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Numerical simulation is a powerful tool for understanding the complex physics of metal additive manufacturing
(MAM) processes and to provide guidelines for optimization of the process conditions. The fast kinetics and
highly localized nature of the involved phenomena demand high levels of time and space discretization for MAM
simulations which significantly increases the computational costs. The existing simplified simulation approaches
apply gross approximations to overcome the numerical cost barrier. This study proposes a multiscale approach
which breaks down the problem into two scales of local and global simulations. The method argues that a high
level of discretization is only required for capturing the physics of fast-kinetics phenomena occurring in the
vicinity of the melt-pool, while a much coarser discretization is applicable for the rest of the simulation domain.
As a particular type of adaptive submodeling technique, the results of fine-mesh local simulations around the
moving melt-pool are combined with the outcome of a coarse-mesh global solution to provide reliable predic
tions at a significantly reduced computational cost. The efficiency and reliability of the proposed idea has been
evaluated for 2D thermal simulation of the selective laser melting process. The outcome of the exercise de
monstrates that the methodology can reduce the computational cost of the simulations by an order of magnitude
with minimal loss of accuracy.

1. Introduction
Commercial additive manufacturing (AM) was first introduced in
1987 with stereo-lithography (SL) from 3D Systems [1]. Arguably, the
first reported metal additive manufacturing (MAM) technique was
created in 1990 as a selective laser sintering (SLS) process [2]. The
German company EOS (Electro-Optical Systems), Sandia National La
boratories, Swedish company Arcam-AB and Fraunhofer Institute in
Germany later developed various technologies such as selective laser
melting (SLM), laser engineered net shaping (LENS), and electron beam
melting (EBM) [1,3]. In the early part of its 30 years long history, AM
was mostly applied for the fabrication of conceptual and functional
prototypes, also known as Rapid Prototyping (RP) [4]. Recent innova
tions in materials and processes are transforming AM from rapid pro
totyping to rapid manufacturing, i.e. “the production of end-use parts
from additive manufacturing systems [5]” [4,6]. AM offers certain ad
vantages over conventional subtractive techniques; for instance, high
freedom of design allows production of parts that was not previously
possible due to machining limitations, or the reduction in design lead
time allows for faster production of better optimized parts [7,8].

