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A B S T R A C T

Computational prediction of the temperature history during directed energy deposition (DED) is a fundamental
input for the subsequent numerical analysis of microstructural characteristics and thermomechanical response.
In order to allow for industrial implementation of such simulations, the development of computationally
efficient methods taking advantage of multi-scaling techniques is needed. This work provides a new formulation
for the flash heating (FH) method to be applied when modeling DED. As with other FH methods, this
formulation ensures energy conservation when defining the volumetric heat source term, however, in the
present case, the actual deposited cross-sectional area obtained from experiments is used instead of hatch
spacing and layer thickness as usually done in FH methods for laser powder bed fusion (LPBF). A new feature
of the model is that the high-resolution cross-sectional area of the multi-layer geometry is extracted from
optical micrographs, resulting in a curvilinear top surface of every track. The method is validated through
comparison with experimental monitoring data and provides valuable information regarding cooling rates,
development of the molten area, and heat accumulation when varying process parameters within relevant
limits. The influence of varying simulation parameters, such as the partitioning of the geometry and the time
used for heating (contact time), on computational cost and accuracy is moreover studied. It is found that a
very short contact time is mandatory to ensure the melting of the geometry and, consequently, the proper
evaluation of cooling rates and thermal gradients.
1. Introduction

Predicting production outcomes for metal additive manufacturing
(MAM) techniques is a time-consuming and expensive task, hindering
an extensive industrial implementation of this class of manufacturing
processes [1]. The complexity stems from the several process parame-
ters to be set, the limited amount of materials available for MAM, and
the limited knowledge of the physical phenomena taking place during
the process [2]. Monitoring techniques are one of the main tools used
for such purpose [3]; however, many are still under development, and
some of them come with limitations on what is actually possible to
measure without compromising the produced part. This is where com-
putational tools are able to give extra input, providing an inexpensive
evaluation of the manufacturability of a component without needing
to produce and find a way to measure hard-to-evaluate quantities like
e.g. residual stresses.

∗ Corresponding author.
E-mail address: albsa@dtu.dk (A. Santi).

Powder-based directed energy deposition (DED) allows for 3D-
printing of large metallic components based on a working principle
taken from metal welding: the powder is fed by a co-axial or off-axis
nozzle, melted by a laser source, and subsequently deposited and re-
solidified on top of a baseplate. In this way, it is possible to build
new components through layer-by-layer deposition, leaving enhanced
design freedom as compared to other conventional processes [4].
DED presents several similarities to powder bed fusion (PBF), which
produces smaller components by selectively melting powder lying on
the build table or bed. Therefore these two processes are typically
presented together when dealing with modeling, as nearly identical
physics are involved [5].

Due to limited computational resources, it is not possible to include
all the occurring physical phenomena during MAM in the simulation,
and, as a result, only relevant physical phenomena with a focus on the
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prediction of a specific class of defects and on a specific length-scale are
considered. Heat transfer is taken into account in most of these models,
as MAM processes typically function based on the fusion and melting
of the feedstock material, leading to melt pool formation, followed by
cooling. The final microstructural pattern, the potential presence of
key-hole or lack-of-fusion porosities, and residual stresses are governed
by the complex fluid flow, solidification, and cooling stage. The central
role of the thermal conditions is deeply addressed in [6,7]. Bayat
et al. [8] provided a classification of the different modeling techniques
applied to MAM based on their length-scale and the main output of
the model. The three length-scales are as follows: micro-scale models
focus on the microstructural evolution [9], meso-scale (or deposition-
scale) models’ computational domain is within the vicinity of the melt
pool [10], and finally, part-scale models simulate field variables in the
entire part — although often by means of proper process multi-scaling
techniques.

At part-scale, thermal models predict cooling rates and possible
temperature build-up (residual heat and overheating) in the sample
during the process [11–14], which in turn could lead to the coars-
ening of the microstructure and cause decreased hardness [15,16].
In thermo-mechanical models, thermal models provide temperature as
input for the mechanical model through a weak coupling to obtain
residual stresses and distortions in weakly coupled thermo-mechanical
models [17–29]. When applied to MAM, the idea behind these models
is to: (1) find the best set of process parameters and scanning patterns
leading to minimum distortion/residual stresses [21], (2) to redesign
the components compensating for the predicted distortions [26,30], or
(3) to evaluate the effects of post-production heat treatments on the
thermo-mechanical conditions [27].

Thermal and thermo-mechanical part-scale models are typically
based on the finite element method (FEM), taking into account only
the conduction of heat within the geometry, as including fluid dynamics
effects such as convection, evaporation or the Marangoni effect would
strongly increase the required computational time. The final geometry
is given as an input and not generated during the simulation. The mate-
rial deposition is replicated by the element birth-and-death technique,
where the elements are activated step-by-step according to when they
should be deposited [31], or by the quiet element approach, where all
the elements are active from the beginning but the ones which should
not be active yet, present null material properties [32].

There are several ways to simulate the laser’s thermal impact on the
material. Simulating the laser as a moving heat source [22,33–35], with
a certain energy distribution over the area of the laser diameter [36,37]
is one way of capturing this. Even if this approach turns out to be the
most reliable one at meso- or deposition-scale, it is computationally
heavy and infeasible when the domain covers several tracks and layers.
For these reasons, the method is usually compromised with adaptive
remeshing techniques to reduce the number of elements and hence the
simulation time [38–40].

Process multi-scaling techniques are a key solution to circumvent
the high computational requirements seen in the moving heat source
approaches. Several different process multi-scaling techniques have
been proposed in the MAM literature. Material lumping is a key feature
that all process multi-scaling techniques have in common. Here, ele-
ments are lumped together, allowing for a large time step as compared
to the moving heat source techniques, where activation of the elements
happens continuously with the movement of the laser. Hodge et al. [23]
executed heat source agglomeration by considering a laser diameter
and layer thickness being 20 times bigger than the real-life case. On
the other side, Zaeh et al. [41] proposed to heat up parts of each
layer (scanning areas) through a volumetric heat source. This idea
was further developed in Zhang et al. [18] where the volumetric heat
source is applied to a lump of layers (meta-layer) that are heated up all
together at the same time, defining what is currently denoted the flash
heating (FH) method. Finally, a modified version of the inherent strain
36

method, which was initially applied for welding problems [42], has
been implemented for purely mechanical analysis of MAM [43,44]. In
the most recent version, the modified inherent strain method is coupled
with FH for more realistic stress predictions in high-throughput MAM
processes e.g. wire arc additive manufacturing [24].

