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Modeling of the laser powder–based directed energy deposition
process for additive manufacturing: a review
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Abstract
Laser powder–based directed energy deposition (DED) is a specific additive manufacturing process that offers an effective
way to fabricate parts via simultaneous delivery of powders and laser beam. It has been developing greatly in the recent
decades and being widely used for manufacturing, prototyping, and repairing. Complex physical events take place during
the manufacturing process and have great impacts on its overall performance. To build high-quality parts through the laser
powder–based DED process, its physical insights and process parameters need to be understood and optimized, for which
modeling provides an efficient way. This article gives a review of the modeling work for the laser powder–based DED
process, in which the models developed for powder stream and its interaction with laser beam, melt-pool, and bulk heating
are discussed in detail. Different modeling approaches and methods towards overall and specific physical processes of the
laser powder–based DED are analyzed and compared. Suggestions towards the modeling are also given at the end.
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1 Introduction

Additive manufacturing (AM), as a burgeoning manufactur-
ing method, has evolved greatly in the past several decades
[1, 2]. The fabrication process of AM was defined by the
American Society for Testing and Materials (ASTM) Inter-
national as the process of bonding materials, usually layer
upon layer, to build parts based on three-dimensional (3D)
computer-aided design (CAD) model, which differs from
the conventional subtractive and formative manufacturing
methodologies [3]. As one of the AM processes, directed
energy deposition (DED) [3] has been broadly used in
product manufacturing, especially in metallic AM [4–6].

During DED process, focused energy source and material
are fed onto desired regions simultaneously. The feeding
material gets melted almost simultaneously along with
part of the pre-deposited layers or substrate, which creates
the so-called melt-pool containing liquid material. Then,
in a very short time scale, the melted material solidifies
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and bonds with pre-deposited material or substrate, which
enables the building of new layers. Laser [7] or electron-
beam [8, 9] is frequently used as energy source in DED
process. DED machines can accept powder [10], wire [11],
or both as feeding material. Comparison between these
two feeding methods was done by Syed et al. [12] and
the potential combination of these two material feeding
methods was investigated by Syed et al. [13].

For laser powder–based DED, also known as laser pow-
der deposition (LPD) [14], powders are injected from a
coaxial or multi-jet nozzle onto the focus region with the aid
of carrier and/or shielding gas to enhance deposition effi-
ciency and to minimize potential oxidation (if inert gas is
used). Wire-based DED sometimes can outperform LPD in
some aspects such as process efficiency and surface quality.
However, powder delivery can be better controlled com-
pared with wire feeding machine and hence more complex
and accurate fabrication can be achieved through powder-
based machines. Moreover, LPD offers a great amount of
diversity and convenience and enables the fabrication of
parts with customized features and complex geometries.
Multiple powder sources can be utilized by LPD to build
functionally graded parts (e.g., [15–17]). LPD has also been
used for repairing (e.g., [18–20]) and cladding operations
(e.g., [21, 22]). Concepts of LPD emerged decades ago such
as the laser engineered net shaping (LENS) process [23].
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Note that LPD will be used in the remaining article instead
of laser powder–based DED for simplicity.

To successfully build parts by LPD, its physical insights
need to be clearly understood. A typical LPD process can
be seen in Fig. 1, in which complex physical events take
place. Powders are blown from nozzles and carried by gas
to desired deposition area. During flight, they interact with
the laser beam and are heated due to laser irradiation. Laser
beam is attenuated by the powder stream and then irradi-
ates onto the surface of melt-pool and substrate. Melt-pool
connects the blown powders, deposited layers, and/or sub-
strate. Its dynamical and thermal behaviors deeply impact
the quality of the built parts. Melt-pool absorbs the energy
from laser irradiation but also loses it through heat conduc-
tion, convection, and radiation. In melt-pool, super-heating
generally occurs and temperature gradient is large. For
example, as shown in Fig. 2, the temperature gradient is as
large as 160 K/mm, which suggests significant heat trans-
fer and thermal-driven flow. Injected powder stream carries
mass, momentum, and energy, which also contributes to
the transport phenomena of melt-pool. Generally, the length
scale of melt-pool is on the order of 1 mm. Capillary
and thermo-capillary forces strongly influence the transport
behaviors and hence the shape of melt-pool. Phase change
taking place at the boundary of the melt-pool, including
melting, solidification, and evaporation, and the accompa-
nying latent heat are also relevant to the transport phenom-
ena of melt-pool. The presence of the mushy zone due to

Fig. 1 A typical LPD process [17]

melting and solidification near the interface between liq-
uid and solid in the LPD process of alloying material also
influences the dynamics of melt-pool. Located near the
melt-pool, the heat affected zone (HAZ) goes through sig-
nificant heat transfer and related mechanical behaviors due
to large temperature gradient. Also, the repetitive laser scan-
ning in multi-layer and/or multi-track induces cyclic heating
in HAZ. Heat transfer phenomenon exists almost in every
stage of LPD process and the bonding of layer to layer and
layer to substrate is largely determined by effective energy
transfer. Comprehensive reviews of the LPD process have
been given by Thompson et al. [24] and Shamsaei et al. [25].

Moreover, the optimization of process parameters is
necessary for better performance of LPD. However, for
different designs, materials, and operating environments,
appropriate process parameters vary significantly because
of complex phenomena occurring in LPD. Kahlen and
Kar [27] listed a large number of process parameters
that could impact the manufacturing process. Thus, to
achieve desired qualities, it is essential to build quantitative
relationships between the process parameters and the
interested properties of final parts such as porosity, residual
stress, and microstructure. Modeling of LPD offers a way to
virtually build parts and to find optimal process parameters
with lower cost, which has been conducted extensively and
important progress has been made.

A review of the modeling for LPD process will be
given in the following sections. As LPD involves complex
physical processes, its modeling work will be divided and
discussed in separate sections. General considerations of
the modeling of LPD will be discussed first in Section 2.
Then, the modeling work of powder stream including its
interaction with laser will be reviewed in Section 3. Models
for melt-pool and bulk heating will be discussed together
in Section 4. In this section, mechanical analysis such as

Fig. 2 Temperature gradient across the melt-pool in LENS process for
stainless steel 316 [26]
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residual stress evaluation will also be covered if presented
in the reviewed literature but without detailed discussion.
Pinkerton [28] has given a brief review on the modeling of
LPD, but in this paper the focus will be put on the details and
recent advancements of the models presented in reviewed
literature especially on the modeling of powder stream,
melt-pool, and bulk heating. Note that the microstructural
modeling of LPD will not be discussed in this paper.
Discussion and conclusions of the modeling work for LPD
will be given at the end.

2Modeling of laser powder deposition

For such a complex manufacturing process like LPD,
an integrated modeling framework is needed to obtain
the thermal, mechanical, and material performance and
to understand its physical insights [29, 30]. A modeling
flow chart for LPD was summarized and shown in Fig. 3,
from which it can be seen that generally there are three
coupled components in the modeling of LPD: powder
stream and laser interaction; melt-pool and bulk behaviors;
microstructural modeling.