⁎

Metal additive manufacturing (MAM) processes can be categorized
based on their material feed method. A broad classification divides
MAM into powder bed fusion manufacturing (PBFM) and powder/wire
feed systems. Among PBFM techniques, SLM has been recognized as a
promising technology with an almost unchallenged freedom of design,
high dimensional precision, good surface integrity, and minimal feedstock waste [9–11]. In the SLM-process, a high-energy laser beam is
utilized to melt a thin layer of metallic powder under an inert gas en
vironment following the information provided by a sliced CAD model
[12–14]. After solidification of the melt pool, a new powder layer is
deposited and exposed to the laser again. This process is repeated until
the part is completely built-up [15]. Various metals can be processed in
SLM, with the most common examples being iron, titanium, nickelbased alloys, copper, and aluminum [16]. Main applications of SLM are
in the aerospace, energy, biomedical, and automotive industries [6,16].
The main parameters hindering fast growth and widespread appli
cation of SLM, and in general MAM, are the high production costs and
inferior mechanical properties of the products. Besides the cost penalty
related to the expensive feed material and slow production, high rate of
manufacturing failures makes the process very expensive and less
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attractive for many industrial applications. Typical problems are un
desired distortion, delamination, cracking, high porosity, and inferior
strength or ductility [17]. A trial-and-error strategy is often employed
for finding the optimum set of process parameters (e.g. laser power,
scan speed, scan trajectories) to avoid manufacturing failure and enable
a successful print [18,17,19]. Process models are potentially capable of
removing the need for such an expensive and time-consuming trial-anderror endeavor. Ideally, they would provide an understanding of the
details of the process and identify the process conditions, which not
only minimizes the chance of print failures, but also results in the
fabrication of high-quality parts that can be employed in critical ap
plications [7].
AM models can be divided into three categories [7]; Analytical
models, which are highly simplified mathematical representations of
the physical phenomenon, and can be adapted to different process
conditions easily. Empirical models, which are made based on a series
of experiments, and while they are more reliable than analytical
models, their application is limited by the range of experiments that
were used to calibrate them. Finally, numerical models which try to
solve complex physical equations, which often do not have an analy
tical solution, and use experimental data in model calibration and op
timization, or validation of the results [7].
In numerical modeling of SLM, perhaps the most particular char
acteristic is the extreme heating/cooling rates during the manu
facturing process [20,21], e.g. 103 – 108 K/s [22–24]. Such rapid tem
perature changes result in development of significant residual stresses,
which lead to part distortion or even delamination/cracking during the
print process [25,26]. Furthermore, the microstructural characteristics
and consequently the mechanical response of the build are significantly
affected by the experienced temperature profiles during the deposition
process [25,27]. Therefore, thermal simulation is key towards improved
understanding of the MAM process challenges and is probably the most
important modeling step as it generates input data for subsequent re
sidual stresses and microstructural simulations. Approximations and
errors in the thermal simulation would be carried over to the sub
sequent analysis steps, and would result in unreliable residual and
microstructure predictions if they are left unchecked.
During SLM, the laser energy is absorbed and converted to heat by
the individual powder particles. When their temperature reaches the
melting point, the particles liquefy and form a melt-pool. Different
phenomena affect the fluid motion inside the melt-pool such as gravity,
buoyancy, and surface tension. For high laser energy inputs, and thus,
high melt-pool temperature, the viscosity drops and a turbulent flow
forms. The high energy input might also heat up the melt-pool above its
boiling temperature and cause vaporization. When the laser moves
away, the heat loss through conduction, convection, and radiation cools
down the melt-pool well below its solidification temperature. In short,
the laser energy is employed during SLM to fuse individual powder
particles and create a continuum solid [28]. Previous work on melt-pool
simulations [29–31] employed a thermo-fluid modeling approach to
predict not only the temperature profiles, but also the characteristics of
melt-pool kinetics. However, these methods are computationally very
expensive and thus, the simulation domain is limited to only a few
millimeters of laser travel and cannot be employed to provide tem
perature profiles within a MAM part (e.g. to be employed for residual
stress or microstructure predictions).
In order to reduce the computational cost of AM thermal simula
tions, the powder layer is often modeled as a continuum medium and
the fluid-related phenomena are neglected. Therefore, the thermo-fluid
problem is reduced to a thermal problem [32,33]. The energy deposi
tion by the laser beam is then modeled as a volumetric (or surface)
moving heat source and the three mechanisms of heat conduction,
convection, and radiation are considered. In such simulations, each
calculation point in the model is in one of the four following states:
“powder state” for deposited powder layers, “quiet state” representing
the state of powder layers to be deposited later, “liquid state” at

