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Abstract

Modelling the highly localised and rapid phenomena occurring during metal additive manufacturing (MAM) processes such
s the laser powder bed fusion (LPBF) demands the adoption of very fine time- and space-discretisation and therefore high
omputational cost for the classical simulation approaches, namely the finite element method (FEM). Particularly, when the
olution is required for a range of scenarios, e.g. in sensitivity or optimisation analyses, computation costs of such simulations
re not affordable. As an alternative strategy, this study explores the application of physics informed neural networks (PINNs)
s a low-cost physics-based simulation approach for the thermal analysis of the LPBF process, through which reliable transient
nd steady-state temperature profiles for single-track LPBF depositions are achieved. An unsupervised learning strategy is
mployed for PINNs to parametrically solve the heat transfer equation for the LPBF process. The trained PINNs calculate the
emperature profiles and the melt-pool dimensions evolving during the LPBF process for any given set of material’s thermal
roperties and process conditions at practically zero computational cost. The reliability of the PINNs outcomes is verified
hrough ground-truth data generated based on several benchmark equivalent finite element simulations.

2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
http://creativecommons.org/licenses/by/4.0/).

eywords: Physics informed neural networks; Additive manufacturing; Thermal simulation; Parametric analysis

1. Introduction

Marking its evolution as a central feature of the fourth industrial revolution, additive manufacturing broadly refers
o the layer-by-layer ‘printing’ of spatially precise on-demand 3D objects with enhanced design freedom relative to
onventional technologies. Effective contribution of metal additive manufacturing (MAM) to the vision of Industry
.0 necessitates addressing its key challenges in the cost and reliability of the printed parts [1]. The cost barrier
o extensive adoption of MAM technology inherently arises from both the high costs of the production process
e.g. due to slow manufacturing and expensive feed materials) and the high rate of manufacturing failures [2,3].
he high production cost tends to move the application of the technology to specific cases where MAM can result
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in adequate value creation, i.e. fabrication of complex geometries, or where conventional manufacturing would
be even more expensive, e.g. small batch production [4]. The more critical cost contributor for MAM originates
from the difficulties in finding the right printing process parameters where non-optimal conditions can result in
inferior quality or total failure of the printing process [5]. The problem can be due to local overheating, excessive
distortion, cracking, high porosity, undesired microstructure, or poor mechanical properties, to name a few [6,7].
Currently, in the lack of a more intelligent solution, the time-consuming and expensive trial-and-error strategy based
on numerous experiments is commonly adopted to optimise the process parameters for a given printing machine,
material and part [3,8,9]. As an alternative, physics-based simulations can provide a deeper understanding of the
complex phenomena occurring during MAM and hence guide for optimising the process conditions. When the
computations are sufficiently fast, they can even be used to systematically control the process and contribute to
achieving the goal of ‘first-time-right’ high-quality production.

Conventional methods for physics-based simulation of MAM suffer from high computational costs [10]. The
underlying reason lies not only in the complexity of the phenomena occurring during MAM but also in their
extraordinarily rapid and localised nature [11]. As a result, classical numerical analyses such as the finite element
method (FEM) require very fine discretisations to solve system’s governing partial differential equations (PDEs).
To put this into perspective, the temperature gradients and cooling rates in the vicinity of the process zone in the
LPBF process can be in the orders of 106 K/m and 106 K/s, respectively [12,13], which demands the adoption of

icrometre-sized and microsecond-long space- and time-discretisation within the FEM framework. As an alternative
o the classical numerical methods, this study explores applying physics informed neural networks (PINNs) for
eveloping reliable and rapid analysis strategies for MAM. In contrast to black-box machine learning, PINNs do
ot simply learn from labelled data but (in an unsupervised fashion) seek a solution which satisfies the governing
hysical laws of systems, and therefore, are attractive from a scientific point of view. Importantly and superior to
he conventional simulation methods, PINNs can perceive the sensitivity of the solution to input parameters and
ven provide a parametric solution to the problem, which is very beneficial for sensitivity analyses and applications
here the solution is required for various scenarios [14,15].
To this end and as a preliminary investigation, this study focuses on adopting PINNs for (parametrically) solving

he heat equation and calculating the induced temperature profiles during single-track LPBF depositions. After
raining, evaluating PINNs for predicting temperature profiles incurs a computational cost in the micro to millisecond
ange, which is several orders of magnitude shorter than that for the corresponding FE calculations. Initially,
e assume a temperature-independent thermal behaviour for the material and develop PINNs to determine the

emperature profiles for a range of thermal conductivities, specific heat capacities and densities during LPBF with
arious values for the laser power and scanning speed. The second PINNs account for the temperature dependence
f thermal properties for Hastelloy X and calculate the temperature profiles and the melt-pool dimensions during
he LPBF process for any given combination of laser powers and scanning speeds. This demonstrates the capability
f PINNs to solve thermal problems while accounting for temperature-dependent material properties. Both PINNs
re verified based on outcomes of several equivalent finite element simulations in a benchmark study.

