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Abstract: Wire-arc additive manufacturing (WAAM) is a promising industrial production technique.
Without optimization, inherent temperature gradients can cause powerful residual stresses and
microstructural defects. There is therefore a need for data-driven methods allowing real-time process
optimization for WAAM. This study focuses on machine learning (ML)-based prediction of tempera-
ture history for WAAM-produced aluminum bars with different geometries and process parameters,
including bar length, number of deposition layers, and heat-source movement speed. Finite element
(FE) simulations are used to provide training and prediction data. The ML models are based on a
simple multilayer perceptron (MLP) and performed well during baseline training and testing, giving
a testing mean absolute percentage error (MAPE) of less than 0.7% with an 80/20 train–test split,
with low variation in model performance. When using the trained models to predict results from FE
simulations with greater length or number of layers, the MAPE increased to an average of 3.22% or
less, with greater variability. In the cases of greatest difference, some models still returned a MAPE of
less than 1%. For different scanning speeds, the performance was worse, with some outlier models
giving a MAPE of up to 14.91%. This study demonstrates the transferability of temperature history
for WAAM with a simple MLP approach.

Keywords: additive manufacturing; WAAM; machine learning; neural networks; temperature his-
tory; finite element method

1. Introduction

Additive manufacturing (AM) of metals is known as a promising technology for a wide
range of industrial applications. In general, AM involves the production of components
through the melting of precursor material, called the feedstock, by a powerful, localized
heat source based on information from a computer-aided design (CAD) file [1]. AM
has certain advantages over conventional subtractive manufacturing techniques such as
grinding or milling; it produces less wasted material, can create more complex shapes, and
offers reduction in lead time [2,3]. Customization of the manufacturing process is much
easier with AM, as there is no need to create custom tooling or molds [4]. Wire-arc AM
(WAAM) is a particular form of AM derived from welding, where the feedstock is a metal
wire and the heat source is a welding arc [5–7]. Compared with other AM techniques like
powder-bed-based methods, WAAM offers faster deposition rates and larger part size, at
the expense of a reduced ability to create complex designs and reduced surface quality [7].
There are many potential industrial applications of WAAM, such as for aluminum parts
for aerospace applications, steel bars for construction, or large parts like propellers and
rudders for use in shipbuilding [3,8–11].

Today, there are still challenges which limit the spread of the AM of metals for in-
dustrial application. The powerful localized heat source used causes steep temperature
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gradients, which in turn cause significant residual stresses in the material. These stresses
can further lead to cracking and distortion, reducing the quality of the manufactured parts
[12–14]. The rapid heating and cooling can also result in pore defects, which result in
parts with lower tensile strength and greater susceptibility to fatigue [15]. To mitigate this,
postprocessing with heat treatment to reduce the residual stress and reduce porosity is
necessary [15,16]. The cycles of rapid heating, cooling, and reheating is unique to metal AM,
and since it is a young technology compared with conventional manufacturing techniques,
the exact relationship between process parameters and the resulting mechanical properties
is not yet known [14,17]. However, it is well established that the temperature distribution
during AM affects the residual stresses, with a more uniform distribution resulting in
stresses of lower magnitude [17–21]. A greater understanding of the WAAM process in
general and the temperature distribution specifically is therefore needed if widespread
industrial application is to become a reality. A potential aid here is a digital twin (DT),
which is defined as “a digital representation of a production system or service” [22]. A DT
could be used to predict properties like temperature and residual stress distribution before
the AM procedure is performed, integrate measured data for real-time prediction, and even
alter the manufacturing process based on results from the digital model [23,24]. DT models
are believed to greatly increase the viability of metal AM for industry [24,25].

One tool which can be used to model AM is finite element (FE) simulation. FE
simulations can model various AM processes with a high degree of accuracy and give
insight into the temperature evolution during production as well as the resulting residual
stress profile [16,26,27]. However, FE simulation has a major drawback: it is slow and
computationally expensive, often requiring hours or days to obtain results. Real-time
prediction of temperature evolution is therefore impossible with an FE model alone. For
this reason, surrogate models, simplified alternatives to numerical simulations, are being
explored as an option [28]. Many researchers have investigated the possibility of using
machine learning (ML) to create surrogate models, with the ultimate goal of achieving
real-time prediction while retaining good accuracy [29,30]. Many different ML methods
have been explored, with varying degrees of complexity.

Mozaffar et al. [31] developed a surrogate method for determining the thermal
history during directed energy deposition (DED), a subset of AM processes which includes
WAAM, as a function of process parameters. Their surrogate model used a recurrent
neural network (RNN), with its inputs being an engineered feature for the tool path,
deposition time, laser intensity, and current layer height. To aid with process optimization
for powder-bed-based methods, another major subgroup of AM, Stathatos et al. [32]
created a multilayer perceptron (MLP)-based model for predicting temperature evolution
and density. The model consisted of several neural networks in sequence—one main
network for determining the temperature and additional “rider” networks for predicting
other properties that depend on the temperature. As input, the main network in their
model took in information about the laser path and past temperatures, and they applied it
to data from a simulation of a laser following a random path.

More recently, there have been many more studies performed using a variety of differ-
ent ML methods. Ness et al. [33] created data-driven models for temperature prediction
using the extra trees algorithm. Extra trees is in the decision-tree family of algorithms, and
their model utilized several engineered features, including the distance between the node
and the heat source and the power influence of the heat source [34]. They applied their mod-
els to FE-simulated AM depositions of aluminum alloy, with varying deposition patterns
and power intensities, to investigate how well the models would perform when applied to
another system with a different pattern or intensity. Their results showed that while the
models worked well for prediction on the training system, with a MAPE of less than 5%,
transferability to different systems gave worse results, with the MAPE ranging from around
5 to 25% [33]. Le et al. [35] applied an MLP-based method to model temperature distri-
bution in the WAAM of 316L steel using FE simulations. As input features, they used the
heat input, node coordinates, and time. Even with these relatively simple inputs, they were
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able to obtain good prediction accuracy with their model for WAAM-deposited multilayer
bars. Xie et al. [36] used a hybrid physical/data-driven method, a physics-informed neural
network (PINN), to model the three-dimensional temperature field during the DED of bars
of nickel–chromium alloy. Their model used an approximation of the partial differential
equation for heat conduction during the process for the physics-informed part and the laser
power and scanning speed, time, and coordinates as input for the data-driven part. The
data were obtained from FE simulations of deposition of single-layer and multilayer bars.
They found that they were able to achieve high-accuracy prediction with a smaller amount
of data than purely data-driven models require. Wacker et al. [37] used two kinds of
neural network models to predict the resulting accuracy and distortion for multilayer parts
produced by WAAM. The training data were obtained experimentally through WAAM
performed on steel. The first data-driven model used only the welding parameters as
inputs, while the second model also included recursive parameters from the output.

Our overarching goal is to construct a comprehensive dataset for WAAM. This dataset
will facilitate real-time predictions of the thermal history of WAAM-produced components,
regardless of their shape or size, once the component design is finalized by CAD and
fundamental process parameters are selected. We refer to this predictive capability as
transferability, meaning that we can transfer the thermal history from known components
to new and unknown ones. In this study, we used MLP models to test the transferability
for WAAM production of different thin rectangular bars. MLP models were chosen over
RNNs, which are by definition more appropriate for a time-series prediction [38]. We
wanted to evaluate the feasibility of simple MLPs as an alternative, since they are very
simple to implement and train. Additionally, if simple MLPs are found to perform well
at predicting WAAM temperature history, more advanced RNN-based models will be
expected to perform even better.