temperatures above the melting point, and “solid state” for elements
that have cooled down and solidified. The thermal conductivity of the
quiet elements is zero, while the thermal conductivity of the powder
elements is very small compared to that of the solid material. The
conductivity of liquid state is often artificiality increased to take into
account the effect of melt-pool motion from a heat transfer point of
view. A number of studies have experimentally demonstrated the re
liability of such a simulation approach. Ali et al. [34] developed a FE
thermo-mechanical model for SLM process and validated the predicted
temperature profiles by using experimental melt-pool dimensions for
comparison with FE results. Liu et al. [35] similarly developed a FE
model that uses anisotropic thermal conductivity properties to study
the temperature evolutions and ultimately microstructure development
in SLM. Their thermal model was validated by comparing melt-pool
dimensions and surface features with experimental data. Hussein et al.
[36] developed a thermal FE model to investigate the thermal fields and
stress development in overhang structures during SLM. They used ex
perimental melt-pool depth to validate the simulation results.
Although the described simplification reduces the computational
cost of AM thermal simulations, the simulation domain is still very
limited [36]. The high computational cost of such high-fidelity con
tinuum thermal simulations stems from fine time and space dis
cretization requirements for calculating the heat transfer problem near
the laser. In order to capture the large temperature gradients in the
vicinity of the melt-pool, the element size should be a fraction of the
melt-pool width. When the usual melt pool width (100-200 µ m) and
powder layer thickness (20–100 µ m [16]) are considered, elements
with a characteristic length of 10 µ m are required [37]. Furthermore, as
the laser moves with a speed of 100–1000 mm/s and results in tem
perature evolution rates as high as 108 K/s [24], an average time in
crement of roughly 2 µ s is required to ensure that the temperature
change per increment matches the degree of temperature dependency
of the material properties. If the simulation process of a small compo
nent, e.g. 2 × 2 × 2 cm 3 cube is desired, a model with billions of ele
ments must be solved for millions of time-steps, which is not feasible
with current state of the art HPCs.
An over-simplifying strategy, called “lumped heating” has been
employed in a number of studies to reduce the computational cost of
AM thermal simulations (e.g. [38–41]). In this method, neither the inplane movement of the laser beam nor the deposition of individual
layers are taken into account. For faster calculations, a number of layers
are deposited at once, and an equivalent energy or temperature is ap
plied to the meta-layer. For instance, Zah and Branner [38] used 1 mm
thick meta-layers (representative of 20 powder layers of 50 µ m thick
ness) and applied an equivalent amount of thermal energy that is
provided by the laser for deposition of the 20 layers. Obviously, the
method is a gross simplification and neglects important features of SLM
thermal profiles such as large temperature gradients and fast tem
perature evolution rates. It also does not consider the details of scan
ning strategy, a factor which is known to influence temperature profiles
and subsequently the microstructure and the residual stress state of the
SLM part [42–45].
It has been shown in [21,37,46,47] that employment of an adaptive
re-meshing strategy in high-fidelity continuum FE models, provides
reliable SLM temperature profiles at reduced computational costs. In
this approach, the mesh density near the melt-pool is kept high adap
tively in order to capture the large thermal gradients, while it is re
duced in the rest of the body. Khan and De [37] used a fine mesh for an
area covering 1 mm of the laser track, which was connected to a coarser
mesh with bonded contacts. As the laser moves, the geometry is remeshed and the solved quantities would be mapped to the new mesh
[37]. The re-meshing and re-mapping processes are computationally
expensive, and therefore, the number of re-meshing steps has to be
optimized [37]. While restricting the fine mesh to the region near the
laser is an effective solution for the space discretization issue, the time
increment size is determined based on convergence requirements of
2
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interactions of the laser and the finely meshed region (e.g. in the order
of 2 µ s). Meanwhile, far from the laser, where the mesh is coarsened
and the cooling rates are much slower, the heat transfer problem is still
solved with these small time increments. This motivates seeking a so
lution to separate the calculations in the vicinity of the laser from the
far-field temperatures in the rest of the body, in order to use larger
time-steps for slower cooling rates, which is proposed in this study as
the multiscale approach.
The multiscale method for thermal simulation of the SLM process,
reduces the computational cost of calculations with minimal loss of
accuracy. The proposed approach argues that a high level of space and
time discretization is required for capturing the physics of fast-kinetics
localized phenomena occurring only in the vicinity of the melt-pool, but
a coarse mesh would suffice to predict the slower far-field thermal
profiles. Therefore, it breaks down the thermal analysis into two scales;
local and global. A small adaptive-local model with fine level of time and
space discretization moves with the laser and solves the temperature
field around the melt-pool, while the global simulation uses large ele
ments and time increments to provide reliable thermal profiles far from
the melt-pool. The calculated temperature profiles from the two solu
tions can be combined to generate a reliable thermal solution for the
whole simulation domain. As the employment of fine time and space
discretization is limited to a small portion of the model, the computa
tional efficiency of the analysis is significantly improved. This study
implements the adaptive local-global idea for 2D thermal simulation of
SLM processes, and demonstrates the potential of this methodology in
reducing the computational costs with minimal loss of accuracy. The
continuum FE thermal models of SLM were assumed to be reliable
based on experimental validations in the literature, e.g. [34–36]. As
direct experimental validation of 2D calculations is not feasible, this
study considered conventional 2D thermal simulations (with uniform
fine discretization and without adaptive remeshing) theoretically valid.
Accuracy and computational efficiency of the proposed multiscale ap
proach are discussed in comparison with such computations.

Fig. 2. FE model for 2D thermal simulation of SLM process.

make the employment of a 2D analysis possible.
2D analysis is chosen as the framework of this study to apply the
multiscale technique for thermal simulation of the SLM process.
Demonstration of the efficiency and reliability of the proposed tech
nique will be based on comparisons with the outcomes of conventional
highly refined 2D simulations rather than a direct experimental vali
dation. Therefore, the involved epistemic uncertainty in 2D thermal
analysis is not discussed and readers are referred to [49,50]. Extension
of the developed multiscale technique to three-dimensional analyses
and experimental validation are the topics of our ongoing research. This
section describes the ‘reference’ 2D thermal analysis for MAM and
Section 3 presents the details of the developed multiscale adaptive
local-global approach.
Fig. 2 shows an example of an FE model for 2D thermal analysis of
the SLM process in Abaqus v6.14-1 [51]. The expected melt-pool size
for the SLM process with the chosen parameters is 60 µ m in depth and
200 µ m in length. Following a mesh convergence study, square quad
rilateral 4-node linear elements (DC2D4) with side length of 10 µ m
were employed.
The integral form of the general energy balance equation im
plemented in Abaqus for heat transfer analysis is [52]:

2. 2D finite element thermal modeling for AM
Employment of two-dimensional finite element analysis is an al
ternative to computationally expensive 3D calculations where the var
iations of quantities along one dimension are negligible. 2D thermal
analysis of MAM processes can be interpreted as an approximate solu
tion for printing a thin-wall structure (see Fig. 1). The negligible
thermal conductivity of the powder (e.g. [48]), and assumption of a
wall thickness equivalent to the beam diameter (d ) with uniform laser
intensity distribution along the z direction (see Fig. 1), result in a
uniform temperature distribution throughout the wall thickness and

V

U dV +

S

f dS =

V

qvol dV

(1)

where V and S are the volume and surface area of the simulation do
main respectively; denotes density; U is the rate of change of internal
energy; f is the heat flux leaving the system per unit area of the surface;
and qvol is the volumetric heat generation. The material specific heat
definition gives:

cp (T ) =

dU
dT

(2)

Furthermore, the heat conduction based on Fourier's law is expressed
as:

f=

k T

(3)

where k is the thermal conductivity. Employing Gauss’ theorem, the
differential form of the energy balance can be written as:
Fig. 1. Schematic of SLM manufacturing for a thin wall structure.

cp T
3

. (k T ) = qvol

(4)
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The laser energy deposition during SLM is assumed to be a (moving)
volumetric heat source and is introduced through the qvol term. In 3D
thermal analyses of SLM, an in-plane Gaussian distribution for the laser
intensity with linear or exponential decay through the powder depth is
often considered. Here, a simplified 2D version of the distribution
employs a Gaussian distribution in the x direction and a constant in
tensity in y and z directions (Fig. 2). Thus, the volumetric heat flux is
given by:

qvol = qmax exp( 2
0

x r2
2

) if |x r |

and yr
(5)

otherwise

where qmax is the maximum heat flux at the center of laser, is the laser
beam radius (i.e. where the intensity falls to 1/ e 2 of its maximum), and
is the layer thickness. The two parameters of x r and yr are the compo
nents of relative distance of a material point from the laser center which
itself is a function of time and laser scan speed v for the SLM process.
Integration of the above equation correlates qmax in Eq. (5) with the
total laser power as:

Q=

1

qvol dV
2

qmax =

Fig. 3. Schematic representation of the employed phase transition rule for si
mulation of the SLM process.

transition rule for the state of the material points during the performed
simulations in this study. This transition rule was implemented using
the Fortran-based user-defined UFIELD subroutine in Abaqus.
The material parameters of density, thermal conductivity coefficient
and specific heat in Eq. (4) are temperature-dependent quantities. The
properties for stainless steel 316 reported in [55] were employed in this
study. Fig. 4 presents the variation of the material properties in the
three states of powder, liquid and solid with temperature. Following
[56], the assumed thermal conductivity for the liquid phase is artifi
cially increased to consider the effect of heat convection due to fluid
motion inside the melt-pool. The powder and solid density were as
sumed to be equal and temperature dependent, and the changes due to
thermal expansion, change of state, and vaporization were neglected.
The powder thermal conductivity was taken as 1% of the solid coun
terpart [48]. The latent heat of fusion of stainless steel 316 was adopted
from [57] equal to 275 kJ/kg, and was implemented by increasing the
specific heat in the range between the solidus (1375 °C [58]) and the
liquidus temperatures (1427 °C [55]). The numerical values of other
employed parameters in the simulations are listed in Table 1.
A specific challenge in FE analysis of AM processes is modeling the
material addition as the simulation progresses. This can be handled in
two ways: (i) element activation method; where new elements are added
to the model to represent deposition of powder layers. Therefore, the
model consists of a smaller number of elements at the start of the si
mulation, which reduces computational cost at the beginning. However,
by addition of each layer of elements, the mesh structure needs to be
reconstructed which is computationally expensive. (ii) The more
common strategy is the element birth or quiet element method, where
the elements for the whole build are present in the model from the be
ginning of the calculation. At any time during the simulation, the layers
which are not deposited yet are in a quiet state, i.e. they are assigned
material properties which effectively suppress their effect on the solu
tion. Thus, the mesh matrix is constructed only once, and remains the
same throughout the whole simulation. The second strategy is employed
in the present study through using the Fortran-based user-defined
USDFLD subroutine in Abaqus where the assigned material properties
switch from the quite to powder properties at the moment of depositing a
new layer of powder. The chosen properties for the quiet state are:
3
quiet = 1.225 kg/m , K quiet = 0 W/m K, and Cp quiet = 1000 J/kg K.
The model described in this section is referred to as the reference
model in the followings, and is solved for various model sizes (see
Fig. 14). A summary of assumptions described in this section can be
found in Table 2. For the sake of consistency, similar assumptions have
been taken for the multiscale simulations. The outcome of these simu
lations is the reference solution that is compared with the results of the
developed multiscale approach. Fig. 5 presents an example of the
temporal evolution and distribution of temperatures during SLM pro
cess of a 2 × 2 mm 2 square block.