First, the powder stream dynamics and its interaction
with laser beam need to be modeled. This part delivers
the attenuated laser beam and the profile of powder stream
including mass, momentum, and energy, which will impact
the transport behaviors of melt-pool and bulk heating.
Second, the physical events of melt-pool, such as transport
phenomena and phase changes, need to be carefully
modeled because it connects the whole building process.
It accepts the outcomes of powder stream model and

outputs what will be used in the modeling of bulk heating,
potential mechanical analysis and microstructural modeling.
The model for transport phenomena in melt-pool needs the
results of bulk heating as boundary conditions and vice
versa. Actually the powder stream and melt-pool processes
are also coupled together but many reviewed models,
especially numerical models, treat them separately mainly
due to complex modeling work and high computational
cost. Meanwhile, mechanical analysis can also be included
with the bulk heating due to the thermal strains during
deposition process. Finally, the modeling of microstructure
during solidification and repetitious scanning is another
major part in the modeling framework, which, however,
will not be discussed in this paper. The majority of the
existing literature delves into one or two parts of the process
and makes simplified assumptions for other parts as LPD
consists of extensive physical phenomena and a complete
simulation model is rather complex and expensive.

As shown in Fig. 3, the modeling of LPD needs many
inputs that are critical to the performance of the built model.
The physical properties of materials and their relationships
with the physical variables such as temperature need to be
provided correctly. However, some of these relationships
are still not clear for certain materials and simplifications
such as constant or linear relationships are often made.
Furthermore, process settings and parameters should be
identified clearly especially in numerical models. Laser
type, power distribution, beam diameter, scanning pattern,
and speed need to be ready to use. Nozzle settings such as
nozzle geometry and stand-off distance are important to the
entire process as they greatly impact the powder deposition.
Substrate characteristics also need to be correctly fed into

Fig. 3 Flow chart of modeling for LPD
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the model. The model of LPD produces results such as
thermal profile and history, track geometry, residual stress,
and microstructures, which can be used as the criterion of
process performance and the targets of optimization.

Generally, there are three approaches for modeling LPD
overall: analytical, numerical, and hybrid. In analytical
approach, basic conservation laws are respected but due
to transient and complex physical phenomena, highly sim-
plified assumptions need to be made towards powder
stream, melt-pool, and bulk heating [31]. Advantages of
this approach are obvious for it does not require high com-
putational power and preprocessing work such as meshing
in numerical models. But due to the high complexity of
physics involved in LPD, this kind of models has many
constraints such as physical inconsistency, which limit its
usage. For numerical approach, models based on conserva-
tion equations are developed and solved numerically [32].
Numerical models generally adopt fewer simplifications
and hence can deliver physically more realistic results. But
the modeling work and computational cost involved to solve
the coupled numerical model for powder stream, melt-pool,
and bulk heating is quite high. A compromising approach,
hybrid approach, is extensively used in the reviewed litera-
ture, where the powder stream process is decoupled from the
rest [33] and modeled analytically. Then, the results of pow-
der stream from analytical model are fed into the numerical
model for melt pool and bulk heating.

3Modeling of powder stream
and its interaction with laser beam

Powder stream and its interaction with laser are very com-
plex due to the presence of two-phase turbulent flow, laser
attenuation and radiative heat transfer. It can be seen from
Fig. 3 that the powder stream process and its interaction
with laser beam are the starting point of LPD process.
The powder flow and the laser beam after attenuation
have great impacts on the following physical processes such
as melt-pool. To obtain the laser beam after attenuation and
the mass, momentum, and energy flux of powder stream,
analytical and numerical models have been established.

Due to the high complexity involved, various assump-
tions are adopted in both analytical and numerical models.
The collisions of particles are frequently neglected to sim-
plify the problem due to the low volume fraction of powder
particles. Moreover, powders are usually treated as lumped
capacity because of low Biot number [34]. The shape of
powder particles is usually assumed to be spherical or non-
spherical with fixed shape factor. The powder size is often
assumed to have certain distribution such as uniform or
Rosin-Rammler [35]. To describe the energy transfer of
laser irradiation on powders (or melt-pool), the absorption

coefficient based on Hagen-Rubens relationship [36] or
Bramson’s equation [37] is widely used and it is generally
assumed to be uniform and constant. Laser attenuation is
often assumed to be proportional to the area of the particles
projected to the beam in agreement with Mie’s theory [38]
or to obey the Beer-Lambert law [39], both of which result
in similar mathematical forms. The shadowing effect of par-
ticles is generally neglected when it comes to the modeling
of laser irradiation on powders [40].

3.1 Analytical models

Analytical models for powder stream dynamics and its
interaction with laser beam have been developed based on
the related conservation laws and simplified assumptions
such as pre-defined powder concentration and movement
models. The most frequently used assumption is the
spatial Gaussian distribution of laser power. Meanwhile,
the powder concentration is also generally assumed to be
Gaussian, which has been experimentally validated [41].
Stationary gas flow field, uniform powder size distribution,
spherical powder shape, and collimated laser beam are
generally assumed if used. Powder concentration, laser
beam after attenuation, and thermal profile of powder
stream have been investigated the most mainly because they
serve as inputs for subsequent models.

Lin [42] developed a two-stage analytical model con-
sidering the stages before and after the converging point
of powder stream. Before converging point, a bi-modal
Gaussian distribution was used while a normal Gasussian
distribution was applied after the focus point. Mean con-
centration was assumed to be inversely proportional to the
stream width that depends on the initial stream width and
stream angle. Pinkerton and Li [43, 44] modified this model
by directly using a Gaussian distribution after merging
point, where its corresponding stream can be extrapolated
back to the surface of the nozzle tip. Meanwhile, the Gaus-
sian distribution before the focus point was constructed in
the same way. Yang [45] analytically developed a Gaussian
model based on an existing movement model to predict the
spatial concentration and volume fraction of powder stream
in the regions after converging point.

The mode of powder concentration was also studied
in LPD process with multiple nozzles. Chew et al. [46]
developed a powder-laser interaction model for triple-
nozzle LPD, where three separate Gaussian distributions
were used for each of the streams and after converging
simple summation was applied. Tan et al. [47] developed
a model with pre-defined stream shape and Gaussian
distribution assumption to describe the mass concentration
of the powder stream in different nozzle settings such
as single, double, or four symmetric powder nozzles.
A homogeneous transformation was used by Wu et al.
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[48] to transform the Gaussian powder distribution of
individual nozzle to the global coordinate frame and then a
summation was applied to obtain the combined distribution.
Stankevich et al. [49] used a Gaussian distribution to
represent the powder concentration, through which powder
capture coefficient was calculated in single and three nozzle
systems. An imitated circle or ellipse was presented to
mimic melt-pool surface.

Due to the scattering effects of powder stream, laser
beam is attenuated. Related models were constructed to
describe such phenomenon as the attenuated laser beam
not only affects the thermal profile of powder stream
but also the melt-pool process. Frenk et al. [50] built a
model to calculate the attenuated laser power based on the
Mie’s theory for the scattering of particle cloud, where the
attenuated energy is proportional to the effective visible area
of powder stream. The mathematical formulation can be
seen as follows [50]:

Pa = P [1 − exp(−σextNpl)] (1)

where Pa is the laser power attenuated by powder stream; P

is the original laser power; σext is the extinction coefficient;
Np is the power concentration and l is the traveling distance
of laser beam. This type of model has been widely used
(e.g., [33, 51, 52]). Similar strategy dealing with laser
attenuation was used by Pinkerton [53] to compute the
intensity of laser beam after attenuation, where a linear
relation between the projected area of powders on the beam
and its attenuation was adopted.