We performed 40 FE simulations of different WAAM processes with varying bar
lengths, numbers of deposition layers, and scanning speeds. Unlike the MLP models used
by Le et al. [35], our MLP models used only the current time and past temperatures of the
node as input. The MLPs were trained on data from one of the FE simulations and were
tested on data from other simulations with different parameters. In Section 2, we discuss
how the FE simulations were conducted and how the MLPs were set up. Then, in Section
3 we present the results of testing the transferability using the MLP models. Finally, in
Section 4 we sum up our conclusions and present some future perspectives.

2. Materials and Methods
2.1. FE Simulation

The overall flow of this study is illustrated in Figure 1. First, FE simulations of WAAM
deposition of aluminum bars were performed using the FE software Abaqus 2019 [39]. The
output data were then postprocessed by taking data from every fourth timestep; this was
done to limit data size. For each node in the deposited bar, the current elapsed time, current
temperature, and temperature at the last five timesteps were recorded. A total of 40 different
simulations were performed. Each FE simulation consisted of a rectangular substrate onto
which a rectangular bar was deposited. A transient heat transfer analysis was used, with
the Abaqus AM module used to simulate the deposition of material and movement of the
heat source. The heat source was modelled as a Goldak heat source, also called a double
ellipsoid heat source [40,41]. We used the Abaqus implicit solver, Abaqus/Standard, with
linear 8-node heat transfer elements (DC3D8). Most of the simulations were performed
with a fixed timestep of 0.025 s. For the systems with a scanning speed different from
0.015 m/s or with 7 to 9 layers, automatic timesteps were used instead, with a maximum
and starting value of 0.025 s and a minimum of 10−6 s. The initial as well as the ambient
temperature was 20 ◦C.

The deposited bar varied both in length and in number of layers, while the substrate
length was equal to the length of the deposited bar plus an additional 5 cm at both ends. The
substrate height and width, as well as the width and height of each deposited layer, were the
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same across all simulations. The parameters are summed up in the Supplementary Material
in Table S1. Figure 2a shows a visualization of the FE model for a one-layer system, and
Figure 2b depicts one of the four-layer systems. The deposited material was 2319 aluminum
alloy. The properties of this material, such as melting point, density, etc., and the process
parameters used were taken from FE simulations performed by Ness et al. [33].

Figure 1. A flowchart of the work performed in this study. FE simulations were performed to
generate data, and the postprocessed data were used to train and test MLP models.

.
(a)

.
(b)

Figure 2. A visualization of two of the FE models: (a) a one-layer model, and (b) a four-layer model.

2.2. Neural Networks

The postprocessed data obtained from FE simulation were then used to train a number
of ML models. The models were based on an MLP, a relatively simple model in the
neural network family [42]. The MLPs were created and trained using the Python package
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Pytorch [43]. For the loss function, we employed a modified version of L1 loss, called
smooth L1 loss. It is defined as follows:

loss =

{
1

2β (yi − xi)
2 if |yi − xi| < β,

|yi − xi| −
β
2 otherwise.

(1)

Here, yi − xi is the difference between the prediction and the true value at timestep
i, and β is a parameter. We choose a value of β = 1. Smooth L1 loss is more robust than
standard L1 loss while avoiding the greater sensitivity to outliers inherent to L2 loss [44].
The MLPs had six input values: The current time and the node temperature at the last
five timesteps. For output, they returned a single value, the current temperature. They
consisted of two hidden layers, each containing 64 nodes, with a rectified linear unit (ReLU)
activation function [42]. Minibatch gradient descent was used, with the batch size initially
set to 64. The number of epochs was initially set to 5. An overview of all the parameters
used is shown in Table 1. The chosen values for the hyperparameters were determined
through trial and error. Extensive optimization of the MLP hyperparameters is beyond the
scope of this study.

Table 1. A list of the parameters and functions for the MLP models used in this study.

Parameter Chosen Value

Loss function Smooth L1 loss
β 1

Activation function ReLU
Learning rate 0.002

Nodes in hidden layer 64
Batch size 64–960

Number of hidden layers 2
Number of epochs 5–8

2.3. Baseline Model Performance

To obtain a baseline performance for the MLP models, training and testing was
performed on data from each of the FE simulations. The size of each dataset was large,
ranging from 6.5 × 105 to 2.5 × 107 data points. A train/test split of 0.8/0.2 was used,
i.e., 80% of data were used for training, and the remaining 20% were reserved for testing.
Due to the large size of the datasets used, we deemed it sufficient to use an 0.8/0.2 split
instead of cross-validation. The dataset was randomly shuffled before applying the split.
The metric used to evaluate the performance was the MAPE, which is defined as follows:

MAPE =
100%

n

n

∑
i=1
|yi − xi

xi
|. (2)

Here, n is the sample size, yi the ith predicted value, and xi the corresponding true
value. Four groups of FE simulations were considered: one consisted of one-layer bars
of varying lengths; one of four-layer bars of varying lengths; one with bars of length 0.96
m with different numbers of layers; and one with four-layer bars of length 0.96 m with
different scanning speeds. An illustration of the four groups and how the FE simulations
in each group differ is shown in Figure 3. From here, we will refer to them as Groups 1
through 4. The data were rescaled between 0 and 1 before training, based on the highest
value observed in each group of the FE simulations, so that the data for each model trained
on FE simulations in the same group were rescaled the same way. Data from one node
in the center of the bottom layer were also excluded from the training dataset; the data
from this node were instead used to test model prediction on sequential data from a single
node. To begin with, the viability of the MLP models was tested by using trained models to
predict the temperature evolution of the one-layer systems in Group 1. Figure 4a shows the
training and testing MAPEs for MLP models applied to each of the nine Group 1 systems.
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An overview of the systems and their bar lengths is shown in Table 2; while the testing
MAPE shows more variation than the training MAPE, it is lower than 0.4% in all cases and
still close to the training MAPE. This suggests that overfitting is not a significant issue in
the one-layer case.

Figure 3. An illustration of the four groups of FE systems considered in this study.

Next, to examine the effect of randomness on model performance, four additional sets
of nine MLP models were created. The models in each set were trained and tested on one
of the Group 1 systems in the same way as before, except the models in each additional
set had a different initial seed. Figure 4b shows the resulting testing MAPEs, where the
Model Set A models are the same as used in Figure 4a, and the Model Sets B through E are
the new models. As can be seen, the randomness does have an effect on the resulting test
accuracy, though the MAPE is below 0.5% in all the cases shown.

.
(a)

Figure 4. Cont.
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.
(b)

Figure 4. (a) The training and testing MAPEs for nine MLP models, each trained and tested on one of
the FE systems in Group 1. (b) The testing MAPEs for five sets of nine MLP models, each trained and
tested on one of the Group 1 systems. The models in each set had the same initial seed.

Table 2. The bar length of each system considered in Group 1.