(6)

Q
d

(7)

where is the laser absorption coefficient and d is the wall thickness
which is taken as 2 in our 2D simulations. By substituting for qmax in
Eq. (5) we have:

Q
d

qvol =

2

exp( 2

x r2
2

) if |x r |

0

otherwise

and yr
(8)

A schematic representation of above formulation is shown in Fig. 2, and
the Fortran-based user-defined DFLUX subroutine was used to imple
ment it in Abaqus.
An initial temperature of 25 °C was chosen for the model and the
deposited powder layers. The bottom of the substrate is kept at 25 °C
throughout the simulations, and the two lateral sides of the model are
thermally insulated. Thermal convection and radiation boundary con
ditions are applied on the top layer during the deposition. In summary:

T (x , y , 0) = 25°C

(9)

T (x , 0, t ) = 25°C

(10)

k

T
T
|x = xmin = k |x= xmax = 0 W/m2
x
x

(11)

k

T
|y = ytop = (hrad + h conv )(T
y

(12)

Tamb)

where hrad and hconv are thermal radiation and convection coefficients
respectively, with ambient temperature Tamb = 25 °C. Stefan-Boltzmann
law defines hrad as:

hrad =

2
(T + Tamb)(T 2 + Tamb
)

(13)

where is the Stefan–Boltzmann constant, and the powder emissivity
is taken as 0.8 [53]. A value of 10 W/m 2 K was chosen for hconv to ac
count for free convection [54]. The Abaqus Fortran-based user-defined
FILM subroutine was used for implementation of the radiation and
convection to the evolving top layer in this study.
The SLM process includes the transformation of powder particles to
molten metal upon beam exposure, and solidification of liquid metal
upon cooling. Therefore, any material point in the FE model can take
one of the three states of powder, liquid, or solid. The powder/solid
elements transform to the liquid state as the temperature rises above the
melting point and upon cooling down below the melting temperature,
the liquid changes to solid. Fig. 3 schematically represents the
4
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Fig. 4. Variation of (a) thermal conductivity coefficient, (b) specific heat and (c) density of 316 steel with temperature for three states of powder, liquid and solid
[55].

3. Adaptive local-global multiscale modeling

Table 1
Process parameters used in the simulations.
Parameter
Powder layer thickness (µ m)
Laser power (W)
Spot diameter (µ m)
Scan speed (mm/s)
Absorption coefficient
Layer deposition time (s)

Symbol

Q
d
v
–

The present study analyses the powder bed fusion process at two
different scales; a large-scale global analysis to calculate reliable tem
peratures in the areas far from the beam irradiated region, and a smallscale local simulation to determine thermal profiles in the vicinity of the
laser beam. Both local and global models share the same material
properties, radiation and convection assumptions as the reference so
lution described in the previous section. Additionally, the laser speed,
radius, power and the powder layer thickness is the same between re
ference, local, and global models. The local model and the reference
solution use the same element size and Gaussian laser distribution.
However, larger elements are used in the global model which requires
modifications in the laser definition to reduce the resulting mesh sen
sitivity. An important requirement for the reliability of the far-field
temperature predictions by the global solution is to ensure that the
deposited energy to the system is not affected by the chosen coarse
mesh for the FE calculations. However, application of a Gaussian dis
tribution for the heat source power intensity results in high mesh sen
sitivity of the deposited energy [59]. As illustrated in Fig. 6, the em
ployment of a coarse mesh can result in deposition of higher or lower
amount of energy to the system depending on the relative position of
the element nodes with respect to the beam center.
A solution to this problem is to replace the Gaussian distribution
with an equivalent linear counterpart (referred to in the following as
the triangular distribution). Provided that the integral of both dis
tributions are equal, the deposited heat and thus the far-field tem
peratures would be identical. As shown in Fig. 7, for a triangle width
larger than twice the nodal distance, the amount of deposited energy is
not sensitive to the mesh configuration. Therefore, the coarse-mesh
global simulation in this study uses an equivalent triangular