Beer-Lambert law was also applied to account for
laser attenuation by Lin [42] and its underlying physical
consideration is the same as the models discussed before.
This type of model adopting the Beer-Lambert law to
analytically describe the powder-laser interaction was used
extensively [54–57]. Chew et al. [46] considered not only
the attenuation from Beer-Lambert law but also the energy
required for powder heating and they were both subtracted
from the laser heat flux.

Liu et al. [40] developed an analytical model to calculate
the attenuated laser power with the consideration of
beam convergence and divergence, which was rare in the
analytical models considering laser attenuation. But the
waists of laser beam and powder stream were assumed
to coincide with each other and have a length of zero.
Two submodels were built for regions before and after the
waist point. The attenuation of laser beam was assumed
to be proportional to the total visible area of powders at
each cross-section plane of powder stream, which brings
the attenuated laser power at desired planes by integration.
However, only the total attenuated laser power can be
obtained through this model.

Moreover, thermal analysis towards powder stream has
been included in some analytical models. The majority

of them are iterative models constructed based on energy
conservation laws that can be seen in Section 3.2. Energy
gained from laser beam are generally included because of
its dominant role in powder heating process. Heat loss by
forced convection was also included as an improvement
[51]. Later, liquid fraction evolution and related heat
transfer due to latent heat were added to enrich the physical
details [56, 57]

From the above discussion, it can be found that
analytical models have to make some over-simplified
assumptions especially towards powder stream structure
such as concentration model or pre-defined movement
model, which are by no meas universal in LPD process. As
for laser attenuation and thermal analysis of powder stream,
various models have been built, which, however, cannot
perform well without valid results of powder structure
and movement. Nevertheless, analytical models for powder
stream and its interaction with laser beam are widely used in
the popular hybrid modeling approach for modeling LPD.

3.2 Numerical models of powder stream

Numerical methods are used extensively to calculate the
dynamics of powder stream and its interaction with laser
beam. Starting from the governing equations for the
continuum phase of gas and the discrete phase of powder
particles, the two-phase turbulent flow can be modeled
numerically. To couple gas flow and powder stream, two
methods are generally used, i.e., one-way or two-way
coupling methods.

The one-way coupling method simply decouple the
two models by first solving gas flow without considering
the impacts of powder particle on gas field and then
calculate powder stream based on the obtained gas field.
The two-way coupling method computes the gas flow
field and trajectories of powder stream by alternatively
solving the governing equations of each phase until
convergence. Meanwhile, numerical models towards the
dynamics of powder stream were built with or without
considering the wall effects such as substrate, pre-deposited
layers, and powder feeder. Along with dynamic analysis,
thermal modeling including laser attenuation can also be
conducted.

Conservation equations of mass and momentum, as
shown in Eqs. 2 and 3, are generally solved to describe
the gas flow in powder stream through computational fluid
dynamics (CFD) techniques such as finite volume method
(FVM) [58].

∂ρ

∂t
+ ∇ · (ρ�v) = 0 (2)

∂(ρ�v)

∂t
+ ∇ · (ρ�v ⊗ �v) = −∇ · p + ∇ · τ + �Sb + �Sp (3)
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Here, ρ, t , and p are the density, time, and pressure
respectively; �v is the velocity; τ is the viscous stress tensor;
�Sb is the body force like gravity; �Sp is the source term
representing the forces exerted by powders that is neglected
in the one-way coupling method.

Compressibility is often ignored due to small pressure
drop and low Mach number [59]. Moreover, the temperature
variation of gas is quite small and out of interest so the
energy equation of gas can be neglected. To describe the
turbulence effects of gas flow, Reynolds-Averaging Navier-
Stokes (RANS) modeling approach is generally used with
the two-equation model, such as k − ε [60] or k − ω [61],
being applied.

Powder dynamics is generally calculated through
Lagrangian approach, in which drag force, inertia, and
gravity are considered. Certainly, tracking each of powder
particles is impossible. Discrete phase model (DPM) has
been applied extensively to study the dynamics of powder
stream, in which a number of powder particles with same
properties are regarded as a parcel but follow the governing
law of a single particle to produce statistically reasonable
results (e.g., [62–64]). Thermally, laser beam and heat con-
vection are considered for powder heating during flight.
Heat transfer due to phase change was also considered by
many researchers. A typical set of differential equations
describing powder stream can be seen as follows,

d�rp
dt

= �vp (4)

d �vp

dt
= �FDrag + �Fb (5)

mpcp

dT

dt
= SGL − SLC − SLR − SLP (6)

where rp, mp, cp, and T are the position, mass, specific
heat capacity, and temperature of powder; �vp is the velocity;
�FDrag is the drag force; �Fb is the body force such as gravity

and buoyancy force; SGL is the energy gained through
laser irradiation; and SLC , SLR , and SLP are the heat
loss due to convection, radiation, and phase change during
flight. The drag force, �FDrag, is calculated through particle
relaxation time [65] and models for drag coefficient such
as spherical [66] and non-spherical [67] drag models. The
turbulence effects on the movement of powder particles
can be included, for which Stokes number (Stk) can be
used as a criterion [68]. If needed, the discrete random
walk model [65] is often used. The energy gained from
laser irradiation and laser beam attenuation is generally
computed in the same way as how the analytical models
do. The convective heat term, SLC , can be evaluated by the
correlation relationship built by Ranz and Marshall [69, 70].

Numerical models focusing on powder stream behaviors
have been developed without considering substrate effects.
Lin [62] presented a numerical model for the powder

stream problem in LPD, where the steady-state assumption
was made for the turbulent gas flow and the standard
k − ε turbulence model and free boundary conditions
were applied. The one-way coupling technique was used
to calculate the particle trajectory based on the solution
of the gas flow, from which the velocity and structure
of powder stream such as powder concentration could
be found. Zhang et al. [71] reported a similar numerical
model built in the commercial software, Fluent [72], to
solve the two-phase turbulent flows based on the same
physical interpretation. The impacts of nozzle geometry and
shielding gas on the characteristics of powder stream were
studied by introducing variations of interested parameters
such as the cone angle of nozzle and the velocity of
shielding gas. Bedenko et al. [73] also presented a numerical
model for free powder stream considering the collisions
among particles especially on the focusing areas and nozzle
exit.

The movement of powder particles is influenced by
powder feeders and nozzle wall due to momentum loss. A
stochastic model emphasizing the particle-wall collisions
with consideration of particle shape effects was developed
by Pan and Liou [74] but the effects of carrier gas were
considered to be negligible in the model. Later, this model
was used to study the effects of the parameters of powder
delivery system on the powder stream structure [75]. Pan
et al. [76] also incorporated this model into the analysis of
the complete two-phase powder stream from nozzles with
different shapes through commercial software. Polyanskiy
et al. [77] developed a numerical model to investigate the
two-phase flow and applied restitution coefficient to cover
the effects of nozzle wall. They found that the change of
velocity of particles was not important after exiting nozzle
but closely related to the wall effects.

The presence of substrate actually influences the two-
phase flow field. The flow field considering the effects of
substrate is quite different from previous models with free
stream boundary conditions and the near-wall turbulence
needs to be carefully modeled due to the impingement of gas
flow. The model developed by Zekovic [78] concentrated
on the fully coupled gas-powder flow with various stand-
off distances for nozzles of LENS. Due to the presence of
wall, near-wall turbulence modeling was also considered to
take into account the viscosity-affected region near the wall.
Zhu et al. [79] implemented a model through commercial
software with consideration of the influences of deposited
layers on the dynamics and hence distribution of powder
stream, where different widths and heights of the deposited
layers were applied.