The present paper proposes a new formulation for the FH method
applicable to the powder-based DED process. In [25], a theoretical
procedure for FH, as well as the so-called sequential flash heating
(SFH), for LPBF is presented, in which the volumetric heat source
applied to every meta-layer is obtained based on process parameters.
Such procedure, as will be shown later in the paper, cannot be applied
to DED, as there is a big contrast between the length-scales of DED
and LPBF reflected in the part width and hatch spacing — hence
necessitating a somewhat different approach. The proposed FH method
is validated and supported through experimental data and applied to
different sets of process parameters.

The FH method can be implemented in a couple of different ways,
discussed below, via adjusting the contact time, i.e., the parameter
that defines the amount of time over which the thermal energy is
released into the deposited material. In some studies, the contact time is
defined as the ratio between the laser beam diameter and the scanning
speed [28,29], as this would provide the actual amount of time in
which a representative area of the material gets heated by the laser.
The contact time spans from very small values [18,25], in the order
of milliseconds, to a comparatively longer period i.e. equal to the
deposition time (defined as the real experimental time used to deposit
the layers composing the meta-layer), and this would provide a way
for gradual heating of the material instead (denoted gradual heating,
GH) [14]. The impact of this modeling parameter on the reliability
and run-time of the FH model is, however, rather unknown, and in
this paper, we seek to study the effect of contact time on the thermal
conditions during the DED process.

Moreover, in part-scale models described in the MAM literature, the
geometry of the deposited tracks in DED processes is predominantly
assumed to be flat and have parallelepiped shape [45–47], and this
is quite far from real conditions, as it is well established from exper-
iments that the cross-sections of DED-printed layers present curved
surfaces (also called free surfaces) [48,49]. Therefore, considering a
nominal geometry instead of the real one can lead, in a simulation
environment, to a wrong estimation of the temperature field due to
a different amount of material deposited per track or just a different
distribution of it. Also, adopting the nominal geometry complicates
the evaluation of overlapping between neighbor tracks [28]. Some
attempts have been made to analytically derive the cross-sectional
shapes of the track through curvilinear field equations depending on
process parameters [50–55], but these are still limited to a few layers.
In this work, the cross-sectional geometry of the component analyzed
in the simulations is based on observations made through an optical
microscope (OM), capable of providing reliable information on the
amount of material that gets deposited and on its shape.

The paper is structured as follows: firstly, a description of the
experimental setup is provided, comprising the equipment used for
production, its monitoring, and subsequent material characterization.
Secondly, the numerical model is described, explaining which govern-
ing equations and corresponding boundary conditions are considered.
Finally, the simulation results are provided and discussed in context
with the experimental findings.

2. Experimental setup

Samples of stainless steel AISI 316L have been produced through
a powder-based DED process (setup shown in Fig. 1). The system
uses a GTV multi-jet nozzle (PN6625) mounted on a 5-axis KUKA
robotic arm. The particle size distribution of the powder is reported in
Table 1. Thermal energy for melting the powder particles is provided
through a collimated diode laser (Laserline LDF 16000-60) properly

focused on the baseplate, made of the same material as the powder
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Fig. 1. View of the experimental setup together with online monitoring equipment. (a) Zoom in during the DED process.
Table 1
Particle size distribution of 316L powder.

Particle size [μm] >106 106–90 90–75 75–63 63–53 53–45 45–38 <38

% 0.0 4.1 27.2 39.5 21.0 7.1 1.0 0.0

Table 2
Process parameters used for the different samples. The 𝑃∕𝑣 representing the linear
energy density input (𝐿𝐸𝐷 = 𝑃∕𝑣) is also reported.

Sample tag 𝑃 [W] 𝑣 [mm/s] 𝑃∕𝑣 [J/mm]

L (low 𝐿𝐸𝐷) 1500 25.00 60
N (nominal 𝐿𝐸𝐷) 2100 16.67 126
H (high 𝐿𝐸𝐷) 2700 8.33 324

deposited. The laser diameter is 3 mm. Argon is used as a shielding gas.
These experiments aimed to investigate the influence of the volumetric
energy density input 𝑉 𝐸𝐷 on the final components. This parameter is
calculated as follows:

𝑉 𝐸𝐷
[

J/mm3
]

= 𝑃
𝐺𝑣

(1)

where 𝑃 [W] is the laser power, 𝑣 [mm/s] the laser scanning speed,
and 𝐺 [mm2] a geometrical constant. For LPBF, 𝐺 = 𝐻𝛿, where 𝐻
[mm] is the hatch spacing and 𝛿 [mm] is the layer thickness. For DED,
𝐺 = 𝐴𝑡 where 𝐴𝑡 [mm2] is the single-track cross-sectional area as it will
be described in the subsequent Section 3.5.

Several parts have been printed in the experimental campaign;
however, this study is limited only to three of them of which the process
parameters are reported in Table 2.

Both single tracks and multi-layer samples are produced for each
set of process parameters. All the multi-layer parts are made of 14
layers, each having three tracks deposited in alternating directions,
with an overlapping distance of 1 mm (considering a laser diameter
of 3 mm, 𝐻 = 2 mm) as shown in Fig. 2a. Baseplates have a square
shape with a size of 120 mm × 120 mm and a thickness of 9 mm. On
each of these, two samples are deposited (Fig. 2b). The three samples
considered in this study were the first to be printed in three different
baseplates to avoid any noise from the previously deposited part in the
same baseplate.

2.1. Monitoring and characterization techniques

The following online monitoring equipment was installed during
production:

• A mineral-insulated K-type thermocouple on the sample N with
a 3 mm sheath outer diameter. The position of the thermocouple
in the baseplate is shown in Fig. 2c. The thermocouple wires are
37
set in a drilled hole of 0.5 mm and kept in place through an
appropriate thermal paste.

• An infrared thermal camera (Thermal imager OPTRIS Pi640).
This equipment provides the temperature development in every
pixel of the recorded video based on the infrared (IR) emissions
from the targeted bodies. Implementing such equipment is quite
complex, as it cannot stand close to the sample due to melt
spattering, which can ruin the camera. Therefore, this is kept
quite distant, leading to every pixel including a bigger region.
Furthermore, the temperature range for the used equipment is
200–1500 ◦C, while the experiments go below and beyond this
range.