System Bar Length (m)

1 1.2
2 1.8
3 2.4
4 3.0
5 3.6
6 4.2
7 4.8
8 5.4
9 6.0

When the MLP models are used to predict the temperature evolution in another
system, in principle, the whole dataset can be used for testing. To check how the MLP
performance changes when fewer testing data are used, tests were performed with an MLP
model which was trained on System 1. We used the model to test System 2 and System
9, using progressively fewer data, going from 100% to 10% of the dataset. For each test,
the data were randomly shuffled in five different ways. In both cases, we found that there
was a slight deviation in model performance when only 10% of the test data were used.
When using 20% or more of the test data, the difference in performance from the 100%
case was negligible. We chose to use 20% of the dataset for cross-system testing as well as
same-system testing for the sake of consistency.

Next, the MLPs were tested on the three groups of multilayer systems to explore if their
performance would be different in the multilayer cases. Training and testing MAPEs were
compared in the same manner as for Group 1. The results are shown in the Supplementary
Material, in Figure S1 for Group 2, Figure S2 for Group 3, and Figure S3 for Group 4.
The testing MAPE is generally close to the training MAPE, with one exception in the
varying-scanning-speed case, as seen in Figure S3a. Here, for scanning speed 0.035 m/s,
the training MAPE is 0.17% and the testing MAPE is 0.61%. Still, the overall error is low, at
less than 0.7% for all the models considered. We conclude that the MLP models show good
performance in the multilayer cases as well.

3. Results and Discussion

As stated in the Introduction, the ultimate purpose of our ongoing efforts is to develop
a digital platform that is able to predict the temperature history of WAAM-produced
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components with any geometry (shape and size) for a given material and a set of process
parameters. Three key parameters were identified and studied independently, namely, the
bar length, the number of deposited layers, and the scanning speed. The effects of these
three parameters on the transferability are reported first, in Sections 3.1–3.3, respectively.
In Section 3.4, we take a closer look at the temperature evolution of single nodes in systems
from Groups 2 and 4 to check how the MLP temperature predictions compare to the real
temperatures from the FE simulations. Finally, in Section 3.5, we show the results of further
study on the effect of batch size in order to investigate the source of a particularly large
error found in the different-scanning-speed case.

3.1. Transferability for Bars with Different Lengths

As observed in Section 2.3, the MLP models have a good baseline performance. The
next step is to use the MLP models to test the transferability of the thermal history among
FE systems in the four groups. This was undertaken by using trained MLP models to
test data from different FE systems in the same group. Here, we present the results for
transferability in Groups 1 and 2, which consist of FE systems with one-layer and four-layer
bars of different lengths, respectively.

The bar lengths of each of the Group 1 systems are shown in Table 2. Three sets of MLP
models were created—one set was trained on System 1, the second trained on System 5,
and the third trained on System 9. Each set consists of 5 models, and each of the five models
has a different random seed that was set before the training process, for a total of 15 MLP
models. This process is illustrated in Figure 5. Figure 6 shows the resulting testing MAPEs,
and Figure 6a–c show the models trained on System 1, System 5, and System 9, respectively.
The MLP models in each set are labelled A through E. A negative length difference means
the training system is longer than the test system, while a positive length difference means
the opposite, as illustrated in Figure 6. As expected, the test accuracy is good when the
difference in length between the training and testing systems is small. A small growth in
error is observed when the bar length of the testing system becomes progressively shorter
than that of the training system. When the test system bar length becomes progressively
longer than that of the training system, the error growth is much greater. For the models
trained on System 1, shown in Figure 6, the average MAPE for testing on System 1 is 0.17%.
This increases to an average of 3.22% for testing on System 9. The difference in MAPE for
the models in each set increases as well—the standard deviation in MAPE is 0.024% for
System 1 and increases to 1.43% for System 9. The models trained on System 1 are able to
achieve good prediction, with a MAPE of less than 3% when the length difference is 3 m or
less. We created more MLP models to train on System 1, each with a different initial seed,
to see if any of them would exceed this value. A total of 15 additional models were made
for each set, giving each set a total of 20 models. These extra models were only used to test
data from Systems 6 and 9. The MAPEs from these tests are shown in the Supplementary
Material, in Table S2 for System 6 and Table S3 for System 9. Including the five models
shown in Figure 6, this resulted in an average MAPE of 1.02% with a standard deviation of
0.70%; the highest MAPE found was 2.60%. For System 9, an average MAPE of 2.95% and
standard deviation 1.59% were obtained. In addition, two of the additional models were
found to yield a MAPE of less than 1%.
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Figure 5. An illustration of the transferability testing process. Groups of five MLP models are trained
on data from selected FE simulations, and the trained models are subsequently used to test data from
each of the simulations.

The models trained on the other Group 1 systems do not show as high an error.
Figure 6b shows that for models trained on System 5, the largest positive length difference
of 2.4 m results in a low MAPE, at less than 2% for all Models A through E. The average
MAPE increases from 0.12% for baseline testing to 1.05% for testing on System 9. The
difference between the baseline case and testing on System 1 is very small, with testing on
System 1 giving an average MAPE of 0.14%. Models trained on System 9, the system with
the longest bar length, show a similar small increase in error as length difference increases.
The results are shown in Figure 6c; the average MAPE goes from 0.12% with a standard
deviation of 0.04% in the baseline case to 0.25% with a standard deviation of 0.11% when
tested on System 1.
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(a)

.
(b)

.
(c)

Figure 6. Cont.
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.
(d)

Figure 6. The testing MAPE for MLP models applied to all nine Group 1 systems. (a) Models were
trained on System 1. (b) Models were trained on System 5. (c) Models were trained on System 9.
Models A through E differ in initial seed before training. (d) Definition of the difference in length, ∆L.

Next, the Group 2 systems were examined. The eleven systems and the associated bar
lengths are shown in Table 3. Three sets of five trained MLP models were tested on data
from each of the eleven systems, like in the Group 1 case. Figure 7a shows the resulting
MAPEs for models trained on System 1 from Group 2, Figure 7b the MAPEs for models
trained on System 6, and Figure 7c the MAPEs for models trained on System 11. Cross-
testing with the other Group 2 systems shows a similar trend as for Group 1. When the
length difference is small, or when the training system is larger, the error remains low. We
observe that a small length difference leads to a much greater difference in accuracy than
what was found in the Group 1 case. For instance, a length increase of 1.2 m in the Group 1
case results in an average MAPE of 0.24%, while for Group 2, the same increase gives an
average MAPE of 3.18% with a standard deviation of 2.74%. Taking a closer look at Figure
7a, the MAPE remains below 3% for the five models shown for training on System 1 and
testing on System 7, with a length difference of 0.72 m. Like in the Group 1 case, more
examples were obtained by training 15 additional models with different seeds on System 1
and applying them to System 7. The results are shown in Table S4 in the Supplementary
Material. Here, one of the models returned a MAPE of 3.25%, though all the others gave a
MAPE of less than 3%. The average MAPE in this case was 0.88%. The additional models
were also tested on System 11, with results shown in Table S5; this gives an average MAPE
of 2.27% and a standard deviation of 2.2465%, with nine of the models returning an error
of less than 1%. In Figure 7b, the MAPE shows a slight increase as the test system length
decreases and a larger increase as the test system length increases compared to the training
system. This is comparable to what is observed in Figure 6b. With System 11 as the training
system, shown in Figure 7c, the increase in error as test system length shrinks is very small.
The average MAPE goes from a baseline value of 0.11% to 0.14% for testing on System 1.
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Table 3. The bar length of each system considered in Group 2.