. Physics informed neural networks (PINNs)

Partial differential equations (PDEs) govern the response of many natural and man-made phenomena in science
nd technology. As analytical solutions are only available for a few types of PDEs, numerical simulation methods
uch as finite difference, finite element, and finite volume are often employed for practical problems. Although
uccessful in many cases, the computational cost of such numerical approaches for application to complex
ystems is prohibitively high, particularly for problems in which the solution to the PDEs is required for various
cenarios [14,15], e.g. for sensitivity analysis, uncertainty quantification and optimisation problems.

In the past few years, machine learning has emerged as a central tool in scientific computing, and deep learning
s considered an effective method for the numerical approximation of PDEs [16]. Importantly, deep neural networks
DNNs) possess the so-called universal approximation property or the ability to approximate any continuous
unction and, therefore, can be the ansatz spaces for the solutions of PDEs [17]. This is the underlying idea of
INNs, first proposed by Lagaris et al. [18,19] and revived and further developed after 2019 by Karniadakis and
ollaborators [20,21]. In contrast to the conventional machine learning tools in data science which require large
mounts of labelled data-sets, training of PINNs does not necessarily need any labelled data-sets and PINNs can
e purely thought of as unsupervised learners for solving PDEs [22].
2
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Fig. 1. (a) A schematic diagram of the physics informed neural network for solving the heat equations where the loss function contains
mismatch in the temporal and spacial boundary conditions and the residuals for the PDE on a set of collocation points in the

ime–space(-parameters) domain. (b) low-discrepancy Sobol sampling for interior, spatial and temporal boundary collocation points.

Assuming the example of thermal simulation of LPBF process, it is desired to solve the governing PDE of
D(T ) = f (heat equation) and determine T (temperature field) as a function of y (space, time, and material/process
parameters) such that it satisfies the given temporal and spacial boundary conditions. The following describes the
application of PINNs for solving such a problem.

A feed-forward DNN might be considered to transform input y to output T through layers of neurons, which are
omposed of affine-linear maps between neurons in successive layers and a scalar nonlinear activation function [23].
athematically and for the shown K -layer DNN in Fig. 1(a) [15]:

Tθ ( y) = CK ◦ σ ◦ CK−1 ◦ . . . σ ◦ C2 ◦ σ ◦ Ci ( y) (1)

here ◦ refers to the composition of functions. The network has K − 1 hidden layers where kth hidden layer
ransforms an input vector zk by an affine linear function Ck , i.e. Ck(zk) = Wk zk+bk , and then by a scalar (nonlinear)
ctivation function σ (logistic, sin, tanh, etc. [23]). Training of DNNs is searching for the best concatenated set of
uning parameters θ = {Wk, bk} using gradient descent methods such that the mismatch between the neural network
nd the underlying target is minimised [15]. Assuming Tθ is the approximate solution of the PDE of D(T ) = f ,
herefore, the tuning parameters should be found to minimise the following residual [15,18].

RP DE = D (Tθ ) − f (2)

Additionally, the solution should satisfy the temporal and spacial boundary conditions of the problem (i.e.
inimise RBC ), and therefore, it can be stated that training of PINNs involves a search to find a set of θ∗ such [15]:

θ∗
= argmin (RP DE + λRBC) (3)

The solution to the above minimisation problem does not necessitate access to ‘labelled training data’ and can be
een as unsupervised learning. PINN is a grid-less approach and the strategy proposed by LeCun et al. [24] suggests
valuating and minimising the residuals for a chosen set of ‘collocation’ points { yn}, see Fig. 1(b). Commonly, the

low-discrepancy Sobol sampling strategy is adopted for creating the collocation point set [25], while it is found
in this study that a more clever sampling strategy, inspired by the physics of the problem, might be required for
‘spiky’ problems, i.e. situations where the gradients of the field variables in certain small regions are particularly
large.