• A photosensor (PDA50B2 Ge Switchable Gain Amplified Detector,
800–1800 nm, 510 kHz BW, 19.6 mm2, Universal 832/M4 Taps).
When emissions with wavelengths between 800–1800 nm are
detected, this sensor outputs a voltage value dependent on the
waves’ intensity. This looks at the whole deposition, not at a
specific point.

• An in-axis camera. Coaxial to the laser beam and perpendicular to
the baseplate, it visualizes the melt pool deposited from the top,
monitoring its dimension and shape based on the light reflection.

After production, the parts are cut in the middle of their length,
along the 𝑦𝑧-plane, to investigate their cross-sections. The preparation
of the samples followed the standard procedure for microstructural
characterization. The following characterization instruments are used
to analyze the parts:

• An optical microscope (Leica DM6). The samples are inspected
both before and after etching with glyceregia [56]. The inves-
tigation before etching helps visualize the overall cross-section
dimensions, shape, and potential macro-porosities; the one after,
on the other hand, is executed to see the melting lines and
distinguish the different tracks deposited.

• A field-emission scanning electron microscope (FEI Quanta 250).
The micrographs are acquired using back-scattered electrons with
the electron channel effect contrast imaging (ECCI) mode to
distinguish grains with different orientations [57]. Grain size and
morphology can be evaluated in this way.

• A microhardness tester (FutureTech FM810). Measurements along
the cross-sections are executed to evaluate hardness variations
along the build direction. A load of 200 g with a dwell time of 10
s is applied for all the measurements (two profiles per sample).
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Fig. 2. (a) Scanning pattern and hatch size. (b) Build plate after production. Only the first samples produced in each baseplate are considered (Sample 1). In this figure, Sample
1 corresponds to L. (c) Position of the thermocouple for Sample N. The reported coordinate system coincides with the one used in the FEM simulations.
Fig. 3. Temperature-dependent thermophysical material properties of AISI 316L [58].
3. Numerical modeling

3.1. Transient thermal analysis

To obtain the temperature field development during the DED pro-
cess within the baseplate and printed material, the well-known tran-
sient heat conduction equation is solved through FEM at part-scale
[17]:

𝜌⋅𝐶𝑝⋅
𝜕𝑇
𝜕𝑡

= 𝜕
𝜕𝑥

(

𝑘 ⋅
𝜕𝑇
𝜕𝑥

)

+ 𝜕
𝜕𝑦

(

𝑘 ⋅
𝜕𝑇
𝜕𝑦

)

+ 𝜕
𝜕𝑧

(

𝑘 ⋅
𝜕𝑇
𝜕𝑧

)

−𝜌⋅𝛥𝐻𝑠𝑙⋅
𝜕𝑓𝑙𝑖𝑞
𝜕𝑡

+𝑄̇′′′

(2)

where 𝜌 [kg m−3] is the material density, 𝐶𝑝 [J kg−1 ◦C−1] is the specific
heat capacity, 𝑘 [W m−1 ◦C−1] is the material conductivity, 𝛥𝐻𝑠𝑙 [J
kg−1] is the latent heat of fusion, 𝑓𝑙𝑖𝑞 is the liquid fraction and 𝑄̇′′′

[W m−3] the volumetric heat source related to the FH implementation
discussed in Section 3.4. Temperature-dependent material properties
are implemented, also considering the change of behavior due to
melting and solidification (Fig. 3). 𝑓𝑙𝑖𝑞 is assumed to have a linear
behavior between the solidus and liquidus temperature, respectively
𝑇𝑠𝑜𝑙 = 1322 ◦C and 𝑇𝑙𝑖𝑞 = 1430 ◦C, during which the amount of latent
heat released is equal to 𝛥𝐻𝑠𝑙 = 272 kJ kg−1.

3.2. Thermal boundary conditions

Except for the bottom, all surfaces of the baseplate as well as the
surface of the deposited material are exposed to air convection and
radiation. The thermal boundary condition is expressed as [17]:

−𝑘𝜕𝑇
𝜕𝑧

= ℎ𝑎𝑚𝑏
[

𝑇 − 𝑇𝑎𝑚𝑏
]

+ 𝜀 ⋅ 𝜂
[

𝑇 4 − 𝑇 4
𝑎𝑚𝑏

]

(3)

where ℎ𝑎𝑚𝑏 = 15 W m−2 ◦C−1, 𝜀 = 0.4 [10] and 𝜂 = 5.67⋅10−8 W
m−2 ◦C−4 are respectively the air heat transfer coefficient (free con-
vection, assumed to be constant throughout the whole simulation [20,
38
27,46]), the surface emissivity of AISI 316L, and the Stefan–Boltzmann
constant. The ambient temperature 𝑇𝑎𝑚𝑏 = 23 ◦C is uniformly assigned
to the baseplate before the deposition, as detected by the thermocouple.

The bottom of the baseplate is in contact with a supporting struc-
ture, through which heat can conduct and be dissipated. An additional
boundary condition is prescribed to consider this contribution, where
an equivalent heat transfer coefficient ℎ𝑐𝑜𝑜𝑙 is calibrated and validated.

3.3. Deposition geometry

To implement realistic overlapping of the deposited tracks, pictures
of the cross-section obtained through the OM are used to achieve the
same shape in the simulated geometry (Fig. 4a). For the geometry of
each track, in approach 1 shown in Fig. 4b, circular arcs are manually
drawn to realistically replicate the free surfaces whilst also allowing
identical areas for each track’s cross-section and overlapping neighbor
tracks of 1 mm. These do not match with the lines visualized in the
OM picture, manually drawn in the approach 2 geometry in Fig. 4c,
as remelting of previously deposited tracks takes place during experi-
ments, causing the upper layers to look like they have more material
deposited as compared to the bottom ones. Obviously, this does not
hold if powder feed and catching efficiency [59] are considered con-
stant. The cross-section is then ‘‘extruded’’ for the whole deposition
length of 9.3 cm and positioned in the baseplate (Fig. 4d). The same
approach is used for all the analyzed geometries (Fig. 5). Meshing is
done with DC3D8 elements, which are refined close to the deposition.