System Bar Length (m)

1 0.48
2 0.60
3 0.72
4 0.84
5 0.96
6 1.08
7 1.20
8 1.32
9 1.44
10 1.56
11 1.68

.
(a)

.
(b)

Figure 7. Cont.
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.
(c)

Figure 7. The testing MAPE for MLP models applied to each of the eleven Group 2 systems. (a) The
models were trained on System 1. (b) The models were trained on System 6. (c) The models were
trained on System 11. The models A through E in each case differ only in the initial seed set before
training.

To better understand how the models perform during tests with both low and high
error rates, testing was performed on temperature data from single nodes using Model B
from Figure 6a and Model C from Figure 7a. The nodes were located in the middle of the
first deposition layer, in the position labelled Node B in Figure 10, and were taken from
Systems 1 and 9 from Group 1 and Systems 1 and 11 from Group 2. All of the temperature
data for each node were used, and the data were ordered by timestep instead of being
shuffled. The resulting temperature predictions for the Group 1 systems are shown in
Figure 8, compared with the real temperatures as taken from the FE data. Temperature
predictions for the Group 2 systems compared with the real temperatures are shown in
Figure 9. For both situations, the difference in predicted temperature evolution between
the baseline and cross-system predictions is clear to see: the predicted temperatures in both
Figures 8b and 9b deviate from the real temperature during the later parts of the simulation.
For all the temperature predictions, there is also noticeable error at the peaks, particularly
the first peak.

.
(a)

Figure 8. Cont.
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.
(b)

Figure 8. (a) Comparison of the real temperature and the temperature predicted by Model B from
Figure 6a for a single node in System 1 from Group 1. (b) Comparison for a single node in System 9
from Group 1.

.
(a)

.
(b)

Figure 9. (a) Comparison of the real temperature and the temperature predicted by Model C from
Figure 7a for a single node in System 1 from Group 2. (b) Comparison for a single node in System 11
from Group 2.
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Figure 10. The locations of the single nodes examined in this study. The substrate is not pictured.

In summary, for FE simulations with different bar lengths, the increase in MAPE with
length is greater for four-layer systems than single-layer systems. The standard deviation
is also consistently greater for Group 2. In both Figures 6a and 7a, it can be seen that MLP
models which show good performance at moderate length difference tend to perform better
at greater length difference as well. Next, we test transferability for the other groups of FE
systems.

3.2. Transferability for Bars with Different Numbers of Layers

The third group of systems investigated was Group 3, which consisted of multilayer
bars with different numbers of layers, ranging from 2 to 10. For the Group 3 systems, the
length of each deposited layer was kept constant at 0.96 m. A total of nine such systems
were simulated, including one which was also part of Group 2. A list of the Group 3
systems is shown in Table 4. Figure 11a shows the results from cross-system testing using
models trained on System 1, Figure 11b for models trained on System 5, and Figure 11c
for System 9. Similar trends to the ones observed in Figures 6 and 7 can also be seen here,
though the increase in MAPE is much smaller, reaching a maximum value of around 1.2%
when one of the models trained on System 1 is used to test System 9. Two of the models
show limited error growth, while Model B shows a slightly decreasing error. A total of 15
additional models were trained on System 1 and tested on System 9 to further examine
model performance. The results are shown in Table S6 in the Supplementary Material.
With these results included, the average MAPE for prediction of System 9 is 0.66%, with
a maximum value of 4.02%. This is better than the average MAPEs that were found for
prediction of System 9 from Group 1 using models trained on System 1 from Group 1 and
for prediction of System 11 from Group 2 using models trained on System 1 from Group
2. Figure 11b shows that Models B and E perform worse as the number of layers of the
test system increases, while the other models do not. In Figure 11c, we observe a marginal
increase in error as the difference in number of layers increases. For both Figure 11b,c, the
MAPE remains very small at less than 0.5%.
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Table 4. The FE systems in Group 3 and the number of deposited layers in each.

System Number of Layers

1 2
2 3
3 4
4 5
5 6
6 7
7 8
8 9
9 10

Single-node prediction was also performed. Model A from Figure 11a was used to
predict temperature evolution in a single node from System 1 and System 9 from Group 3,
located in the Node B position as shown in Figure 10. The resulting temperature evolutions
are compared with the real temperatures in Figure 12. The error in predicted temperature
when the model is tested on the 10-layer System 9 is lower than was observed in Figure 9b,
but a slight error is again observed during the later parts of the deposition process.

(a)

(b)
Figure 11. Cont.
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(c)

(d)
Figure 11. The testing MAPEs for MLP models applied to each of the nine Group 3 systems.
(a) Models were trained on System 1. (b) Models were trained on System 5. (c) Models were
trained on System 9. Models A through E in each case differ only in the initial seed set before training.
(d) Definition of the difference in number of layers, ∆layer.

.
(a)
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.
(b)

Figure 12. The temperature evolution of single nodes predicted by Model A from Figure 11a compared
with the real temperature evolution from the FE simulation. In (a), the node is from Group 3, System
1; in (b), the node is from Group 3, System 9.

3.3. Transferability for Bars with Different Scanning Speeds

The last group of FE simulations considered was Group 4, which consisted of 13
four-layer bars with the same length of 0.96 m but with different scanning speeds. Table 5
shows the scanning speed for each of the Group 4 systems. Figure 13a shows the MAPE
for cross-system testing with Group 4 systems when models are trained on System 1,
Figure 13b the MAPE for models trained on System 4, and Figure 13c the MAPE for models
trained on System 13. Here, we observe a greater increase in MAPE when a model trained
on a system with a slower scanning speed is tested on a system with a faster speed; the
MAPE still remains good when tested on a system with a similar scanning speed. Figure
13a shows that the models all give a MAPE of less than 1% at a difference in scanning
speed of 0.015 m/s. When used to test System 13, which has a 0.035 m/s faster scanning
speed than the training system, the errors ranges from 2 to 5%. In Figure 13b, however, it
can be seen that one of the models has a radically different error growth than the others,
namely, Model C. The other models all have approximately the same error growth, giving
a MAPE of between 2 and 3% when testing on System 13. Figure 13c shows a general
decrease in error up to a difference of about 0.02 m/s; further differences lead to a slight
increase in error, though the error still remains lower than 0.5%. In order to see if this
trend would hold, 15 additional models with different initial random seeds were trained on
System 4 and tested on System 13. The MAPEs are shown in Table S7 in the Supplementary
Material. None of these additional models gave a higher MAPE than Model E’s error of
3.03%, leaving Model C’s MAPE of almost 15% a clear outlier. The average MAPE for all 20
models is 2.88%.

When examining the temperature evolution of single nodes from Group 4 systems
using Model C from Figure 13b, we found a different trend than was observed in single-
node predictions for Groups 1 through 3. Like in the previous cases, the nodes were taken
from the Node B position shown in Figure 10. The results are shown in Figure 14a for a
single node from System 4 and Figure 14b for a node from System 13, and in the latter
case, the temperature evolution shows a large divergence between the first and second
temperature peaks. Interestingly, this error disappears after the second peak, and there are
no visible errors during the later parts of the simulation. Additional single-node tests for
Model C on System 13 were performed; these are presented in Section 3.4.
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Table 5. The FE systems in Group 4 and the scanning speed of each.