Value
30
150
100
800
0.3
1

Table 2
Summary of assumptions in construction of the thermal model.
General
- 2D simulations
- Quiet element method for powder deposition
- Volume changes due to thermal expansion, state change, and vaporization were
neglected
Boundary and initial conditions
- Gaussian laser distribution in scan direction and constant distribution in depth and
thickness
- 25 ° C initial temperature
- 25 ° C boundary temperature at the bottom of the substrate and insulation otherwise
- Constant free convection on top of the powder layer
- Radiation on top of the powder layer with constant emissivity
Material properties
- Temperature dependent thermal conductivity, density, and specific heat
- Heat transfer in the melt-pool due to convection was considered by artificially
increasing the thermal conductivity in the liquid state

Fig. 5. Predicted evolution and distribution of temperature during SLM process for the 2 × 2 mm 2 model. (a) Temperature history for a node in the middle of the 41st
layer and (b) the temperature distribution over the 41st layer.

5
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Fig. 6. Sensitivity of the total deposited energy to the mesh configuration for a heat source with Gaussian distribution. Examples for (a) fine mesh, (b) coarse mesh
while beam center coincides with a node location, and (c) coarse mesh while the beams is located between two neighboring nodes.

distribution for the heat source. The elements in the global model are
50 µ m long horizontally, and 30 µ m in height (equal to powder layer
thickness), and the width of the considered triangle is 200 µ m.
Fig. 8 compares horizontal and vertical temperature distributions
near the laser location from the reference solution considering a
Gaussian distribution and the global model with a triangular distribu
tion. It is observed that the temperatures from these two model con
verge in regions far from the melt-pool location. The size of the region
that requires recalculation using the local models is determined based
on the discrepancy between the temperature predictions by the re
ference and global models, and the target accuracy. For the current
work, a local model with a size of 1700 µ m in width and 360 µ m in
height was chosen. With these dimensions the difference in boundary
temperatures between the global and reference model is roughly 2 °C. It
is worth noting that in determining the size of the local models, the
reference solution does not need to cover all of the printing region and
one can focus on the printing process of a single laser track in a small
model where the coarse mesh (representing the global model) and the
fine mesh (representing the reference solution) can be solved quickly.
Fig. 10 illustrates the details of the local model. The model contains
a non-uniform mesh distribution with high mesh density in the vicinity
of the beam location. A heat source with the Gaussian distribution is
considered for scanning a length of 200 µ m. Each local model overlaps
with the previous one and is offset 200 µ m horizontally for local models
of the same layer. With the scan velocity of 800 mm/s, each local model
analyzes 250 µ s of the deposition process. Radiation and convection
boundary considerations are considered for the top surface of the local
model.
The local models import their boundary temperatures for every
time-step from the global simulation, similar to a conventional sub
modeling strategy where the intermediate nodes and time-steps are
interpolated linearly. The initial temperatures are imported from the
previously performed local calculation (the first local model of each
layer imports both the initial and boundary temperatures from the
global solution), and in cases where nodes are misaligned, linear in
terpolation is used to determine the temperatures at new node ar
rangements. There is no need for information transfer from the local