3.4. Issues in the implementation of the FH LPBF procedure for DED

The idea behind the FH method is to homogeneously heat up a lump
of several 3D printed layers, denoted meta-layers, through a volumetric
heat source 𝑄̇′′′ derived from process parameters. Such thermal energy
is applied in a much shorter time as compared to the deposition time
𝛥𝑡 [s], and it is referred to as the contact time 𝛥𝑡 [s]. From [25],
𝑑 𝑐𝑜𝑛𝑡
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Fig. 4. (a) Optical microscope picture of the cross-section of the sample denoted N after etching. (b–c) The geometry of the cross-section is modeled with circular arcs. Approach 1
is based on constant volume (b), while Approach 2 on the melting lines visualized after etching (c). (d) Final geometry of deposited tracks, based on Approach 1. (e) Development
of the volumes as a function of the track number, with the two different approaches. Approach 1 shows constant volume per track, as defined. Approach 2 shows an increase in
volumes at the last tracks, which is a consequence of the track-wise heat accumulation.
Fig. 5. Cross-sections from OM measurements of the samples after etching with corresponding manually extracted geometry for simulations. (a) shows sample H, (b) sample L.
Discrepancies between numerical and experimental geometries are due to ensuring constant volume per track.
the following equation is used to evaluate 𝑄̇′′′ input for the FH method
in LPBF:

𝑄̇′′′ =
𝑈𝛿 ⋅ (𝛥∕𝛿)
𝛥𝑡𝑐𝑜𝑛𝑡 ⋅ 𝑉

(4)

where 𝑈𝛿 [J] is the energy input per layer, 𝛿 [mm] is the actual layer
thickness, 𝛥 [mm] is the meta-layer thickness, and 𝑉 [mm3] is the
volume of the deposited meta-layer. The value of 𝑈𝛿 is given by

𝑈𝛿 = 𝜉 ⋅ 𝑃 ⋅ 𝛥𝑡𝑑 (5)

where 𝜉 is the laser absorptivity, assumed to be constant as done
in other previous works at meso-scale level [60–63]. 𝛥𝑡𝑑 [s] is the
deposition time, obtained from

𝛥𝑡𝑑 = 𝐿
𝑣
⋅ 𝑛𝑡𝑟𝑎𝑐𝑘 = 𝐿

𝑣
⋅
𝑤
𝐻

(6)

where 𝐿 [mm] is the track length, 𝑛𝑡𝑟𝑎𝑐𝑘 the number of tracks per
layer, and 𝑤 [mm] the layer width. Inserting Eq. (5) and Eq. (6)
in Eq. (4), the relationship between the volumetric heat source and
39
process parameters is finally obtained:

𝑄̇′′′ =
𝜉 ⋅ 𝑃

𝐻 ⋅ 𝑣 ⋅ 𝛥𝑡𝑐𝑜𝑛𝑡 ⋅ 𝛿
(7)

Eq. (7) holds for LPBF but does not for DED. This is because Eq. (6)
assumes that 𝑛𝑡𝑟𝑎𝑐𝑘𝑠 = 𝑤∕𝐻 . This expression never provides the exact
integer value, as one should have no overlapping to obtain the precise
number of tracks. Therefore, some decimal digits are present, bringing
an overestimation of 𝑛𝑡𝑟𝑎𝑐𝑘𝑠 and subsequently of 𝑄̇′′′. The approxima-
tion works well for LPBF as 𝐻 ≪ 𝑤, having the hatch spacing in
the order of micrometers and the part width within millimeters or
centimeters. This means that the number of tracks is high, in the order
of hundreds or thousands, and a wrong estimation of the value in the
decimals brings a negligible error in 𝑄̇′′′. On the other hand, both 𝐻
and 𝑤 are in the same order of magnitude for DED. If we analyze
sample N, having a width of 7 mm and a hatch spacing of 2 mm, the
number of tracks estimated with such a formula will be 3.5 which will
result in a subsequent overestimation of 𝑄̇′′′ of 16.67%. This error is
connected to the overlapping of neighbor tracks: the difference between
the calculated number of tracks and the actual one corresponds to the
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𝑚

Fig. 6. (a) Representation of three adjacent overlapping tracks. The evaluation of the number of tracks through the formulation introduced in [25] includes an error term that
linearly depends on the ratio between the overlapping 𝑂𝐿 and part width 𝑤. (b) Representation of a DED process with the simulation parameters needed (in red) to define the
volumetric heat source. This is then applied to the geometry (as indicated by the red arrow), which is discretized in meta-layers (here shown in different colors) activated one
after the other. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
relative overlapping between two tracks (Fig. 6a). This error is too big
to be neglected, so a new procedure is required.

3.5. FH implementation for DED

Focusing only on a single track (𝛥∕𝛿 = 1), the deposition time can
be evaluated as

𝛥𝑡𝑑 = 𝛥𝑥𝑡∕𝑣 (8)

where 𝛥𝑥𝑡 [mm] is the length of the deposited track. If such a term is
introduced in Eq. (6), the new relationship between process parameters
and the volumetric heat source is found for DED through Eq. (4)
(Fig. 6b):

𝑄̇′′′ =
𝜉 ⋅ 𝑃

𝐴𝑡 ⋅ 𝑣 ⋅ 𝛥𝑡𝑐𝑜𝑛𝑡
(9)

where 𝐴𝑡 [mm2] is the cross-sectional area of a deposited track.
The main difference between Eqs. (7) and (9) can be found in the

denominator: for LPBF, the geometrical inputs are given by 𝐻 and
𝛿, while instead for DED it is condensed in 𝐴𝑡 only. In both cases,
preliminary knowledge from experiments is required: for the LPBF
case, the layer thickness needs to be evaluated a-priori, while for the
DED case, it is the cross-sectional area of a single-track deposition
that needs to be known in advance. This is why, in this case, single-
track experiments are executed to obtain the cross-sectional area of the
depositions for the different sets of process parameters employed in the
experiments.