Kovalev et al. [80] also solved the two-phase flow
problem and considered the effects of substrate. One-way
coupling strategy was applied and finite difference method
(FDM) was used to calculate the flow field. The powder
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particles were simulated via similar discrete Lagrangian
model incorporating the particle-wall collision through the
coefficient of restitution. Liu et al. [81] developed a similar
model to describe the metallic powder flow based on the
same idea in commercial software, where the geometry of
the nozzles was modeled carefully and the influences of
substrate with different surface shapes was investigated.

Thermal analysis of powder stream has been conducted
by numerous models, in which laser heating is of primary
importance but the heat loss by convection, phase change,
and radiation is also considerable. Liu et al. [82] analyzed
the heating, melting, and evaporation processes of spherical
powder particle with the assumption of constant gas flow
field in coaxial laser cladding. The laser intensity was
assumed to be uniform across the beam and decrease with
the stand-off distance. The heat convection coefficient and
the total mass transfer coefficient were obtained through the
built relationships involving dimensionless parameters such
as Reynolds (Re), Prandtl (Pr), Nusselt (Nu), Sherwood
(Sh), and Schmidt (Sc) numbers.

Wen et al. [63] developed an axisymmetrical numerical
model with the two-way coupling strategy. The interaction
between the laser and the powders was considered with
the effective projected area of powder particles. A thermal
submodel was proposed to include not only laser heating
and heat loss by convection but also the latent heat
during melting through the evolution of liquid fraction of
the powder particles. A detailed laser profile, including
convergence and divergence, shown in Fig. 4 was used,

Fig. 4 Laser intensity profile (power: 300 W, radius: 0.75 mm) [63]

which was proven to be necessary. However, laser power
attenuation was neglected.

Ibarra-Medina and Pinkerton [83, 84] used similar
numerical models to analyze the interactions among the
powder stream, laser beam, and the substrate in laser
cladding process. Apart from the laser irradiation, beam
reflecting from substrate was also included. Efforts were put
on laser attenuation due to the presence of powder cloud,
in which an attenuation model similar to the one in [53]
was applied. Through reverse engineering of the nozzle,
Tabernero et al. [85] defined the computational domain
and developed a numerical model to predict the powder
flux. Later, they incorporated the attenuation model from
Pinkerton [53] into their model to predict the attenuation,
in which beam divergence was also included but only by
modifying the power distribution [86]. Ray tracing method
was used by Devesse et al. [87] to obtain the averaged
laser intensity after passing through powder stream and the
energy absorbed by powders. In this model, the trajectories
of particles were generated by Monter Carlo technique after
the calculation of gas field.

Compared with analytical model, the two-phase turbulent
flow of powder stream is solved numerically based on
the physical governing equations. This type of model is
able to deliver physically more consistent results towards
the dynamic behaviors of powder stream and hence better
thermal analysis can be conducted. However, similar
methods describing laser attenuation, such as the Beer-
Lambert law, are also used by numerical models. Indeed,
the analytical modeling method towards laser attenuation is
used extensively in different kinds of modeling approach
mainly because numerically solving the transport of laser
beam going through powder stream is extremely complex
and time-consuming.

4Modeling of melt-pool and bulk heating

Melt-pool is central for the modeling of LPD. It accepts the
heated powder stream and the laser beam after attenuation,
which triggers strong transport phenomena and impacts the
performance of LPD in various ways such as the shape
of deposited tracks, surface quality, and microstructures.
Meanwhile, bulk heating and related mechanical responses
in HAZ are also greatly influenced by melt-pool due to
strongly coupled heat transfer. Therefore, the modeling of
melt-pool and bulk heating need to be carefully handled.
Moreover, if mechanical analysis is of interest, especially
the evaluation of residual stress, it can also be incorporated
into the bulk thermal model as they are deeply coupled and
the induced thermal strain is one of the factors causing the
formation of stress.
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Analytical and numerical models have been proposed for
melt-pool, bulk heating, and related mechanical analysis.
Like analytical models for powder stream, highly simplified
assumptions are inevitable due to the complex physics
related. Beside thermal profile, analytical models have
been built to investigate the characteristics of geometry
of melt-pool and deposited tracks. For numerical models,
related conservation equations are solved through numerical
methods. Note that to model the melt-pool and bulk heating
in LPD, powder stream also need to be modeled as it is
the starting physical process of LPD. Generally, analytical
models for both powder stream and melt-pool including
bulk heating are used together. Meanwhile, the numerical
models for melt-pool and bulk heating have employed
both analytical and numerical models for powder stream
based on their specific modeling approach, which will be
discussed in the remainder of this section.

4.1 Analytical models

Generally in the analytical models, conservation laws are
respected but the detailed solution of liquid flow in melt-
pool is neglected due to the incapability of analytical
approach. Certain melt-pool behaviors such as surface
tension and Marangoni effect can be reflected to enrich the
physical details of analytical models. The substrate is often
assumed to be semi-infinite. Note that models developed
based on the experimental results and data fitting techniques
(e.g., [88–90]) are not discussed in this paper.

The characteristics of melt-pool geometry and thermal
profile have been investigated widely, and various models
have been proposed. Labudovic et al. [91] used Green’s
function to solve the heat conduction equation, where
the maximum surface temperature was obtained through
a combination of extreme cases, i.e., laser beam stayed
stationary or moved at infinite speed. Energy balance among
absorbed laser energy, latent heat, and heat conducted into
solid material was used to identify the boundary of the melt
pool and build a steady thermal model.

Oliveira et al. [92] estimated the laser power required
to melt powders and substrate based on the model from
Jouvard et al. [93] and found the correlation between
the geometric characteristics of the melt-pool and process
parameters through experiments and analytical model. Fathi
et al. [94] proposed a 3D analytical model to predict the
melt pool depth, temperature distribution, and dilution.
Part of the melt-pool geometry was assumed in advance
with simple shape and a moving point heat source was
incorporated to address the heat conduction problem and
hence to obtain the phase interface as melt-pool boundary.
The effects of Marangoni flow and phase change were
reflected in the material properties.

The effects of surface tension were highlighted in the
theoretical model by Lalas et al. [95]. At first, the deposited
volume was calculated assuming that the substrate was not
melted. Then, part of the substrate material and powders
were assumed to be melted together. The shape of deposited
layer was computed based on the assumption of circular
shape for top and bottom of the deposited clad. Partes
et al. [96] analytically developed a model that was able to
evaluate the catchment efficiency with respect to the melt
pool geometry in laser cladding. The melt pool geometry
was greatly simplified as two-dimensional (2D) half circle
and half ellipse. Similar assumption of the melt-pool shape
was also used by many other analytical models (e.g., [97,
98]), where the limits of tracks were pre-determined as arc
and/or ellipse.

A mass-energy coupled analytical model was devel-
oped by Ahsan and Pinkerton [99], which described mass
addition, melt-pool, and track formation. The equation for
moving Gaussian heat source from Cline and Anthony [100]
was used for the melt-pool. The melt-pool was approxi-
mated by two half ellipses. Heat loss by convection and
radiation were ignored while evaporation was considered.
This model was solved by numerical method, where a feed-
back loop system was used until a stable melt-pool size was
obtained.

A parametric model was presented by Wang et al.
[101], where mass and energy conservation equations
are represented by process parameters and melt-pool
geometrical values. The width of melt-pool was assumed to
be the same as its length and have a fixed ratio to its height.
However, the heat loss through substrate was considered by
a convective coefficient calculated through finite element
method (FEM) [102]. Later, Li et al. [103] extended this
model for multi-track and multi-layer situations.