models to the global model, and the global simulations are performed
independently before the local models. The local simulations need to be
performed sequentially for the duration of each layer while the calcu
lations for different layers are independent of each other and can be
performed in parallel. Furthermore, if the temperatures in a small re
gion are of interest, then solving the layers that pass through that region
with the local models is sufficient. For the sake of performance com
parisons, all local models were performed sequentially, and with the
same computational resources as the global and reference models.
Fig. 9 presents an overview of the proposed adaptive local-global
simulation approach. Thermal simulation of the SLM process based on
the proposed multiscale strategy includes employing the material,
process and geometry information to construct a global model and a
number of local models. As an example, the multiscale simulation for
the 2 × 2 mm 2 model included 660 local simulations. The global and
local simulation results can be combined to construct a single thermal
database. In this study, Python and Matlab codes were developed to
extract the temperature information from the Abaqus output files,
combine them and finally generate the output database for custom
mesh and time frames. In Supplementary material, the developed codes
for the implementation of the methodology into the general purpose
finite element package of Abaqus are provided.
The provided flexibility in mesh configuration and temporal re
solution of the output database is of particular importance when the
generated temperature data is to be exploited by other simulation
techniques, e.g. residual stress simulation or microstructural modeling.
The microstructural modeling approaches, such as phase field modeling
(e.g. [60]) require high-resolution temperature information (i.e. with
fine mesh and small increments). However, the focus of such micro
structure simulations is often on some specific regions of the SLM build.
Therefore, while a uniform (and relatively coarse) space and time dis
cretization might be optimum for generation of the input thermal data
for residual stress simulations, the element and time increment size
should be locally refined for efficient generation of the thermal data in
microstructural modeling. Furthermore, when the requirement for high
resolution and reliable thermal information is limited to specific time
points and regions, performing the local simulations for the whole

Fig. 7. Insensitivity of the deposited heat to the mesh configuration of the model with consideration of triangle distribution for the heat source. Representations for
(a) fine mesh, (b) coarse mesh with beam center located at a FE node, and (c) coarse mesh with beam center located at the middle of two FE nodes.
6
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Fig. 8. Comparison of temperature profiles determined from the reference solution (Gaussian distribution) and the global model (triangular distribution). (a)
Temperature distribution over layer 41. (b) Vertical temperature distribution during print of layer 41.

Fig. 9. Overview of the proposed adaptive local-global multiscale simulation approach (BC: boundary condition, IC: initial condition ODB: output database).

model is not necessary and solving the global model with a small
number of local models in the area of interest would suffice.

Fig. 11 presents the predicted node evolution and path distribution
of temperature during the SLM process from the reference and multi
scale analyses. Fig. 11a illustrates the temperature evolution for the
midpoint of the 41st deposited layer and Fig. 11b gives the temperature
distribution at an arbitrary time frame during scanning of the 41st
layer. It can be observed that the predictions from the multiscale ap
proach match those from the reference solution very well.
Fig. 12a presents the predicted temperature distribution by the
multiscale approach within the model at an arbitrary time frame during
scan of the 20th layer. The absolute difference between the predicted
temperature distributions by the multiscale and reference solutions is
illustrated in Fig. 12b. An excellent consistency between the predicted
temperatures by the two approaches is obtained for most of the mod
eling domain.
Fig. 13a shows the calculated peak temperatures for each location of
the geometry from the multiscale solution. Similarly, Fig. 13b presents
the differences in the predicted peak temperature by the reference and
multiscale approaches.
The agreement between the simulation results from the multiscale
and reference solutions in Figs. 12–13 demonstrates the accuracy and
reliability of the proposed adaptive local-global simulation technique
for thermal simulation of AM processes.
As described previously, the 2D nature of performed calculations
does not allow for experimental validation of the simulation results.
Therefore, conventional 2D continuum-based thermal simulations (with
uniform fine discretization) are considered theoretically valid. It is
worth mentioning that further investigation is required to evaluate the
consequences of assumptions of Table 2. However, it does not com
promise the reliability of the proposed multiscale simulation approach,

4. Effectiveness demonstration
In the following, the effectiveness of the proposed multiscale ap
proach for the thermal simulation of the SLM process is evaluated from
two perspectives; (i) accuracy and reliability of the calculated tem
perature data, and (ii) the performance improvement and computa
tional cost reduction.
4.1. Accuracy and reliability
Evaluation of accuracy and reliability of the proposed simulation
approach is based on comparisons of the outcome of the adaptive localglobal (multiscale) approach with those from the regular fine-mesh
(reference) solution. The examination focuses on simulating the print
process of a 2 × 2 mm 2 thin-wall (2D) section consisting of 66 powder
layers with 30 µ m thickness.