An alternative formulation for 𝑄̇′′′ can be obtained if the mass flow
rate is known. The mass flow rate 𝑚̇ is defined as

̇ [𝑔∕𝑠] = 𝐴𝑡 ⋅ 𝑣 ⋅ 𝜌 (10)

which allows to obtain a new formulation of the volumetric heat source
that does not necessitate prior knowledge of the cross-sectional area of
an ST experiment:

𝑄̇′′′ =
𝜉 ⋅ 𝑃 ⋅ 𝜌
𝑚̇ ⋅ 𝛥𝑡𝑐𝑜𝑛𝑡

(11)

This alternative equation can be used only if proper deposition of
the powder is ensured: if too much energy is provided by the laser,
spattering can occur, and, on the other hand, a small energy input
can cause having unmelted powder. In both these cases, 𝑚̇ would not
provide reliable information about the material actually deposited and
the more reliable information of the cross-sectional area should be used.
For the experiments under analysis in this work, Eq. (9) was used as the
value of 𝑚̇ is unknown, but kept constant for the different experiments

Eqs. (9) and (11) can be used with every kind of discretization of
the geometry: meta-layers, layers, tracks, or parts of them. To use a
homogenized term, from this point, all such discretizations are denoted
patches. For LPBF, one would consider meta-layers solely for compu-
tational reasons. The energy input term is given per unit volume and
ensures energy consistency, i.e. the input of the right amount of energy.
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Time consistency is ensured by activating the patches at the right
time and in consistency with real-life tests, according to the element
birth-and-death technique. Based on the scanning pattern adopted, an
additional 1.25 s is taken into account between the deposition of two
layers and 0.25 s between the deposition of tracks within the same
layer. For the deposition of each patch, two steps are considered: one
where the volumetric heat source is applied to it (heating), and a
second one where such patch cools down until the next patch needs
to get deposited. The initial time increment is set to one-tenth of the
contact time for each step, with the size of subsequent increments being
allowed to increase depending on the convergence of the field equation.

Simulations are developed through in-house built Python codes and
executed in Abaqus/CAE 2018. All run on 20-core High Performance
Computing machines at DTU.

4. Results and discussion

4.1. Thermal validation

The cross-sectional area 𝐴𝑡 of the three sets of process parameters
evaluated from experimental OM measurements are reported in Fig. 7.
These also correspond to the areas obtained by partitioning the build
geometry equally, as shown in Figs. 4 and 5. The geometry of the tracks
varies strongly at different energy densities, in agreement with what is
found in [64]. The track width stays mostly constant given the fixed
laser diameter, while height and dilution increase when increasing the
energy density, as expected.

The only two unknown variables are 𝜉 and ℎ𝑐𝑜𝑜𝑙, which must be
calibrated against the experiments. Such calibration is executed based
on the experimental data given by the thermocouple installed during
the production of sample N. The correct choice of these two variables,
𝜉 and ℎ𝑐𝑜𝑜𝑙, will ensure the correct maximum temperature followed by
realistic bulk cooling afterward, respectively.

This first validation is executed with very refined patching and
meshing where each layer is discretized into 24 patches (3 tracks of
8 patches), and a total number of 427 184 elements is used. Fig. 8
shows the temperature–time curves obtained both with approach 1
(equal volume deposited per each track) and 2 (resembling melting
lines visualized through OM) presented in Fig. 4b. Approach 1 leads
to a good agreement with the experimental curve, while approach 2
overestimates the temperature in the last layers. This overestimation
occurs as the volumetric energy source is applied to bigger volumes
for the upper layers, as the tracks composing these have an increased
volume as shown in Fig. 4d. From a modeling perspective, if process
parameters are not modified in the process, the same energy should be
provided per each track deposited, and that is where approach 2 fails in
replicating the experimental data. As earlier pinpointed, the apparent
increased volume per track is not a consequence of different deposition
rates but rather of the increased heat accumulation in the upper layers.
On the other side, approach 1 deposits the same amount of material in
each layer, providing an identical heat input for each and obtaining the
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Fig. 7. OM of single track deposition for the three different sets of process parameters given in Table 2. The estimated cross-sectional area is reported below each picture.
Fig. 8. Comparison between experimental and numerical temperature–time curves at
the thermocouple position.

desired validation with the experiments. For these reasons, approach 2
is not considered for modeling, and the geometry of approach 1 is used.

The energy consistency of approach 1 is achieved with ℎ𝑐𝑜𝑜𝑙 = 150
W m−2 ◦C−1, and 𝜉 = 0.362. This is found to agree with what was
concluded in [63], namely that a constant absorptivity of 0.35 gives a
good match between experiments and numerical results. Time consis-
tency can also be concluded from this comparison since experimentally
and numerically obtained peaks coincide with good agreement. Further
confirmations can be found as supplementary material in Appendix A.

The necessity of using the FH-DED formulation for the volumetric
heat source given in Eq. (9) instead of the FH-LPBF one of Eq. (7) is un-
derlined by Fig. 9. In this picture, the temperature developments at the
thermocouple are shown for two models using respectively the FH-LPBF
and FH-DED equations for the volumetric heat sources. As expected,
the model using Eq. (7) overestimates the temperature as the absorp-
tivity has been calibrated to match with the curve given by Eq. (9).
To achieve a match between the volumetric heat sources, the value
obtained through Eq. (7) should be scaled down by 16.67%, bring-
ing a decrease of the absorptivity to 0.302, which is underestimated
compared to experimental measurements [65].

As a final validation, in Fig. 10, the maximum melt pool size is
investigated for the last track deposited. This is compared with the
nominal geometry used in the model (Fig. 10a) and with the geometry
used in approach 2 in Fig. 4 based on the final melting lines visualized
in the cross-section after etching (Fig. 10b). According to Fig. 10a,
one can notice that, as expected in DED, remelting of previous tracks
takes place, as the melt pool size is bigger than the amount of material
deposited per track. At the same time, it is also seen that the numerical
model is capable of effectively predicting the melting line positions, as
shown in Fig. 10b, where the molten area coincides with the one drawn
based on the melting lines visualized in the sample. Such an evaluation
has not been found in previous literature, and this allows us to conclude
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Fig. 9. Comparison between experimental and numerical temperature–time curves at
the thermocouple position. The two numerical curves are obtained using different
volumetric heat source values, obtained with the FH-DED and FH-LPBF equations
respectively.

that melting lines can be well predicted through well-calibrated purely
conductive FEM thermal models.