System Scanning Speed (m/s)

1 0.01
2 0.01125
3 0.01375
4 0.015
5 0.01625
6 0.0175
7 0.01875
8 0.02
9 0.025
10 0.03
11 0.035
12 0.04
13 0.045

(a)

.
(b)

Figure 13. Cont.
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(c)

(d)
Figure 13. The MAPEs for MLP models trained on (a) System 1, (b) System 4, and (c) System 13 from
Group 4 and tested on each system in Group 4. Models A through E differ only in initial seed before
training. (d) Definition of the difference in scanning speed, ∆v.

(a)
Figure 14. Cont.
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.
(b)

Figure 14. Comparison of real temperature and temperature predicted by Model C from Figure 13b
for (a) a single node from Group 4, System 4, and (b) a single node from Group 4, System 13.

3.4. Temperature Evolution of Single Nodes

To investigate the error observed in Section 3.3 further, we performed additional
single-node temperature predictions for System 13 from Group 4. Nine different nodes
from System 13 were used, labelled Nodes A through I, in the positions illustrated in
Figure 10. Nodes A and C were positioned 0.025 m from each end of the bar, and Node B
was positioned in the center, all in the first layer. Node B’s position was the same as the
single nodes examined in the previous sections. Nodes D through F and G through I were
positioned at those same horizontal locations, but in layers 2 and 3, respectively. Models
A and C from Figure 13b were used to test the single-node data to compare the poorly
performing Model C with a model that performs better. The results for testing on data
from Node B are shown in Figure 15a, while the results for Node A and Nodes C through I
are shown in Figures S4 through S11 in the Supplementary Material. From the figure, we
observe that the temperature evolution predicted by Model A shows the same trend as
Model C but with a smaller error between the first two temperature peaks. In both cases, the
error disappears after the second peak. In Figures S4 through S11, showing the results from
prediction on Nodes A and C through I, this error is present for all predictions between the
first and second peaks. For the nodes near the bar edges, there is also a prediction error
between the second and third peaks. This error is present regardless of whether the node is
in the first or second layer. We see that the prediction during the first peak varies between
overshooting and undershooting the actual temperature.

Additional single-node predictions were examined in System 11 from Group 2 as
well to compare the results with those found for Group 4. The nodes were placed and
labelled as in the previous case, illustrated in Figure 10. Models A and C from Figure 7a
were used. The resulting temperature predictions for Node B are shown in Figure 15b,
where Model A shows the same trend as Model C but with a lower error. Results for
Nodes A and C through I are shown in Figures S12 through S19 in the Supplementary
Material. These figures all show the same trend of predicted temperature diverging from
the real temperature during later parts of the simulation, with Model C displaying greater
divergence than Model A.

From these results, we observe that the MLP model predictions are consistent for
different nodes in the same FE system. There is a clear difference in how the prediction
errors are distributed in models used on the Group 4 system compared to models used on
the systems from Groups 1 through 3. This could be the reason the particularly high error
observed in Figure 13b does not appear for any of the tests performed on the Groups 1
through 3 systems. We also observe that for Group 4, the discrepancy between the predicted
and real temperature disappears after peak two or three.
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.
(a)

.
(b)

Figure 15. (a) The temperature evolution over time for Node B in System 13 from Group 4 as predicted
by Model C from Figure 13b compared with the real temperature evolution. (b) The temperature
evolution over time for Node B in System 11 from Group 2 as predicted by Model C from Figure 7a
compared with the real temperature evolution.

3.5. Effects of Batch Size

One potential cause of the particularly high error observed in Section 3.3 is overfitting;
while the baseline tests in Section 2.3 do not show a high error, it is possible that a small
degree of overfitting in a model could become more prominent when the model is used
to test data from substantially different FE simulations. Thus far, the batch size was set to
64. One way to reduce overfitting is to increase the batch size, which lowers the amount of
times the MLP weights are updated during training. To explore the effect of batch size on
the models used thus far, additional MLP models were created with the same properties as
previously described, except for batch size and number of epochs. The batch size for these
additional models was set to 640, ten times larger than the batch size of 64 used for the
previous models. The number of epochs for the additional models was determined through
preliminary testing. For the models trained on Group 1 systems, the number of epochs
was kept at five, while for the models trained on other systems, it was increased to eight.
Figure 16a shows the MAPE when batch-size-640 models trained on System 1 from Group
1 are tested on the other Group 1 systems, similar to Figure 6a. Figure 16b shows the MAPE
for batch-size-640 models trained on System 1 from Group 2 and tested on other Group 2
systems, as in Figure 7a. Comparing each of the figures, the batch-size-640 models appear
to perform better overall than the previously examined batch-size-64 models. It is also clear
from the figures that there is no guarantee that any given model which performs well at a
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given seed and low batch size will give good performance with a higher batch size, as seen
with the two Model Es trained on Group 1, Model 1, in Figures 6a and 16a. Additional tests
were performed with 15 additional batch-size-640 models with different random seeds
for both the Group 1 and the Group 2 systems. The models were trained on System 1
from Group 1 or Group 2 and then used to test System 9 from Group 1 or System 11 from
Group 2, respectively. The resulting MAPEs are shown in the Supplementary Material,
the Group 1 results in Table S8 and the Group 4 results in Table S9. From these tables,
we see that the performances of Model E in Figure 16a and Model B in Figure 16b, while
particularly high, are not outliers. In the Group 1 batch-size-640 case, including results
from the additional models led to an average MAPE of 1.83% with standard deviation
1.11% for testing on System 9. For the Group 2 batch-size-640 case, an average of 1.51%
with standard deviation 1.54% was found for testing on System 11. For both sets, this is
an improvement over the average errors obtained using batch size 64. In the case of the
largest length differences, for the models trained on System 1 from Group 1, there were five
models with a MAPE of less than 1%, while for models trained on System 1 from Group 2
there were nine, though there were also several models with a MAPE just above 1%.

.
(a)

.
(b)

Figure 16. (a) The MAPEs for MLP models which were trained on System 1 from Group 1 and used
to test each of the Group 1 systems. (b) The MAPEs for MLP models which were trained on System 1
from Group 2 and used to test each of the Group 2 systems. The models have a batch size of 640, and
Models A through E differ only in initial seed before training.
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We examined the Group 3 and Group 4 cases in the same fashion. Figure 17a shows
the MAPE for five batch-size-640 models trained on System 1 from Group 3 and tested
on each of the other Group 3 systems. Here, all the models show decreasing error as
exhibited by Model B in Figure 11a. Figure 17b shows the MAPE for five models trained
on System 4 from Group 4. All of these models show error growth comparable to the
nonoutlier results in the batch-size-64 case. A total of 15 additional batch-size-640 models
were trained on System 1 from Group 3 and 15 more on System 4 from Group 4 to further
examine performance when testing on System 9 from Group 3 and System 13 from Group
4, respectively. The results are shown in Tables S10 and S11 in the Supplementary Material.
Including these additional results, the average error for testing on System 9 from Group 3
is 0.32%, with a maximum error of 2.32%, showing improved results compared to those
obtained using models with batch size 64. The MAPEs for prediction on System 13 from
Group 4 do not show any outlier behavior. The average MAPE with batch-size-640 models
is 1.96%, again lower than for the batch-size-64 models. Even if the outlier, batch-size-64
Model C, is removed, the average MAPE is still largest for the batch-size-64 models at
2.25%.