Fig. 10. Details for the designed small-scale local FE model for analysis of the
temperature profiles at the vicinity of laser beam location.
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Fig. 11. Comparison of predicted temperature evolution and distribution between the multiscale and reference solutions for the 2 × 2 mm 2 model. (a) Temperature
history for a node in the middle of 41st layer. (b) The temperature distribution over the 41st layer.

since it can be adapted to represent any high-fidelity continuum
thermal simulation, as long as modeling assumptions have been con
sistently considered in the reference, global and local models.

solution and it increases at a slower rate with increasing model size.
These results demonstrate the effectiveness of the multiscale approach
for reducing the computational cost of AM simulations (without sig
nificant accuracy penalty). The efficiency gain is higher for larger
models, where the sheer computational and memory requirements
would become the limiting factor in increasing the model size.
As discussed earlier, the multiscale approach allows for local models
of different layers to be solved simultaneously. For the sake of isolating
the computational benefits of separation of scales, all local models are
solved sequentially in generating the data of Fig. 15. Parallel computing
would further reduce the calculation times for the multiscale approach.
For instance, if the local models of the 66 layers in the 2 × 2 mm 2 square
were solved in parallel, they would take only 13 min instead of 14 h,
and the major computational cost would be for the global models
(4.8 h) and combination of results in the post processing step (3.5 h).

4.2. Computational efficiency
All simulations were conducted using 12 threads of an Intel Xeon
E5-2680v3 processor on a Linux-based installation of Abaqus 6.14-1.
Wall-clock time is used for the sake of a realistic representation of the
actual time taken for each simulation. The Abaqus standard implicit
solution procedure with auto time stepping [32] was chosen for the
simulations where the size of time increments is determined based on
maximum allowed temperature increase per increment ( Tmax = 200 ° C
for the current simulations) and built-in convergence criteria. In the
reference model and local simulations, an average time increment of
2 µ s was used, while the simplified laser definition and the larger ele
ments of the global model reduced the temperature evolution rates near
the laser, and allowed the average time increment to be increased to
10 µ s.
For the 2 × 2 mm 2 model, the computational time for the reference
and multiscale approaches were 109 and 22.3 h, respectively which
indicates that the multiscale solution reduced the computational cost of
this specific model geometry by 80%.
For a more systematic examination, a series of squares with side
lengths of 1–5 mm were simulated with both the multiscale and re
ference approach (see Fig. 14). Fig. 15 shows that the computational
cost of the multiscale approach is much smaller than the reference

5. Concluding remarks
Simulation of additive manufacturing processes helps with under
standing the involved phenomena and derivation of guidelines for
process optimization. However, the complex multiphysics nature of
these processes places a large computational barrier in the way of
modeling real-world components using numerical methods. An adap
tive local-global multiscale simulation approach is introduced with the
aim of reducing the computational costs. This study focuses on im
plementation of the proposed technique in the framework of high-fi
delity 2D continuum thermal modeling of the selective laser melting

Fig. 12. Temperature distribution within the 2 × 2 mm 2 model. (a) Calculated temperature distribution by the multiscale approach, and (b) difference in predicted
temperature distributions between the reference and multiscale solutions.
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Fig. 13. (a) Predicted peak temperature distribution by the multiscale approach for the 2 × 2 mm 2 model, and (b) the absolute difference with respect to the reference
solution.

local models, but a uniform fine mesh for the print region, was used for
verification. It is shown that the proposed multiscale approach sig
nificantly decreases the computational cost of simulations while the
errors are below 1%.
In the 2D multiscale simulations, the numerous local models share
the same geometry, mesh design, etc. and only differ in their initial and
boundary temperature conditions. Thus, this study lays the groundwork
for applying data-driven machine learning techniques in creating a
surrogate for the local thermal calculations. A computationally supercheap surrogate model can be trained and validated based on the ob
servations from a set of local simulations generated through finite
element simulations. Using such a metamodel as a replacement for the
numerous relatively expensive local calculations would further reduce
the computational cost of the proposed multiscale approach, and fa
cilitate modeling of larger parts, where more complex investigation of
factors such as geometry on the temperature profiles becomes possible.
Additionally, these models can be used to control the process conditions
(e.g. laser power) during the print process since they can be evaluated
almost immediately as opposed to expensive finite-element simulations.
Extension of the proposed adaptive local-global simulation to 3D
through employment of surrogate modeling is currently ongoing.

Fig. 14. The examined simulation domain sizes for the simulation of SLM
process. The dimensions are in millimeters.
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Appendix A. Supplementary data
Fig. 15. Calculation time for thermal simulation of 2D square models using the
regular fine-mesh (reference) and the adaptive local-global (multiscale) solu
tions. No layer parallelization was adopted for the multiscale simulations.

Supplementary data associated with this article can be found, in the
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