Using the cross-sectional areas reported in Fig. 7, one could derive
an estimation of the mass flow rate through Eq. (10). For the samples
L, N, and H, the obtained values are 0.25 g/s, 0.28 g/s, and 0.19 g/s.
It is not surprising to find a mismatch between these results, even if
the same value should be expected: sample L was not provided with
enough energy to ensure complete melting of the provided powder
(one could also notice this from the surface of the cross-section within
Fig. 7, where powder particles are not homogeneously sintered within
the track), while sample H showed spattering during production. These
considerations are also supported by the material reported in Appendix
B, where the in-axis camera detects the phenomena just described.

4.2. Mesh sensitivity analysis

The influence of the number of elements is studied here to ensure
mesh independence. Five different meshes of the deposition and base-
plate are studied, ranging from refined to coarse element sizes, and here
the same patching and contact time as employed in the validation case
are used. All the models deposit the part with 8 patches per track within
a contact time of 0.001 s. Table 3 gives the information on the model
names and meshing. Fig. 11(right) shows the development of the root
mean square error (RMSE) and run-time with respect to the number
of elements. The RMSE is calculated by taking the temperature–time
curves at the same position of the thermocouple and evaluating the
difference among them, using the most refined model as a reference,
according to the following formula:

𝑅𝑀𝑆𝐸
[◦C

]

=

√

∑𝑁
𝑖=1

(

𝑇𝑖,𝑅𝐸𝐹 − 𝑇𝑖,𝑋
)2

(12)

𝑁
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Fig. 10. Temperature contour at t = 251.6 s during printing of the last track. (a) Compares the contour plot with the simulation geometry (approach 1), showing a melt pool
area bigger than the deposited track. (b) Compares it with the melting lines manually detected through OM (approach 2), showing a very good prediction of the molten volume
from the numerical model. The temperature unit is degrees Celsius.
Fig. 11. On the left, temperature–time curves at the thermocouple position (shown in Fig. 2) of models with different numbers of elements. On the right, RMSE and run time
development with an increasing number of elements.
Table 3
Models analyzed for the mesh sensitivity study.

Model name Number of elements

M1 19 200
M2 72 000
M3 206 207
M4 427 184
M5 666 972

where 𝑇𝑖,𝑅𝐸𝐹 is the temperature detected by the model used as a
reference (in this case, the one having the highest resolution, M5, as
further refinement of the mesh would not change the result shown in
Fig. 11), 𝑇𝑖,𝑋 is the one detected by any of the other models, and N is the
number of points collected over time. From the results in Fig. 11(left),
it can be concluded that the models differ very little, with a general
deviation of only 13 ◦C between the two extreme cases. One could then
use the most coarse model to obtain a quick evaluation the temperature
history during DED. However, in Fig. 12, one can notice a less precise
contour plot in the cross-sections in the most coarse model, meaning
that precise information on the molten volume might be lost in the
process. The run-times are found to be almost linearly correlated to
the number of elements used. For the rest of the discussions, run-times
shown for the models will refer to the ones having an M1 mesh, while
contour plots showing the temperature contours will come from models
with identical settings, however having either M3 or M4 meshing.

4.3. Parametric analysis on FH simulation parameters

The two simulation parameters investigated in this section are the
number of patches used per layer, and the contact time, respectively.
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Table 4
Models analyzed for the parametric study on the number of patches.

Model name Patch dimension Patches per track

L7 7 layers 0.048
L2 2 layers 0.167
L1 1 layer 0.333
T 1 track 1
P2 0.5 track 2
P8 0.125 track 8

These are process-independent parameters that can be tuned by the
user.

In Table 4, a list of the analyzed models with different numbers
of patches per track, along with their tags, is given. The built thermal
models use the same meshing as model M1 and take the P8 model as
a reference for RMSE evaluations. The temperature–time curves are
now very different in terms of the number of peaks visualized and
their position (Fig. 13a), but it is possible to see that the overall bulk
temperature is not changed as the temperature builds up in the same
way for all the models. When depositing a smaller number of patches,
the peaks get higher given the bigger volume deposited per patch (and
therefore more energy input) during 𝛥𝑡𝑐𝑜𝑛𝑡. When comparing models
with patching larger than a single track dimension, the number of
fluctuations equals the number of patches getting deposited, and all
are equidistant in time. In other words, when using patches smaller
than a single track size, the number of peaks does not change anymore
as they correspond to the number of tracks, but their position gets
affected due to the scanning pattern effect (Fig. 13b). Model 𝑇 shows
equidistant peaks given the independence from the scanning pattern,
whereas models with more refined patch dimensions depend on the
scanning pattern, resulting in unequal distances between the peaks.
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Fig. 12. Contour plots at 𝑡 = 239.94 s with increasing number of elements. The temperature unit is degrees Celsius. The melting area is also reported, showing an improvement
in its evaluation with an increased number of elements.
Fig. 13. (a) Temperature–time curves at the thermocouple position for models having different patching (above track dimension). (b) Temperature–time curves at the thermocouple
position for models having different patching (below track dimension), with zoom up on the deposition of the second layer. (c) RMSE and run time development with an increasing
number of patches per track (given in Table 4), indicating the recommended range of parameters to achieve the best trade-off between accuracy and computational cost.
Such temperature fluctuations are shifted to longer times when lumping
an amount of material smaller than a track, as their activation will
be postponed as ensured by time consistency. Increasing the patches’
dimensions will cause a noticeable reduction in computation times
according to a linear trend (Fig. 13c). The very high values of the
RMSE are further proof of the low accuracy of models having a smaller
number of patches, as expected. The analysis of cooling rates and melt
pool evaluations (Fig. 14, with M3 mesh used) can be strongly affected
by the lumping.

As reported in Fig. 13c, one could then find an ideal compromise
between computational time and accuracy within models such as 𝑇 or
P2, where the material deposition follows a resolution below the layer
lumping, with parts of it deposited in a sequential way as executed
in SFH methods as well [25]. Further increases in the number of
patches per track (hence, reducing the patch dimension) will bring
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minor modifications to the temperature history, compensated by a non-
negligible linear increase in the computational time. Considering the
M1 mesh used for this analysis, one could replicate the moving heat
source method by depositing 48 patches per track having a width equal
to the element one in the 𝑥-direction. Such a technique would surely
give the most accurate model, but also an increase of the computational
time of 48 times compared to the recommended model T, and of 24
times to model P2.