The thermal profile and history have been investigated
by many analytical models, in which classical solutions
[104–106] towards heat conduction equation with point,
line, or plane heat source have been used. Based on
these classical solutions, Elsen et al. [107] presented the
steady-state solutions towards point, semi-ellipsoidal, and
uniform moving heat sources for semi-infinite medium,
through which the impacts of the geometry of heat source
were compared. Linear and surface moving heat sources
were used by Pinkerton and Li [97, 108] to describe the
temperature field of LPD.

Li et al. [109] proposed a thermal model by using two
virtual opposite heat sources, i.e., positive and negative, to
count for the effects of heat accumulation by each deposited
layer. Also, reflection technique of heat source was used to
generate adiabatic condition for substrate surface for both
real and virtual heat sources. Similarly, superposition of the
classical solutions, such as the Rosenthal’s solutions [104]
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of point heat source, has been used by other models with
modifications to model the thermal field [103, 110, 111].

Huang et al. [112] also adopted imaginary heat sources
to describe heat accumulation effects. Powder addition was
regarded as a heat sink and could be combined with laser
heat source. The shape of cross-section of deposited layer
was assumed to be parabolic [113]. In addition to Young’s
equation for computing contact angle, Hoffman-Voinov-
Tanner law was used to describe the spreading of liquid
droplet [114]. The built model was applied in scenarios like
single-track, multi-track, and multi-layer deposition.

Similar to powder stream, analytical models towards
melt-pool and bulk heating also have to adopt assumptions
such as pre-defined melt-pool and/or track shape, which,
however, physically do not hold and can vary greatly
for different process settings and parameters. In addition,
the neglected transport phenomena of melt-pool greatly
influences the geometrical features of fused track mainly
due to capillary and thermal-capillary behaviors, which
need to be carefully modeled. Nevertheless, because of
the short modeling time and less work involved, analytical
models towards melt-pool and bulk heating are still popular
for simple estimation.

4.2 Numerical models

For numerical models targeting melt-pool, conservation
equations of mass, momentum, and energy shown in
Eqs. 7, 8, and 9 are generally considered,

∂ρ

∂t
+ ∇ · (ρ�v) = Sm (7)

∂(ρ�v)

∂t
+ ∇ · (ρ�v ⊗ �v) = −∇ · p + ∇ · τ + �Smom (8)

∂(ρcpT )

∂t
+ ∇ · (ρcpT �v) = ∇ · (k∇T ) + Se (9)

where k is heat conductivity; Sm, �Smom, and Se are the
sources terms for mass, momentum, and energy equa-
tions; all the other variables have the same meanings as in
Section 3.2 except that they are the variables for the liquid
material in melt-pool. Conservation equation of species has
also been added by some models. Effects of powder injec-
tion can be reflected by the source terms and calculated with
the analytical or numerical models discussed in Section 3.

For bulk heating, heat conduction equation, i.e., Eq. 9
without advection term, is generally considered. As for
the related mechanical analysis, residual stress evaluation
is often of interest in the reviewed literature, in which
elastic, plastic, and thermal strains are considered with
force equilibrium. Note that the mechanical analysis in LPD
deeply depends on the results of thermal calculation and
that mechanical behaviors are not always analyzed in the

reported models, so it will only be briefly discussed if
present in the reviewed literature.

Because of the small physical scale and complex physical
events of melt-pool, one type of numerical models does
not explicitly model the transport phenomena in melt-pool
but focuses on the bulk heating and related mechanical
behaviors in part level. This type of models is called part-
level model reflecting its simplification on melt-pool and
concentration on bulk behaviors. The other type, melt-
pool level model, computes the transport phenomena in
melt-pool and bulk heating explicitly.

Note that the distinguish feature of the modeling of melt
pool and bulk heating in LPD is the addition of deposited
material. Since the part-level model does not include the
details of melt-pool, the powder injection and the surface
of melt-pool cannot be captured numerically and hence the
material addition (cell addition in numerical model) needs
to be set analytically. However, in melt-pool-level models,
the powder injection and free surface of melt-pool can be
calculated numerically without extra manual work.

4.2.1 Part-level models

For part-level models, a material deposition method needs
to be applied to count for the material addition and various
methods have been proposed, among which there are two
widely adopted deposition methods: quiet and inactive
element method [115]. In the quiet element method, or
sometimes called dummy material method, the elements
representing material deposition regions are present from
the beginning, whose properties are manually set so that
the overall results will not be affected significantly. In the
inactive element method, the elements representing material
deposition regions are added and connected to the existing
elements at each time step. The number of elements to be
added at each time step is determined by the amount of
material entering melt-pool in that time step. Only active
elements are considered in solution process but related
boundary conditions and solver information need to be
updated frequently. A typical part-level model can be seen
in Fig. 5, where active and inactive mesh elements are
separated by a virtual interface. Naturally thermal boundary
conditions such as convection and radiation should be
specified at this interface. However, this is generally
neglected because the interface is hard and expensive to be
captured, which may lead to inaccurate results [115].

Quiet element method Quiet element method has been
used in many numerical part-level models. Wang et al.
[116] developed a 3D model that employed a constant
mesh to analyze the thermal field in LENS. Laser
irradiation was represented by a moving point source with
Gaussian distribution and applied to the top edge of the
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Fig. 5 Part-level model: active and inactive elements [115]

computational domain beneath the laser beam. In addition,
heat convection was considered on every surface through
constant convective heat transfer coefficient. Radiative heat
loss was also incorporated into the model. The dummy
material method was adopted and the model was built and
solved by FEM in the commercial software, SYSWELD
[117], to predict the temperature distribution and phase
transformation in LENS. Three different types of material
are considered in their dummy element method: deposited
or base material, material that has not yet been deposited,
and material that is being deposited. Fixed meshes are used
for deposition of each layer. Through existing temperature-
dependent material properties and phase diagram, they are
able to take the metallurgical transformation into account.
This model was also applied in many other scenarios for
simulation and/or optimization [118–121].

Later, Wang et al. [122] conducted mechanical analysis
based on this model. Elastic strain, strain induced by expan-
sion or contraction of metallurgical transformation, plastic
strain, and plastic strain caused by phase transformation
were considered by their mechanical model built in com-
mercial software. A model adopting similar approach was
developed by Ye at al. [123] to describe the thermal behav-
ior in LENS process but the elements to be deposited were
assumed to be zero for their initial temperatures. Both 2D
and 3D thermal models of LENS were presented by Yin
et al. [124], where elements of deposited layer were acti-
vated together. They found that the heat transfer inside
substrate was hardly captured by 2D model, which made
the 3D model better from this perspective. Wang et al.
[125] also developed a 2D FEM model to investigate the
importance of various forms of heat transfer such as convec-
tion, conduction, and radiation, in which the thermal profile
around melt-pool was calibrated by the experimental results
from Hofmeister et al. [126].

A 3D thermal-mechanical model was developed by Patel
and Patel [127] to estimate the thermal and mechanical
behaviors of LENS process, where heat conduction and
elastic, plastic, and thermal strains were considered.

