algorithm is required to predict the
defect probabilities or the LEVD parameters outside the domain explored by the training
data (Figures 7a and 14a). The LEVD ML algorithm has proven to work better for this type
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of dataset, as confirmed by comparing Figures 14a and 17a for the Ti6Al4V alloy dataset
(validation fold for k = 1). Indeed, the Probability ML algorithm has overestimated the
probability associated with each defect, whereas the LEVD has provided good predictions,
with limited differences in the slope and the intercept. For the Probability ML, the number
of training data is larger (one probability for each defect and set of process parameters for
the Probability ML, the location and the scale parameters for each dataset for the LEVD ML),
enhancing the predictive capability of the NN. On the other hand, this approach does not
ensure that, given the same set of process parameters, larger defects will be characterized
by larger probabilities, violating the physical linearly increasing trend on the Gumbel plot.
This is a limitation of the Probability ML algorithm, as shown in Figure 14a, which may
be overcome by increasing the number of training data. On the other hand, the LEVD ML
embeds a statistical model based on experimental evidence, thus overcoming this criticality
and providing better predictions.

To conclude, the proposed approaches can be reliably used to address this important
subject concerning the structural integrity of AM components. It must be noted that
more complex models and architectures dealing with reliability analysis [46—49] may have
also been used. However, the proposed algorithms, despite their simple architecture,
properly and reliably work for two of the most used SLM materials, the AlSi10Mg and the
Ti6Al4V alloy, even for a number of available data for the training that is smaller than that
generally considered for this kind of algorithms. The performances of the developed NN
are expected to be further enhanced by increasing the number of literature data, especially
in the defect size ranges where data are missing, without the need for further complicating
their architecture.

5. Conclusions

In this paper, two Machine Learning (ML) algorithms, supervised feed-forward neural
networks (FFNNs), have been developed for the analysis of the critical manufacturing
defects in components to be produced by Selective Laser Melting (SLM). The first one
provides in output the probability associated with a specific defect starting from the main
process parameters and the part risk-volume (Probability ML in the following). The
second one estimates the location and the scale parameter of the defect size distribution,
assumed to follow the Largest Extreme Value Distribution (LEVD), receiving in input the
main process parameters and the part volume (LEVD ML in the following). The process
parameters considered in input are those mainly affecting the defect population and the
fatigue response, i.e., the building orientation, the input power, the scan speed, the hatch
distance, the layer thickness and the average powder size. The predicting capability has
been verified using literature datasets obtained with tests on AlSi10Mg and Ti6Al4V alloys.

The following conclusions can be drawn:

1.  Probability ML and LEVD ML have shown a high predicting capability for both
AlSi10Mg and Ti6Al4V datasets. A k-fold cross-validation scheme has been used for
the validation, proving that both approaches can be reliably used for the analysis of
defects in SLM components. The loss functions with respect to the fold considered
for the validation were almost constant, thus confirming the good performances of
both architectures.

2. LEVD ML has been shown to work well even for datasets with a trend significantly
different from that of the other datasets considered for the training process. On
the other hand, the Probability ML algorithm tends to overestimate the probability
associated with each defect, being less conservative.

3. The trend in the Gumbel Plot estimated with the Probability ML algorithm can show
a large scatter and, for the same process parameters, it is not ensured that larger
defects are characterized by larger probabilities. This can be solved by increasing
the number of training data. On the other hand, the LEVD ML “embeds” the LEVD
statistical model based on the experimental evidence, thus overcoming this criticality.
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4. The predicting capability of both developed ML algorithms may be enhanced by
adding more input factors, whose influence on the defect size population is still
debated in the literature, such as heat treatment temperature, the building plat-
form heating temperature, the powder size ranges and the SLM production sys-
tem. However, the number of available datasets for the training process should be
significantly increased.

To conclude, this analysis has pointed out that the proposed ML algorithms can be
reliably used for the prediction of the probability of specific defect sizes in SLM components
and for the subsequent fatigue design with damage-tolerant approaches and, in general,
that approaches based on ML should be used to ensure the structural integrity of AM
components subjected to defect-driven fatigue failures.
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