In Table 5, the models analyzed with different contact times are
listed. Patches of the same size as the tracks are considered here (as
done previously in model T). This is done to easily accommodate high
values of 𝛥𝑡𝑐𝑜𝑛𝑡 within the deposition time of each patch, as an increased
dimension of the patch brings an increased deposition time. Fig. 15a
shows that the temperature–time curves are pretty much unaffected
when changing the contact time duration, with the part building up the
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Fig. 14. Cross-section contour plots of the deposition when the middle of the first track of layer 13 gets deposited (highlighted in red). Deposition happens before when coarser
patching is considered. The melt pool area is better predicted when patching is refined. The temperature unit is degrees Celsius. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
Table 5
Models analyzed for the parametric study on the contact time.

Model name 𝛥𝑡𝑐𝑜𝑛𝑡 [s]

T1 5
T2 2
T3 1
T4 1e−1
T5 1e−2
T6 1e−3
T7 1e−4

temperature in a very similar way for all considered cases. However,
by zooming in on the temperature–time curves shown in Fig. 15a it
becomes evident that by increasing the heating time (while conserving
the energy of course), temperature peaks are smoothened i.e. reaching
lower temperatures, gradually resulting in GH rather than FH. This
happens because employing longer contact times results in longer times
for conduction of the heat within the component, even while this is
still heating up, providing the decreased slope visualized in the curves.
Such GH models will then have issues in the evaluation of cooling
rates, as these depend on the curve slopes, and similarly for residual
stresses in the case of thermomechanical models, as lower temperatures
will underestimate the amount of plastic deformation introduced in the
model. To distinguish between FH and GH models, Fig. 16 shows the
melt pool size at the end of the heating phase of the first track deposited
in the model. It is observed that for cases with higher contact times
e.g. T1–T3 (GH), there is no sign of melt pool formation — signifying
lower peak temperatures. While for shorter contact times (the FH case),
e.g. T4–T7, almost the entire track cross-section has been melted. When
calculating the contact time as in [28,29], the value for N would be
0.12 s, very close to the one tested in T4, which is a FH model. Based
on the data shown Fig. 15b, it is possible to conclude that when a
model is classified as FH it becomes basically insensitive to the 𝛥𝑡𝑐𝑜𝑛𝑡
value as the RMSE value shows (T7 used as a reference). In FH models,
decreasing 𝛥𝑡𝑐𝑜𝑛𝑡 brings a slight increase in the run-time as the step
size gets reduced, and the peak temperature of the molten phase is
increased. The bulk temperature development is however insensitive to
the contact time when in the FH range, resulting in the small values of
RMSE recorded in Fig. 15b. The peak temperature evaluated in the FEM
model should not be considered an accurate value, as the convective
heat transfer in the melt pool is not included in the model. Given
this, the calculated peak temperature is overestimated compared to
experimental values reported in other studies with the same process
and material [66]. Based on these results, the choice of the contact
time should be related to the amount of molten volume detected in the
simulation: a first guess can be estimated using the process parameters
as done in [28,29], but this value should be further calibrated ensuring
proper melting of the whole deposited volume. There is no advantage
to directly using an extremely small value (e.g., 0.0001 s) as that would
44
just be a disadvantage from a computational perspective. It should be
emphasized that the advantage of using GH models is purely related
to the short computational time, as the only reliable information that
they provide is the overall build-up of the temperature in the part whilst
ensuring energy conservation.

4.4. Comparison between process parameters

A parametric study is presented here using three sets of different
process parameters (listed in Table 2) with a similar meshing as the one
used for the validation for case N, resulting in 407 828 elements for L
and 453 444 for H. This meshing is used to ensure proper prediction
of the molten volume. Here, the P8 patching approach (i.e. division of
a single track into 8 equal sections) is used, and a 𝛥𝑡𝑐𝑜𝑛𝑡 of 0.001 s is
kept for every model to achieve FH. The calibrated values of 𝜉 and ℎ𝑐𝑜𝑜𝑙
obtained through validation of the case N in Section 4.1 are also kept
for the new sets of process parameters.

In Fig. 17a, it is possible to see the temperature development at
a probe predicted by the validated model, and it is clearly observed
that the temperature curves differ substantially between the three cases.
Sample L is deposited in way shorter times and with a smaller energy
input due to a higher scanning speed, while sample H is made over
a longer time and also has a higher energy input. For sample H, the
temperature–time curve shows a saturation of heat accumulation: for
the deposition of the final six layers (𝑡 > 300 s), the temperature does
not increase anymore while building up a new layer. This is because the
energy removed through convection/radiation from the surfaces gets
balanced with the energy input given by 𝑄̇′′′ due to the temperature
difference between the surface and the ambient.

DED processes are known to present heat accumulation issues [12,
67]. These arise because the thermal energy provided in the previously
printed layers does not dissipate enough through the geometry when
new material gets deposited. One of the consequences of this is the
increase in the melt pool size with the build height as the manufactur-
ing process goes on [68]. An approach to evaluate the development of
this molten volume with the build height is proposed here: from the
simulation outputs, it is possible to highlight the regions showing a
temperature above the melting point. The number of pixels occupied
by such regions is then converted into an area measurement through
Python code using the skimage package. For each track getting de-
posited, the maximum melting area is extracted at the middle of the
track length in the 𝑥-direction.

Fig. 18 shows predicted cooling rates, molten area based on the
method outlined above, as well as the experimental microhardness
along the building height for the three different samples. The cooling
rates are evaluated numerically by just taking the temperature–time
data points located within 𝑇𝑙𝑖𝑞 and 𝑇𝑠𝑜𝑙, for every node of interest. To
evaluate the development of the cooling rate with the build height,
one node in the middle of the second track of every layer is analyzed.
While building up new layers, both the hardness and cooling rates tend
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Fig. 15. (a) Temperature–time curves at the thermocouple position for models having different contact times. (b) RMSE and run time development with increasing contact time.
Fig. 16. Cross-section contour plots in the middle of the first track. For each model, the contour at the end of the contact time is shown (when all the thermal energy is provided
and the maximum temperature 𝑇𝑚𝑎𝑥 for each model is reached). The temperature unit is degrees Celsius.
Fig. 17. Temperature–time curves at the thermocouple position for different process
parameters.

to decrease accordingly [16,69], while the cross-sectional melting area
detected increases. All of these effects are related to heat accumulation,
since it takes more time to cool down every newly built layer as
the temperature difference between the current and the previously
deposited one is decreased. Lower cooling rates bring coarser grain size,
which in turn results in a reduction in the hardness values [15]. At
the same time, when the previously-built layer is still warm during the
deposition of the new one, less energy is required to re-melt it, and
given the constant energy input for all of the patches, the amount of
material that will undergo melting increases layer after layer.