.
(a)

.
(b)

Figure 17. (a) The MAPEs for MLP models which were trained on System 1 from Group 3 and used
to test each of the Group 3 systems. (b) The MAPEs for MLP models which were trained on System 4
from Group 4 and used to test each of the Group 4 systems. The models have a batch size of 640, and
Models A through E differ only in initial seed before training.

We observe that for all four groups of FE systems, batch-size-640 models return a
lower average MAPE than the batch-size-64 models. For Groups 1 and 3, batch size 640
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resulted in more models with a highest MAPE of less than 1% than with batch size 64. The
improvement in performance, as well as the lack of any outliers among the batch-size-640
models trained on System 4 from Group 4, could be due to reduced overfitting. To further
explore the effect of increasing batch size, additional tests were performed using models
with a range of different batch sizes. A total of 25 sets of four models with batch sizes 120,
240, 480, and 960 were trained on Group 4, System 4, and tested on System 13 from Group
4. Each set had a different initial seed for its models. The resulting MAPEs are shown in
Figure 18a. A total of 2 of the 100 models do indeed result in much higher errors than the
rest—1 model with batch size 120 and 1 with batch size 960, showing that higher-batch-size
models can also give unusually high errors. Table 6 shows the maximum MAPE, average
MAPE, and variance for each batch size. For batch sizes 120 and 960, two variations of
the results are shown, both including and excluding the outlier values. The variance is
naturally much higher for the groups containing these outliers. When they are excluded, a
slight decrease in both average and maximum MAPE is observed.

Additional MLP models were also created for the Group 1 systems to compare with
the results for Group 4. A total of 25 similar sets of four models with the same batch sizes
as for the Group 4 case were trained on System 1 from Group 1 and tested on System 9
from Group 1. The results are shown in Figure 18b. Here, there is a much greater spread
of values compared to what is observed for Group 4. There are also no extreme outliers
observed compared to what is seen in Figure 18a. Table 7 shows the mean and variance of
the MAPE as well as the maximum MAPE for the models by batch size. For batch sizes 480
and 960, all of these values are lower than for the groups of lower-batch-size models.

Table 6. The average MAPE, standard deviation of the MAPE, and maximum MAPE for the models
shown in Figure 18a, by batch size. For batch sizes 120 and 960, the results are shown both with and
without the outlier value.

Batch Size Average MAPE (%) Std. Dev. (%) Max MAPE (%)

120 2.42 1.40 9.00
120 (without outlier) 2.15 0.29 2.77

240 2.10 0.34 2.72
480 2.00 0.25 2.64
960 2.42 2.20 12.93

960 (without outlier) 1.98 0.25 2.37

Table 7. The average MAPE, standard deviation for the MAPE, and maximum MAPE for the models
shown in Figure 18b, by batch size.

Batch Size Average MAPE (%) Std. Dev. (%) Max MAPE (%)

120 3.19 1.66 6.38
240 3.55 1.60 7.09
480 2.27 1.20 4.79
960 1.71 0.87 4.05

It appears that the Group 4 case is particularly vulnerable to extreme spikes in error,
and these can occur unpredictably—models with different number of batches or a different
initial seed behave consistently. The Groups 1, 2, and 3 cases, in contrast, do not seem to
exhibit this—at least not in the cases studied. The error vulnerability appears to be related
to how the MLP models perform when predicting results in the first and second valleys
between peaks in temperature, as described in Section 3.4. Though the models tend to
perform well in the Group 4 case, care should be taken to check each particular model
before it is used, even if the batch size is set to an optimal value.
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.
(a)

.
(b)

Figure 18. The MAPEs for different sets of four MLP models with different batch sizes. (a) The
models were trained on System 4 from Group 4 and tested on System 13 from Group 4. (b) The
models were trained on System 1 from Group 1 and tested on System 9 from Group 1.

4. Conclusions

In this study, we performed 40 FE simulations and used the simulation data to train and
test multilayer perceptron (MLP) models for predicting temperature evolution. Our goal
for this study was to investigate the transferability of thermal history in wire-arc additive
manufacturing (WAAM) by using a simple MLP model which takes past temperature
history and time as input. Particular attention was paid to situations where high error was
found to occur, and additional MLP models were created for further testing when necessary.
We have shown that, with proper precautions taken, the simple MLP-based model explored
in this study is able to predict temperature evolution in finite element (FE) simulations with
different bar lengths, numbers of layers, or scanning speeds. When a trained model is used
to test data from FE systems with shorter bar lengths, fewer layers, or slower scanning
speeds, the MLP models consistently result in a small error. A slight growth in error is
observed as the difference from the simulation used for training increases, but the mean
absolute percentage error (MAPE) remains less than 0.5% for one-layer systems of different
lengths and four-layer systems with different scanning speeds, and less than 0.3% for
four-layer systems of different lengths and systems with different numbers of layers and a
bar length of 0.96 m.

When a trained model is used to test simulations with longer bar lengths, more layers,
or faster scanning speeds, low error is still observed when the difference in length, number
of layers, or speed is small. As the difference increases, the average MAPE increases as
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well, as does the variation in model performance due to randomness. In the groups of
one-layer and four-layer bars of different lengths and bars with different numbers of layers
and a length of 0.96 m, we were still able to identify models which yielded a MAPE of
less than 1% in the cases of greatest difference. For four-layer bars with different scanning
speeds, testing on data from a system with a faster scanning speed can in a few cases
result in unusually high error. The difference in error shows more natural variation in the
variable-length and variable-layer cases.

The performance of a given model is observed to be consistent for an increasing
difference in length, number of layers, or scanning speed. Models which show a relatively
low error growth when tested on an FE system with a certain difference from the training
system tend to also give relatively low error when tested on an FE system with a greater
difference. Similarly, if the model shows a relatively high error when applied to a system
with a certain difference, it tends to give a high error when applied to systems with greater
difference. Therefore, it is possible that the performance of a given model can be predicted
through preliminary testing before the model is applied.

Increasing the batch size from the initial value of 64 to 640 was found to result in
overall better results, though increasing the batch size of a particular model does not
guarantee it will perform better. Of course, the optimal values for the batch size and
number of epochs depends on how many data points are used for training. We found
that the particularly high errors obtained with some of the models trained on four-layer
systems with different scanning speeds could be found in models with both small and large
batch sizes, suggesting that these errors are not caused by overfitting. From single-node
considerations, we observe that this increase in error comes from the model performance
between the first and second passes of the heat source; this is not the case for the other
multilayer systems.