Coding and implementation of PINNs, e.g. within the PyTorch framework, is extremely simple and only needs
a few lines of Python code. In contrast to the classical simulation approaches based on numerical schemes for

differentiation, PINNs employ differential operators on graphs and use GPU-accelerated automatic differentiation

3
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Fig. 2. (a) Details for the evaluated thermal problem, (b) the designed FE mesh in ABAQUS [5] to generate ‘ground-truth’ data for evaluating
accuracy of PINNs solutions.

to elegantly and efficiently calculate the derivative operators of the governing equations and those required in the
gradient descent method for the training of the neural networks. [26,27]. Importantly, PINNs are very well suited for
solving parametric PDEs [28], i.e. for situations where the solution to the governing PDE is required for different
scenarios (e.g. different material parameters and process conditions for thermal analysis of the LPBF process). A
solution to such a problem through classical numerical solvers needs individual simulations for each scenario and
is prohibitively costly.

3. PINNs for thermal analysis of LPBF process

The main objective of this study is to calculate the transient and steady-state temperature profiles (and melt
pool dimensions) during single-track LPBF depositions for any given process parameters and material’s thermal
properties. It is well known that the induced temperature profiles by the laser stabilise after <1.5 mm from the start
of a track in the LPBF process [29]. Therefore, to include both transient and steady thermal states, analyses are
conducted for a 1.5 mm long laser track within a large-enough domain with the dimensions of 2.8×2.0×1.0 mm3

(L×W×H), Fig. 2(a).
Following [30–33], this study employed the continuum modelling strategy for the thermal analysis of the

LPBF process. This method takes simplifications such as ignoring explicit modelling of individual powder
particles or phenomena related to molten metal motion in the analysis. The relevance of such a strategy for
predicting temperature profiles during LPBF has been evaluated and discussed in [30,33]. More detailed simulations
considering two-phase thermo-fluid dynamics are essential, if the prediction of additional features such as the risk
of defect formation during the deposition process is aimed. Such a strategy has not been followed in this study, and
the focus is on using the continuum framework and exploring PINNs for providing a reliable and rapid parametric
solution for the heat equation, applied to the thermal analysis of LPBF single-track depositions.

Accordingly, a time-dependent temperature field T (x, y, z, t, . . .) is sought to satisfy the below thermal energy
onservation equation (and the given temporal and spacial boundary conditions):

ρ0C̃ p Ṫ = ∇.
(

k̃∇T
)

+ qvol (4)

Here ρ0, C̃ p and k̃ are the reference density, apparent specific heat capacity, and effective thermal conductivity,
respectively, and qvol is the volumetric heat generation term representing the contribution of laser energy source.
The apparent specific heat capacity is a temperature-dependent quantity that deviates from the material’s specific

heat capacity C p in the temperature ranges relevant to a phase transformation, accounting for the associated enthalpy
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Fig. 3. Schematics of the developed PINNs for the thermal analysis of the LPBF process.
Source: Image created with [40].

changes [34]. The effective thermal conductivity is also a temperature-dependent quantity that deviates from the
material’s thermal conductivity k at temperatures higher than the melting point to account for the heat distribution
induced by convection of molten metal due to Marangoni and buoyancy mechanisms [32,35]. Since this thermal
analysis does not solve for the displacement field, the density at the reference configuration needs to be considered
to maintain a consistent mass for the system [32,36], i.e. ρ0 = 8352 kg m−3 for Hastelloy X at 25 ◦C.

The volumetric heat generation term qvol in Eq. (4) can be considered as a semi-spherical heat source centred at
the location of the laser [35,37]:

qvol = α
6
√

3P
π

√
πr3

exp

(
−3

(x + vt)2
+ y2

r2

)
exp

(
−3

z2

c2

)
(5)

here P is the laser power, α is the laser absorption coefficient, r is the laser radius, c is the laser penetration depth,
nd v is the laser scan speed (discussions on more advanced formulations for considering the laser heat source can
e found in [38]).

An initial temperature of 25 ◦C is considered for the model, and heat losses due to convection and radiation from
he top surface are neglected, after Pinkerton and Lin [39] who reported negligible influence from such consideration.
t should however be noted that other initial/boundary conditions can be equivalently implemented into PINNs.