When comparing different process parameters, lower energy densi-
ties result in higher hardness and cooling rates, while the melting areas
are smaller.
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One should also notice that the values of the melting area are always
above the deposited one for both samples N and H, while this is not the
case for sample L, which for the first four layers has values very close to
or below the deposited area (1.3 mm2). This is reflected experimentally
in lack-of-fusion porosities, see Fig. 19a. These are characterized by an
irregular shape and are located along a vertical line in the overlapping
between the two neighbor tracks, which probably means that the
overlapping is not sufficient for this level of energy input. The fact
that sample L is the only one showing such defects and also having the
numerical model not fully melting the tracks for the first layers allow
us to conclude that the thermal model can predict whether the thermal
input of the laser is high enough to melt the material planned to be
deposited fully. The increased melt pool area with the distance from
the baseplate proves that remelting of previous layers is enhanced with
the building height, explaining why the samples after etching in Figs. 4
and 5 show bigger areas for the last layers. Always in the same as-built
micrographs, an increasing amount of spherical oxide inclusions with
a diameter below 10 μm is found when the energy density increases
(Fig. 19b). As confirmed by EDS analysis and according to [70,71],
these are Si(Al) and Mn-rich oxide inclusions ranging from 500 nm
to 10 μm. Cracks at the surface are found in the three samples (here
visualized only in the micrograph of sample N, see Fig. 19a). These
could be caused by hot cracking and promoted by the presence of oxide
inclusions [71,72].

Cooling rates between 1600–3500 ◦C/s have been measured in other
studies for DED of 316L with decreasing values when increasing build
height [11,13,73,74]. These values are above what was found with
samples N and H. However, samples produced with energy densities
below 120 J/mm are analyzed in these studies, meaning that values
below 1600 ◦C/s should be expected for the higher energy density
samples. The difference between the cooling rates of the different
samples is reflected in the microstructure (Fig. 19c): the microstructural
evolution goes from a fine equiaxed grain morphology (sample L)
to coarse column grains (sample H). Similar microstructures are also
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Fig. 18. Microhardness (experimental), cooling rates (numerical), and cross-sectional melting areas (numerical) analyzed through the deposited height for sample L (a), N (b), and
(c).
ound in [75]. According to [76], an increase in the cooling rate leads to
microstructure refinement. The transition from equiaxed to columnar
rains is instead due to low solidification rates.

The saturation of the heat accumulation for sample H can once
gain be noticed by the almost constant microhardness and cooling
ates when the distance from the baseplate is bigger than 10 mm,
orresponding to the final six layers. As a final check on this, Appendix

provides a collection of pictures obtained by the in-axis thermal
amera installed during the production. While for both samples L and

the radiation intensity always increases with the layer number from
he first to the final one, for sample H this increase is not noticed for the
pper layers above layer five. We also notice the previously mentioned
mproper melting of the first layers of sample L, as the area covered
y the laser diameters is not homogeneously heated up, and that the
ail behind gets bigger with increased energy density and layer number,
roving the increase of melt pool volume with the number of layers and
nergy density.
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5. Conclusion

This work presents a new procedure for applying the FH method
to DED processes in which the thermal input given by the laser is
evaluated through the process parameters and the cross-sectional area
of a single-track deposition. The model has been validated through
monitoring data from experiments and applied to different sets of
process parameters. The following conclusions can be made:

• The FH method effectively replicates experimental results within
short computational times. The implementation of computational
fluid dynamics-based thermal models for the same purpose obvi-
ously would provide more accurate results in terms of geometry,
fluid motion, and heat transfer. However, its application to multi-
layer geometries would result in excessively high computational
times.

• Implementation of high-fidelity geometries based on OM pictures
gives a reliable evaluation of cooling rates and development of
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Fig. 19. (a) OM of the as-built samples cross-sections. (b) OM of the samples magnified to visualize oxide inclusions. Images taken at the middle of the build height. (c) SEM
micrographs acquired using back-scattered electrons detectors. ECCI mode is used to distinguish the orientation of the grains. Images taken at the middle of the build height.
the melt pool areas during the deposition of layers. The former
can be used to investigate microstructure outputs and the lat-
ter to evaluate eventual lack-of-fusion porosities or remelting of
previous layers. The curvilinear surfaces composing the cross-
sectional areas of the tracks have been manually drawn. However,
we envision the possibility of using an algorithm doing so, capable
of developing a high-fidelity representation of the multi-layer
geometry given the values of laser diameter, hatch spacing, and
cross-sectional area of a single-track experiment. Furthermore,
the single-track experiment does not have to be executed for
any set of process parameters: once two single-track experiments
have been executed with process parameters providing low and
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high energy densities, the areas of tracks with energy density
values in between can be evaluated through linear interpolation
as an approximation. The feasibility of this framework should be
evaluated in future work.

• When increasing the dimensions of the patches, the computa-
tional times can be shortened even more, however with increased
loss of information from a thermal perspective. Cooling rates and
molten volume evaluations are becoming increasingly more inac-
curate, however, the model might still be useful for a subsequent
thermomechanical analysis and hence provide useful information.
Further evaluations of this should be made.
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• The contact time value defines whether the model is in FH or
GH mode. If this value is high enough not to generate any melt
pool, then the model can be classified as GH: in which case,
reliable overall temperature build-up information is still provided,
but cooling rates, melt pool, and subsequent thermomechanical
evaluations could be inaccurate.

• DED samples are characterized by heat accumulation when build-
ing up several layers. It is possible to reach saturation when a high
energy density is input into the sample, as the heat extraction
eventually gets balanced with the input. This has been verified
both with experimental and numerical results.

uture work should be tailored to the application of the proposed FH
ormulation to thermomechanical models, to evaluate the influence of
imulation parameters on residual stresses and deformations. However,
he relatively low computational cost of the thermal part of the FH
ethod is expected to be increased substantially from adding the
echanical analysis, and attention should be paid to coping with this.
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