Another thermal-elastic-plastic model was presented by
Yang et al. [128] to analyze the thermal-mechanical
behavior in LENS. An element was considered active based
on the criterion from Michaleris [115] if the heat source
value was more than 5% of the maximum at any Gauss
point in that element. An ellipsoidal volumetric heat source
was used to approximate the heat input [129]. Thermal
and mechanical calculation were decoupled and thermal
solutions were used as input for the quasi-static mechanical
analysis, where inertial effects were ignored. Elastic and
perfect plastic constitutive models with the von Mises yield
criterion were adopted in the model. Shah et al. [130]
developed a model of the same kind and applied it to LPD
process with continuous and pulsed wave laser to study the
influences of powder feeding rate and laser cycle.

Thermal-mechanical analysis was also done by Chew
et al. [46] for deposition in a triple-nozzle LPD process.
Laser heat flux was computed excluding the energy
attenuated and the energy used for powder heating. A
modified conductivity factor was used to account for the
transport phenomena in melt-pool [131] and Johnson-Cook
model from Lee and Yeh [132] was adopted for plasticity.

Yan et al. [133] reported a 3D FEM model to obtain
the thermal history and investigate the effects of cooling
rate on the microstructures of deposited tracks. Residual
stress prediction was incorporated into the same model
and multiple laser beams of different types such as super-
Gaussian, Gaussian, and inverse-Gaussian were utilized to
investigate the potential combination of heat input to reduce
residual stress [134]. Similar FEM thermal model was also
developed by Khanafer et al. [135] with the focus on the
effects of laser properties on thermal variations.

Carrier gas can impact the heat loss due to convection and
hence the thermal field in the process. Pre-defined convec-
tive coefficient used in many models is not physically con-
sistent and hence its suitability is of question. Measurement-
based forced convection coefficient was included in the
FEM-based numerical models by Gouge et al. [136], which
was proven to be necessary. A thermal-mechanical model
was developed by Heigel [137] based on the same thermal
model, where the stress equilibrium equation with perfect
plasticity is applied to predict the residual stress. They also
showed that the convection model from experiments was
necessary.

Inactive element method Inactive element method is also
used widely by various numerical part-level models. Toy-
serkani et al. [138] developed a 3D decoupled mass-thermal
model and solved it by FEM, where an effective conduc-
tivity was used to account for the melt-pool behaviors and
adaptive meshing technique was applied considering the
geometrical changes during deposition. They first obtained
the melt-pool geometry only based on the thermal
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conduction and then added the deposited material. Finally,
the laser heating effects were included and the new geome-
try of melt-pool was calculated.

Costa et al. [139, 140] reported a thermal model to
predict the temperature profile, in which phase transfor-
mation, microstructural evolution, and hardness profile
were estimated through semi-empirical relations. Qian
et al. [141] built a 2D FEM model to obtain the thermal
history through element activation technique and to find
the influences of laser properties and the sampling location
of built part on thermal history and hence microstruc-
ture. Neela and De [142] developed a numerical model
to describe the thermal behavior in LENS with the con-
sideration of phase change and related latent heat. A fixed
number of elements were activated each step based on the
powder flow rate, capture efficiency, and scanning speed.

Mahapatra et al. [143] presented a 3D FEM model to
predict the thermal profile and solidification area for pulsed-
laser powder deposition through activation and deactivation
technique. An average of pulsed-laser heat source for
a certain amount of time was used in the model to
save computational cost. Distortion and stress formation
occurred in the process was investigated by Marimuthu et al.
[144] through a 3D thermal-mechanical model built with
inactive element method. A 2D thermal model for multi-
layer deposition process was established and analyzed by
Sammons et al. [145] through FEM. Temperature gradient
at solidification front was first derived based on simplified
conservation equations, which was added to the energy
equation to take into account the solidification.

Amine et al. [146] implemented a 3D thermal model and
applied the inactive element method to simulate the building
process of thin-wall structure. Through this type of model,
the impact of process parameters such as laser power and
scanning speed on the characteristics of built parts such as
remelted height and cooling was investigated [147]. Similar
models were also implemented by Hochmann and Salehinia
[148] to study the effects of heat convection coefficient of
substrate on the thermal profile and history. Walker et al.
[149] adopted the analytical model developed by Ahsan and
Pinkerton [99] and proposed a thermal-mechanical model to
predict the residual stress. The track profile was calculated
by the analytical model and fed into a FEM model for
thermal and mechanical analysis.

Other methods Beside the aforementioned two popular
strategies for material addition, models with other ideas
towards material deposition have been developed. A
numerical model with a new material deposition method,
i.e., hybrid element method, was proposed by [115],
which combined the features of both quiet element and
inactive element approaches. Elements were initially set
to be inactive and then they were switched to quiet

on a layer-by-layer manner to accelerate computation.
Based on this hybrid approach, models incorporating the
mechanical analysis to predict the residual stress through
stress equilibrium equation were proposed [150, 151].

Peyre et al. [152] reported a two-step model to estimate
the shape of built tracks and to simulate thermal behaviors
during the process through commercial software. First, the
geometry of walls was determined by a hybrid approach,
in which the 3D fusion isotherm plane was computed
numerically and then fitted to a 3D ellipse. Mass and
energy balances were used to calculate the layer height
and an iterative method was used to calculate the width
of layer. Then, FEM was used to solve the heat transfer
accompanying the deposition process with the obtained
geometry of deposited tracks in the first step. Kumar et al.
[153] proposed a 2D model based on a modified heat
conduction equation, where the reference frame in this
model was built with respect to the moving laser beam
and hence a constant moving velocity was added in the
advection term in energy equation. The impacts of heated
powders and latent heat were both covered by source terms
and the free surface of melt-pool was described by a force
balancing equation. FVM method was employed to solve
the model.

Hofman et al. [154] proposed a new method that solved
an additional partial differential equation (PDE) beside the
common heat conduction equation for clad surface based
on energy conservation. To save computational cost due
to potential remeshing and the large number of elements,
both of these PDEs were transformed to the specified
computational domain and solved simultaneously [155].
Birnbaum et al. [156] developed a 3D transient thermal
model in commercial software based on the Arbitrary
Lagrangian-Eulerian (ALE) method [157] to account for
the mass addition, which was incorporated by mesh
deformation. Thermal analysis was conducted, in which
the effects of phase transformation and latent heat were
incorporated into the heat capacity. Bedenko et al. [158]
used a surface equation based on kinematic compatibility
and the distribution of powder mass flow [159] to describe
the surface changes during process. The calculated heat
content of the injected particles and evaporation were all
included in the boundary condition of heat conduction that
was solved by FDM with immersed boundary method and
ghost nodes [160].

From the above discussion, it can be found that to
count for the material addition in part-level models, various
methods have been proposed such as the quiet and inactive
element methods. The difference between these two popular
approaches is that the quiet element method assumes the
elements (or cells) representing the material to be deposited
are present from the beginning while in inactive element
method only active elements are considered. Apart from
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these two methods, the hybrid method dealing with the
material deposition developed by Michaleris [115] has
also been used in many models. The shape of melt-pool
and deposited tracks have been considered by many part-
level models, in which various methods, such as ALE or
relations derived from conservation or balancing equations,
have been applied to describe the surface of melt-pool and
deposited tracks and hence to enrich the physical details of
part-level models.