Solving the above problem for a few given sets of process and material parameters through FEM is straight-
orward and is used in this study to establish the ‘ground-truth’ results for evaluating the accuracy of PINNs
olutions (i.e. not for training PINNs). Fig. 2(b) shows the generated FE mesh, which employs small elements
nly in the vicinity of the laser path to increase the efficiency of the computations [5]. The model has 110k nodes
nd 102k elements with the characteristics size of 10 µm close to the laser path and up to 150 µm elements on the
uter boundaries of the domain. The FE solution of the above problem using 12 threads of an Intel Xeon Gold
150 CPU took ∼2.5 h and ∼0.2 h with and without consideration of temperature dependence of the material’s
hermal properties, respectively. Considering temperature-dependent thermal properties introduces nonlinearities that
ecessitate the adoption of smaller time increments and more iterations for the solver to converge, which leads to a
igher computational cost. It is evident that FEM can be used neither for generating real-time simulation data nor
n sensitivity analyses where the solution for a large span of process and material parameters is required.

In this study, we aim to use PINNs and construct a generalised (parametric) solution for Eq. (4) which gives the
emperatures not only as a function of time and space but also as a function of process and material parameters,
amely laser power, absorption coefficient, laser scan speed, density, conductivity, and heat capacity. It can be
educed from Eqs. (4) & (5) that the effect of laser power and absorption coefficient, as well as that for heat
apacity and density, are coupled and therefore can be combined for the generalised solution of Eq. (4).

Fig. 3 illustrates a schematic of the developed PINNs for the thermal analysis of the LPBF single-track
epositions. A fully connected feed-forward neural network with six hidden layers of 24 neurons each with sin
5
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Fig. 4. (a) 2D schematics of low-discrepancy Cartesian Sobol sampling, (b) random Spherical collocation point sampling, centred at the
location of the moving heat source, (c) superposition of samplings shown in (a) and (b) to form the adopted interior collocation points for
PINNS. Note that the green circle presents the temporal location of the laser heat source. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

activation functions is constructed. This architecture has been chosen based on the results of an ensemble training
exercise (the Github repository contains all the relevant information about the network and its training parameters).

The network takes eight inputs: three spatial coordinates, time, laser power × absorption coefficient, laser
scanning speed, thermal conductivity, and specific heat capacity × reference density, and gives the temperature
as the output. Training the network involves optimising the weights and biases (ca. 3K unknown values) based on
the LBFGS algorithm [41] for 219 collocation points. The number of collocation points is selected such that the
memory capacity of the employed GPU allows a batch size of one for the training.

Importantly, it is found that efficient network training is only feasible through consideration of a nonhomogeneous
distribution of the interior collocation points such that a higher population exists in the vicinity of the moving laser
heat source, where higher temperature gradients are expected (resampling a ‘spiky’ problem). For such a purpose,
a random spherical collocation point distribution [42], centred at the location of the moving heat source and with a
radius of 300 µm, is adopted for 10% of the interior collocation points (Fig. 4(b)). This distribution is superimposed
on a Cartesian Sobol collocation point distribution (Fig. 4(a)) to construct the interior collocation point set used
for the calculation of RP DE , as presented in Fig. 4(c). This idea resembles the cumbersome adaptive re-meshing
strategy in FEM, i.e. continues change of the mesh during calculation. Implementation of this concept into PINNs
is very straightforward and does not affect the computational cost, i.e. in total contrast to its counterpart for the
FEM.

The network is trained for two scenarios. PINNs-I are trained without consideration of the temperature
dependence of the material’s thermal properties to estimate temperature as T = T

(
x, y, z, t, P × α, v, k, ρ0 × C p

)
.

In the next step and to demonstrate the capability of PINNs to deal with nonlinearities induced from considering
temperature-dependent material properties, thermal properties of LPBF Hastelloy X (Fig. 5) are employed to train
PINNs-II and calculate the temperature profile as T = T (x, y, z, t, P × α, v). With consideration of the melting
temperature of 1345 ◦C for Hastelly X, the outcomes of PINNs-II are also assessed to calculate the dimensions of
the LPBF melt pool i.e. Dmeltpool = Dmeltpool (P × α, v).

Training of PINNs is performed on a single Nvidia Titan RTX GPU and took ∼1.8 h and ∼4 h for PINNs-I
and PINNs-II, respectively. After the training, the evaluation of networks for calculating temperature profiles for
any combination of process and material parameters is at practically zero computational cost (1 ms for 1K network
evaluations) which makes them ideal for real-time simulations and ultimately control and optimisation of the LPBF
process. Another advantage of PINNs over FEM is the small disk-size of the final solution, which is a couple of
megabytes for the whole range of process-material parameters for the former, but can be upwards of a gigabyte for
every single scenario for the latter method.