In the future, we plan to continue the systematic study by creating recurrent neural
network (RNN)- and physics-informed neural network (PINN)-based models and compar-
ing their performance to the MLP models studied in the current work. We will examine
whether the same patterns that were found in this work also appear when different models
are used. We will also perform simulations of WAAM deposition of two-dimensional
plates and once again compare how different models perform for these cases. Another
possible candidate for further study is the effect of varying other process parameters, like
laser power.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma1010000/s1, Figures S1–S3: Comparison of training and testing MAPE as well as testing
MAPE for models with different initial seeds for System 1 from Group 2, System 1 from Group 3,
and System 1 from Group 4, respectively; Figures S4–S11: Single-node predictions on System 13 from
Group 4 performed using Models A and C from Figure 13b; Figures S12–S19: Single-node predictions
on System 11 from Group 2 performed using Models A and C from Figure 7a; Table S1: FE model
parameters, Tables S2–S11: MAPEs for tests performed with additional models.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Additive manufacturing
WAAM Wire-arc additive manufacturing
DED Directed energy deposition
CAD Computer-aided design
DT Digital twin
ML Machine learning
MLP Multilayer perceptron
ReLU Rectified linear unit
RNN Recurrent neural network
PINN Physics-informed neural network
FE Finite element
MAPE Mean absolute percentage error
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11. Taşdemir, A.; Nohut, S. An overview of wire arc additive manufacturing (WAAM) in shipbuilding industry. Ships Offshore Struct.
2021, 16, 797–814. https://doi.org/10.1080/17445302.2020.1786232.

12. Machirori, T.; Liu, F.Q.; Yin, Q.Y.; Wei, H.L. Spatiotemporal variations of residual stresses during multi-track and multi-layer
deposition for laser powder bed fusion of Ti-6Al-4V. Comput. Mater. Sci. 2021, 195, 110462. https://doi.org/10.1016/j.commatsci.
2021.110462.

13. Wu, B.; Pan, Z.; Ding, D.; Cuiuri, D.; Li, H.; Xu, J.; Norrish, J. A review of the wire arc additive manufacturing of metals:
properties, defects and quality improvement. J. Manuf. Process. 2018, 35, 127–139. https://doi.org/10.1016/j.jmapro.2018.08.001.

14. Bartlett, J.L.; Croom, B.P.; Burdick, J.; Henkel, D.; Li, X. Revealing mechanisms of residual stress development in additive
manufacturing via digital image correlation. Addit. Manuf. 2018, 22, 1–12. https://doi.org/10.1016/j.addma.2018.04.025.

15. Du, C.; Zhao, Y.; Jiang, J.; Wang, Q.; Wang, H.; Li, N.; Sun, J. Pore defects in Laser Powder Bed Fusion: Formation mechanism,
control method, and perspectives. J. Alloys Compd. 2023, 944, 169215. https://doi.org/10.1016/j.jallcom.2023.169215.

16. Kumar, M.D.B.; Manikandan, M. Assessment of Process, Parameters, Residual Stress Mitigation, Post Treatments and Finite
Element Analysis Simulations of Wire Arc Additive Manufacturing Technique. Met. Mater. Int. 2022, 28, 54–111. https:
//doi.org/10.1007/s12540-021-01015-5.

17. Li, C.; Liu, Z.Y.; Fang, X.Y.; Guo, Y.B. Residual Stress in Metal Additive Manufacturing. Procedia CIRP 2018, 71, 348–353.
https://doi.org/10.1016/j.procir.2018.05.039.

https://doi.org/10.1115/1.4048193
https://doi.org/10.1016/j.matdes.2021.110008
https://doi.org/10.20965/ijat.2019.p0346
https://doi.org/10.21533/pen.v6i2.224
https://doi.org/10.3390/ma12071121
https://doi.org/10.1016/j.matpr.2020.08.030
https://doi.org/10.3390/app11188619
https://doi.org/10.3390/met9070725
https://doi.org/10.3390/met9070725
https://doi.org/10.1016/j.phpro.2010.08.087
https://doi.org/10.1080/02670836.2022.2045549
https://doi.org/10.1080/17445302.2020.1786232
https://doi.org/10.1016/j.commatsci.2021.110462
https://doi.org/10.1016/j.commatsci.2021.110462
https://doi.org/10.1016/j.jmapro.2018.08.001
https://doi.org/10.1016/j.addma.2018.04.025
https://doi.org/10.1016/j.jallcom.2023.169215
https://doi.org/10.1007/s12540-021-01015-5
https://doi.org/10.1007/s12540-021-01015-5
https://doi.org/10.1016/j.procir.2018.05.039


Materials 2024, 1, 0 29 of 30

18. Sun, L.; Ren, X.; He, J.; Zhang, Z. Numerical investigation of a novel pattern for reducing residual stress in metal additive
manufacturing. J. Mater. Sci. Technol. 2021, 67, 11–22. https://doi.org/10.1016/j.jmst.2020.05.080.

19. Sun, L.; Ren, X.; He, J.; Olsen, J.S.; Pallaspuro, S.; Zhang, Z. A new method to estimate the residual stresses in additive
manufacturing characterized by point heat source. Int. J. Adv. Manuf. Technol. 2019, 105, 2415–2429. https://doi.org/10.1007/s0
0170-019-04443-1.

20. Sun, L.; Ren, X.; He, J.; Zhang, Z. A bead sequence-driven deposition pattern evaluation criterion for lowering residual stresses in
additive manufacturing. Addit. Manuf. 2021, 48, 102424. https://doi.org/10.1016/j.addma.2021.102424.

21. Zhao, Y.; Sun, W.; Wang, Q.; Sun, Y.; Chen, J.; Du, C.; Xing, H.; Li, N.; Tian, W. Effect of beam energy density characteristics on
microstructure and mechanical properties of Nickel-based alloys manufactured by laser directed energy deposition. J. Mater.
Process. Technol. 2023, 319, 118074. https://doi.org/10.1016/j.jmatprotec.2023.118074.

22. Zhang, L.; Chen, X.; Zhou, W.; Cheng, T.; Chen, L.; Guo, Z.; Han, B.; Lu, L. Digital Twins for Additive Manufacturing: A
State-of-the-Art Review. Appl. Sci. 2020, 10, 8350. https://doi.org/10.3390/app10238350.

23. Phua, A.; Davies, C.H.J.; Delaney, G.W. A digital twin hierarchy for metal additive manufacturing. Comput. Ind. 2022, 140, 103667.
https://doi.org/10.1016/j.compind.2022.103667.

24. Knapp, G.L.; Mukherjee, T.; Zuback, J.S.; Wei, H.L.; Palmer, T.A.; De, A.; DebRoy, T. Building blocks for a digital twin of additive
manufacturing. Acta Mater. 2017, 135, 390–399. https://doi.org/http://dx.doi.org/10.1016/j.actamat.2017.06.039.

25. Bartsch, K.; Pettke, A.; Hübert, A.; Lakämper, J.; Lange, F. On the digital twin application and the role of artificial intelligence in
additive manufacturing: A systematic review. J. Phys. Mater. 2021, 4, 032005. https://doi.org/10.1088/2515-7639/abf3cf.

26. Vastola, G.; Zhang, G.; Pei, Q.X.; Zhang, Y.W. Controlling of residual stress in additive manufacturing of Ti6Al4V by finite
element modeling. Addit. Manuf. 2016, 12, 231–239. https://doi.org/10.1016/j.addma.2016.05.010.

27. Cook, P.S.; Murphy, A.B. Simulation of melt pool behaviour during additive manufacturing: Underlying physics and progress.
Addit. Manuf. 2020, 31, 100909. https://doi.org/10.1016/j.addma.2019.100909.