4.2.2 Melt-pool Level

The part-level models discussed above simplify the trans-
port phenomena in melt-pool, which, however, have signifi-
cant impacts on the whole deposition process. More sophis-
ticated models have been proposed to take into account
the transport phenomena in melt-pool, which also enables
the possibility to truly couple the powder stream and melt
pool in LPD. Models numerically describing both powder
stream and melt-pool and coupling them together have been
presented. However, because of high computational cost
involved, fully coupled numerical approach has not been
extensively applied. Instead, many models apply the hybrid
approach, i.e., numerical model for melt-pool and analytical
model for powder stream. Generally, major physical events
considered for melt-pool in the reviewed literature are heat
transfer, phase change, powder injection, fluid dynamics,
wetting behaviors, and Marangoni effect. To count for the
mushy zone around solid-liquid interface, the continuum
model from Bennon and Incropera [161, 162] is exten-
sively applied, where the mushy zone is assumed to be
porous. Boussinesq approximation is also adopted by many
researchers to cover the effects of natural convection in
melt-pool. The focus of this subsection will be put on the
modeling of melt-pool as the modeling of bulk heating
in HAZ is the same as the part-level models discussed in
Section 4.2.1, in which heat conduction dominates.

Models in hybrid approach Melt-pool-level model allows
for the true coupling between the powder stream and
melt-pool processes and various hybrid models have been
presented. To describe the free surface of melt-pool, level-
set method [163, 164] has been widely adopted. Han et al.
[33] developed a 2D hybrid continuum model, in which
the level-set method was used not only for free surface
evolution but also the mass addition due to powder injection.
The injecting powder particles were treated as droplet and
hence can be implicitly calculated by the level-set method
as shown in Fig. 6. The evaporation of material was also
included. Mushy zone was approximated as porous media
and the continuum model from Bennon and Incropera [161,
162] was applied. Averaged physical properties and Darcy’s
law with Kozeny-Carman equation for permeability were

used, which were also extensively adopted by the models of
this type. The built numerical model was solved by FDM.
This type of model was also applied in other scenarios
such as laser material processing, cladding, and repairing to
analyze the behaviors of melt-pool [165–167].

Using the similar modeling strategy towards melt-pool,
Qi et al. [54] developed a model to simulate the melt-
pool, in which the impact force caused by powder particles
were neglected and only the mass and energy addition were
considered and incorporated into the level-set equation. This
model was modified by He and Mazumder [55] and He et al.
[168] through adding the evolution of solute concentration,
where the boundary condition at the solidification interface
was given as a Robin condition of the solute concentration.
Liu and Qi [56] developed a similar model for melt-
pool, where a smoothing function was used at the phase
interface with a fixed transition thickness to smooth the
physical properties. Later, the powder mass concentration
from Pinkerton and Li [44] was applied instead of simplified
Gaussian distribution to consider the effects of the cone
angle of nozzle and hence the convergence of powder
stream on the laser powder interaction [57]. Lee et al.
[169] incorporated the effects of vaporization processes
into the mass and energy equations as a volume source in
a similar model to study the effects of laser distribution
on the transport phenomena of melt-pool. Li et al. [170]
also presented a similar model to compare the deposition
processes with lasers of pulsed and continuous wave modes.

Apart from the level-set method, other methods dealing
with free surface evolution have been applied such as the
ALE method and the volume of fluid (VOF) method [171].
Morville et al. [172] developed a 2D FEM model through
commercial software to study the impacts of various process
parameters on surface finish of LPD. The ALE method
was employed to capture the surface evolution of melt-
pool and a sink term representing the thermal influences
of the neglected third dimension was applied in energy
equation to suit experimental settings. The ALE method
was also used to track the liquid/gas interface by Gan
et al. [173] and in addition to flow velocity, a Gaussian
velocity distribution was applied to represent the effects
of mass addition. Song et al. [174] developed a melt-pool
level model in commercial software based on the analytical
powder stream model from Chew et al. [46] for triple-nozzle
LPD system. The incident direction of laser beam to melt-
pool surface was considered and the ALE method was used
only on the melt-pool surface to capture the free surface
evolution.

Lee et al. [175] developed a transport model using the
VOF method to track the surface in laser cladding. Source
terms were used in conservation equations to represent the
effects of injected powders but the effects of the mushy zone
were not included. Surface-active elements were considered
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Fig. 6 Modeled melt-pool
profile, temperature distribution,
and powder injection [165]

when modeling Marangoni effect. Resulted flow pattern in
melt-pool was shown in Fig. 7, from which it could be
found that the Marangoni effect and hence the relationship
between surface tension and temperature have an important
impact on the flow pattern and hence the morphology of
melt-pool. Lee et al. [176] used this model to investigate
the effects of the thermo-capillary gradient on melt-pool
behaviors. Lee and Farson [177] applied this model to
simulate the multi-layer single-track deposition. In the
model developed by Dubrov et al. [178], a hybrid level-set
and VOF method was used to track the free surface. The
impact of momentum of powder stream was included in the
evolution equation of volume fraction.

Assumptions for melt-pool such as flat surface have
also been employed by some models. Vasquez et al. [179]
presented a quasi-stationary melt-pool level FEM model for
LPD through commercial software, where the cross-section
of melt-pool was assumed to be semi-circular and the
escaping vapor was calculated based on Stefan’s condition
[180]. Manvatkar et al. [181, 182] developed a 3D transient
model to predict the temperature, velocity, and melt-pool
geometry profiles. The melt-pool free surface was assumed
to be flat and mesh evolution was similar to the inactive
element method introduced in Section 4.2.1, where the

cells to be deposited were assigned properties of protecting
gas and switched to the properties deposited material if
laser beam was upon them. Energy absorption and laser
attenuation were taken into account by a source term. Later,
mechanical analysis was incorporated into a similar model
to estimate the residual stress and distortion based on the
obtained thermal results [183, 184].

Models in numerical approach Instead of using analytical
model of powder stream, models have also been developed
to fully couple powder stream and melt-pool numerically. A
comprehensive numerical model was developed by Wen and
Shin [185] for melt-pool with a modified level-set equation
to describe the free surface of melt-pool. The impact
of powder injection on free surface was added into the
speed term in level-set equation and after transformation,
a conservative form of level-set function was derived and
could be solved in an implicit way with other governing
equations. Gas-powder two-phase turbulent flow was
solved numerically and coupled with melt-pool models by
providing the obtained powder mass concentration to obtain
the growth velocity of free surface. Continuum models
from Bennon and Incropera [161, 162] were applied not
only to deal with mush-zone but also the interface between

Fig. 7 Flow pattern in melt-pool
[175]
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gas and metal. Turbulence effects were included based
on the effective thermal conductivity [186] and instead
of using effective viscosity, an equivalent surface tension
coefficient was adopted to ensure the numerical stability and
meanwhile to keep the extent of the Marangoni flow and
the ratio of advection to conduction [187]. This model was
also used in other scenarios such as multi-track and off-axis
deposition [188–190].

Katinas et al. [191] added the feature of powder capture
into this model by only allowing powders injecting into the
area of melt-pool free surface above liquidus temperature.
The powders were added only if both the injected powders
and the corresponding melt-pool regions remained liquid
after heat transfer happened [59]. Ibarra-Medina et al.
[32] reported a similar fully numerical model solved by
commercial software except using VOF method to track the
free surface.

Through the above discussion, it can be seen that
dynamically, the capillary and thermo-capillary behaviors
of liquid material are of great importance towards the
transport process and the profile of melt-pool. Mushy
zone has been considered by many melt-pool level models
through the continuum model developed by Bennon and
Incropera [161, 162]. Different methods have been applied
to deal with the free surface of melt-pool, which can
also incorporate powder injection to fulfill the coupling
between powder stream and melt-pool. Numerical melt-pool
models coupled with numerical powder stream model are
physically more complete but require more modeling work
and computational power, which makes the hybrid modeling
approach popular.