4. Accuracy evaluation

The verification of the PINNs solutions in this study is based on comparing their outcomes with those from
several benchmark equivalent FEM simulations. A random hypercube sampling strategy [44] is used to design six

benchmarking cases to evaluate the accuracy of each PINNs solution. Tables 1 and 2 describe the training ranges
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Fig. 5. Thermal properties of LPBF Hastelloy X [43].

Table 1
Training and benchmark evaluation conditions for PINNs-I.

Parameter K ρ0 × C p P × α v

Unit [W m−1 K−1] [mJ m−3 K−1] [W] [m s−1]

Training range 5–20 2–5 10–20 0.5–1.5

Benchmark # 1 13.30 2.65 18.84 0.87
Benchmark # 2 8.14 3.86 15.08 0.80
Benchmark # 3 10.86 2.45 12.60 1.09
Benchmark # 4 7.07 4.59 17.70 1.23
Benchmark # 5 19.02 4.48 11.61 0.59
Benchmark # 6 15.61 3.48 14.47 1.37

Table 2
Training and benchmark evaluation conditions for PINNs-II.

Parameter P × α v

Unit [W] [m s−1]

Training range 50–100 0.5–1.5

Benchmark # 1 94.45 1.00
Benchmark # 2 71.52 0.55
Benchmark # 3 60.83 0.98
Benchmark # 4 87.18 1.47
Benchmark # 5 80.82 0.80
Benchmark # 6 50.14 1.22

of the two PINNs as well as the conditions for their benchmark evaluation. The percentage Mean Absolute Error
(MAE) is employed as an index in the assessment of the accuracy of PINNs solutions, i.e.:

δ̄ =

(⏐⏐T̄P I N Ns − T̄F E M
⏐⏐⏐⏐T̄F E M

⏐⏐
)

× 100 (6)

here T̄P I N Ns and T̄F E M are the average of PINNs and FEM calculated temperatures. Fig. 6 compares the PINNs-I
nd FE calculated transient and steady-state temperature data for the conducted benchmark evaluations. As can be
een, PINNs can provide a close approximation of the FEM results, where the MAE remains below 4.5%.
7
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Fig. 6. Comparison of calculated temperatures from PINNs-I and corresponding FEM simulations in benchmark cases. (a) steady-state
temperature distributions in six cases, (b) transient and steady-state temperatures for the first benchmark, (c) temperature profiles along the
laser path for the last frame of analysis for the six cases, (d) evolution of temperature profile along the laser path in the first case.

Fig. 7 illustrates the PINNs-II calculated transient and steady-state temperature data and melt pool dimensions
ersus those derived from the equivalent FEM simulations. It can be observed from Figs. 6(c) & 6(d) and Figs. 7(c)

7(d) that consideration of the temperature-dependent material properties significantly influences the shape of the
emperature profiles. Similar to that for PINNs-I, the observations from Fig. 7 indicate that PINNs-II can acceptably
epresent the outcomes of FEM simulations for the conducted benchmark evaluations.

. Concluding remarks

Reliable simulation tools are required for optimising and ultimately controlling metal additive manufacturing
MAM) systems to improve the process efficiency and quality of the builds. However, the high computational cost
f classical simulation approaches such as the finite element method for analysing the MAM process does not
llow their exploitation to this end. This study develops a reliable and rapid alternative for (single-track) thermal
nalysis of the laser powder bed fusion (LPBF) process based on physics informed neural networks (PINNs). The
utstanding advantage of the developed PINNs solutions is that, after unsupervised training, they calculate the
ransient and steady temperature profiles (and consequently the melt-pool dimensions) during the LPBF process for
ny combination of the material’s thermal properties and process conditions at practically zero computational cost.

benchmark study compares the outcomes of the developed PINNs with those from a series of equivalent FEM

imulations and indicates Mean Absolute Error of below 5% for PINNs solutions.

8
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Fig. 7. Comparison of calculated temperatures and melt pool dimensions from PINNs-II and corresponding FEM simulations in benchmark
cases. (a) steady state temperature distributions in six cases, (b) transient and steady-state temperatures for the first benchmark, (c) temperature
profiles along the laser path for the last frame of analysis for the six cases, (d) evolution of temperature profile along the laser path in the
first case, (e) steady-state melt pool dimensions for the six cases, (f) evolution of melt pool size in the first benchmark case.
9
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