28. Alizadeh, R.; Allen, J.K.; Mistree, F. Managing computational complexity using surrogate models: A critical review. Res. Eng. Des.
2020, 31, 275–298. https://doi.org/10.1007/s00163-020-00336-7.

29. Jiang, J.; Xiong, Y.; Zhang, Z.; Rosen, D.W. Machine learning integrated design for additive manufacturing. J. Intell. Manuf. 2022,
33, 1073–1086. https://doi.org/10.1007/s10845-020-01715-6.

30. Zhu, Q.; Liu, Z.; Yan, J. Machine learning for metal additive manufacturing: Predicting temperature and melt pool fluid dynamics
using physics-informed neural networks. Comput. Mech. 2021, 67, 619–635. https://doi.org/10.1007/s00466-020-01952-9.

31. Mozaffar, M.; Paul, A.; Al-Bahrani, R.; Wolff, S.; Choudhary, A.; Agrawal, A.; Ehmann, K.; Cao, J. Data-driven prediction of the
high-dimensional thermal history in directed energy deposition processes via recurrent neural networks. Manuf. Lett. 2018,
18, 35–39. https://doi.org/10.1016/j.mfglet.2018.10.002.

32. Stathatos, E.; Vosniakos, G. Real-time simulation for long paths in laser-based additive manufacturing: A machine learning
approach. Int. J. Avd. Manuf. Technol. 2019, 104, 1967–1984. https://doi.org/10.1007/s00170-019-04004-6.

33. Ness, K.L.; Paul, A.; Sun, L.; Zhang, Z. Towards a generic physics-based machine learning model for geometry invariant thermal
history prediction in additive manufacturing. J. Mater. Process. Technol. 2022, 302, 117472. https://doi.org/10.1016/j.jmatprotec.
2021.117472.

34. Geurts, P.; Ernst, D.; Wehenkel, L. Extremely randomized trees. Mach. Learn. 2006, 63, 3–42. https://doi.org/10.1007/s10994-006
-6226-1.

35. Le, V.T.; Nguyen, H.D.; Bui, M.C.; Pham, T.Q.D.; Le, H.T.; Tran, V.X.; Tran, H.S. Rapid and accurate prediction of temperature
evolution in wire plus arc additive manufacturing using feedforward neural network. Manuf. Lett. 2022, 32, 28–31. https:
//doi.org/10.1016/j.mfglet.2022.02.003.

36. Xie, J.; Chai, Z.; Xu, L.; Ren, X.; Liu, S.; Chen, X. 3D temperature field prediction in direct energy deposition of metals using
physics informed neural network. Int. J. Adv. Manuf. Technol. 2022, 119, 3449–3468. https://doi.org/10.1007/s00170-021-08542-w.

37. Wacker, C.; Köhler, M.; David, M.; Aschersleben, F.; Gabriel, F.; Hensel, J.; Dilger, K.; Dröder, K. Geometry and Distortion
Prediction of Multiple Layers for Wire Arc Additive Manufacturing with Artificial Neural Networks. Appl. Sci. 2021, 11, 4694.
https://doi.org/10.3390/app11104694.

38. Bonassi, F.; Farina, M.; Xie, J.; Scattolini, R. On Recurrent Neural Networks for learning-based control: Recent results and ideas
for future developments. J. Process Control 2022, 114, 92–104. https://doi.org/10.1016/j.jprocont.2022.04.011.

39. Abaqus–Finite Element Analysis for Mechanical Engineering and Civil Engineering. Available online: https://www.3ds.com/
products-services/simulia/products/abaqus/ (accessed on 27 November 2023).

40. Goldak, J.; Chakravarti, A.; Bibby, M. A new finite element model for welding heat sources. Metall. Trans. B 1984, 15, 299–305.
https://doi.org/10.1007/BF02667333.

41. Chujutalli, J.H.; Lourenço, M.I.; Estefen, S.F. Experimental-based methodology for the double ellipsoidal heat source parameters
in welding simulations. Mar. Syst. Ocen Technol. 2020, 15, 110–123. https://doi.org/10.1007/s40868-020-00074-4.

42. Patterson, J.; Gibson, A. Deep Learning: A Practicioner’s Approach, 1st ed.; O’Reilly Media: Sebastopol, CA, USA, 2017; pp. 41–80.

https://doi.org/10.1016/j.jmst.2020.05.080
https://doi.org/10.1007/s00170-019-04443-1
https://doi.org/10.1007/s00170-019-04443-1
https://doi.org/10.1016/j.addma.2021.102424
https://doi.org/10.1016/j.jmatprotec.2023.118074
https://doi.org/10.3390/app10238350
https://doi.org/10.1016/j.compind.2022.103667
https://doi.org/http://dx.doi.org/10.1016/j.actamat.2017.06.039
https://doi.org/10.1088/2515-7639/abf3cf
https://doi.org/10.1016/j.addma.2016.05.010
https://doi.org/10.1016/j.addma.2019.100909
https://doi.org/10.1007/s00163-020-00336-7
https://doi.org/10.1007/s10845-020-01715-6
https://doi.org/10.1007/s00466-020-01952-9
https://doi.org/10.1016/j.mfglet.2018.10.002
https://doi.org/10.1007/s00170-019-04004-6
https://doi.org/10.1016/j.jmatprotec.2021.117472
https://doi.org/10.1016/j.jmatprotec.2021.117472
https://doi.org/10.1007/s10994-006-6226-1
https://doi.org/10.1007/s10994-006-6226-1
https://doi.org/10.1016/j.mfglet.2022.02.003
https://doi.org/10.1016/j.mfglet.2022.02.003
https://doi.org/10.1007/s00170-021-08542-w
https://doi.org/10.3390/app11104694
https://doi.org/10.1016/j.jprocont.2022.04.011
https://www.3ds.com/ products-services/simulia/products/abaqus/
https://www.3ds.com/ products-services/simulia/products/abaqus/
https://doi.org/10.1007/BF02667333
https://doi.org/10.1007/s40868-020-00074-4


Materials 2024, 1, 0 30 of 30

43. Paszke, A.; Gross, S.; Massa, F.; Lerer, A.; Bradbury, J.; Chanan, G.; Killeen, T.; Lin, Z.; Gimelshein, N.; L., A.; et al. PyTorch: An
Imperative Style, High-Performance Deep Learning Library. In Proceedings of the Advances in Neural Information Processing
Systems 32, Vancouver, Canada, 8–14 December 2019. https://doi.org/10.48550/arXiv.1912.01703.

44. Girshick, R. Fast R-CNN. In Proceedings of the 2015 IEEE International Conference on Computer Vision (ICCV 2015), Santiago,
Chile, 13–16 December 2015; pp. 1440–1448. https://doi.org/10.48550/arXiv.1504.08083.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.48550/arXiv.1912.01703
https://doi.org/10.48550/arXiv.1504.08083

	Introduction
	Materials and Methods
	FE Simulation
	Neural Networks
	Baseline Model Performance

	Results and Discussion
	Transferability for Bars with Different Lengths
	Transferability for Bars with Different Numbers of Layers
	Transferability for Bars with Different Scanning Speeds
	Temperature Evolution of Single Nodes
	Effects of Batch Size

	Conclusions
	References