5 Discussion

5.1 Modeling approaches for LPD

The inherent physical process of LPD consists of strongly
coupled physical phenomena, which makes its modeling
rather complex. As it can be seen from the discussion above,
there are in general three approaches towards the overall
modeling of LPD, i.e., analytical, numerical, and hybrid
approaches, which are summarized in Table 1 together
with frequently used modeling methods and assumptions
from the reviewed literature for related physical processes,
i.e., powder stream, melt-pool, and bulk heating. These
modeling approaches and methods will be detailedly
discussed in the remainder of this section.

Due to the complexity of LPD process, analytical
approach needs to use highly simplified assumptions and
hence greatly limits its physical consistency and accuracy.
The primary focus of analytical models towards powder
stream is the dynamics and structure of powder stream

such as the distribution of powder concentration, which also
enables the related thermal analysis and have been used
widely by models in hybrid approach. For melt-pool and
bulk heating, analytical models have been mainly used to
predict the dimensions of melt-pool and the thermal profile
of built part.

Meanwhile, numerical modeling approach has become
more and more popular especially with the development of
computational resources. The conservation laws of mass,
momentum, energy, and possibly species are followed to
build the numerical models, which then can be solve by
computational techniques. Due to specific research interests
and high computational cost, some of the numerical models
neglect the transport phenomena of melt-pool and only
focus on the bulk thermal behaviors and induced thermal
strains if of interest. Nevertheless, many numerical models
start to count for the transport behaviors in melt-pool for
better physical consistency and more accurate prediction of
thermal profile and shape of deposited tracks. The results
from the modeling of melt-pool also plays a crucial role as
input for subsequent microstructural modeling.

However, fully coupled numerical models of powder
stream and melt-pool is not computationally trivial, and
hence, many models from the reviewed literature have
adopted the hybrid approach as a compromising approach,
which uses an analytical model for powder stream and then
couples it with subsequent numerical models for melt-pool
and bulk heating.

5.1.1 Modeling for powder stream and laser heating

Both analytical and numerical models for powder stream
have been developed, some of which also consider its
heating effects due to laser beam and the attenuation of
laser beam going through powder stream. Due to the huge
number of injected particles in LPD, it is almost impossible
to capture the trajectory of each particle even though the
volume fraction of powders is quite low. Also, due to
the presence of two-phase turbulent flow and laser beam
interaction, modeling assumptions are inevitable and both
analytical and numerical models have been developed.

Powder concentration is usually a primary goal for ana-
lytical models that can potentially be used with subsequent
melt-pool and bulk heating models. Gaussian-type ana-
lytical models have been used extensively, in which the
distribution of powder concentration is assumed to be Gaus-
sian. However, some details of powder stream are still
unavailable, such as the boundaries of powder stream, and
need to be assumed manually. For example, the convergence
and divergence angles of powder stream used in analytical
models need to be assumed so that the powder concen-
tration can be computed based on the assumed Gaussian
formulation. More importantly, the Gaussian distribution is
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Table 1 Modeling methods and assumptions for physical processes in LPD

Powder stream Melt-pool Bulk heating

Analytical Shape and dynamic profile: Shape profile:

Gaussian concentration; pre-determined shapes

assumed boundaries, velocities or neglected

Thermal analysis: Thermal analysis: Thermal analysis:

iterative model or assumed details neglected; classical solutions

temperature profile; solved with bulk heating (e.g., Rosenthal’s solutions);

Laser attenuation: or assumed temperature profile superposition;

Mie’s theory, Beer-Lamber law virtual sources

or neglected

Hybrid Same as above Same as below (melt-pool level) Same as below

or above (part level)

Numerical Shape and dynamic profile: Shape profile:

two-phase turbulent flow model computed from temperature field

Thermal analysis: Thermal analysis: Thermal analysis:

energy conservation equation; detailed description by solving heat conduction

Laser attenuation: conservation equations

Mie’s theory; Beer-Lamber law; (mass, momentum, energy)

neglected

not universal. Although the Gaussian distribution has been
experimentally validated in free powder stream but the sub-
strate or deposited layers in LPD process can deeply impact
its distribution.

Unlike analytical models, numerical models apply com-
putational techniques to solve the governing equations of the
two-phase flow and fewer assumptions are adopted, which
are expected to produce physically more consistent results.
The concentration of powder can be calculated based on
the resulted trajectories of powder parcels in DPM, which
has been used widely in the modeling of powder dynam-
ics. The continuum and discrete models are applied to gas
and powder phases respectively and then coupled together
through one-way or two-way coupling strategy. Such mod-
els have been embedded in many commercial CFD soft-
wares like Fluent, CFX [192], and FLOW-3D [193].

To compute the thermal profile of powder stream, espe-
cially the heating effects due to laser beam, the concen-
tration profile or the dynamic behavior of powder stream
needs to be known in advance through assumptions or
computed results in either analytical or numerical models.
The concentration profile or the location of powders in ana-
lytical or numerical models determines the energy absorbed
from laser beam due to the spatial distribution of laser inten-
sity (e.g., Gaussian). Conservation of energy is considered
in most models to compute the thermal profile of pow-
der stream, which generally needs to be solved through

iterative techniques, even in the analytical models discussed
in Section 3.

The most important heating source for powders is laser
beam, which requires careful modeling due to the attenua-
tion effects of powder stream. Models based on Mie’s theory
and Beer-Lambert law have been developed and used while
models without considering attenuation of laser beam have
also been proposed and applied. Clearly, including the atten-
uation effects is not only physically more consistent but
also benefits the successive modeling as the laser beam after
attenuation irradiates the surface of melt-pool, substrate, or
deposited layers.

5.1.2 Modeling for melt-pool and bulk heating

Melt-pool connects powder stream and deposited material.
Its dynamical and thermal behaviors dictate the phase
change, i.e., melting and solidification, in LPD and hence
the properties of built parts such as the porosity and
morphology. Similar to the models built for powder stream,
analytical and numerical models have been developed
with certain assumptions, in which conservation laws are
respected in both approaches while the governing equations
are developed and solved differently.

Analytical models generally adopt aggressive assump-
tions, especially towards melt-pool, and available solu-
tions from classic problems. Rosenthal’s solutions to heat
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conduction problems in semi-infinite domain are used
extensively in the thermal modeling, which, however, can-
not count for the complex build process of LPD such
as multi-layer deposition and repetitive scanning in LPD.
Improvements have been made for such scenarios such as
the superposition of solutions and the virtual heat sources to
cover the heat accumulation effects.

Melt-pool profile has also been investigated through ana-
lytical approach but due to the complex physics involved,
the geometrical profile generally needs to be set manually
in advance for analytical models, such as the half circle
and half ellipse in 2D situation. Pre-determined shape of
melt-pool provides great ease in modeling melt-pool, which,
however, is by no means consistent with the real physics
especially in complex cases such as multi-layer building
process.

Numerical models developed towards melt-pool and bulk
heating solve the governing equations directly through
various computational techniques such as FEM, FVM,
etc. There are two type of models dealing with different
scales, i.e., part level and melt-pool, because of different
research interests, modeling complexity and computational
cost. The former concentrates on the heating behaviors
of entire part and simplifies the transport phenomena of
melt-pool. Only the heat conduction equation needs to be
solved (apart from potential mechanical analysis), and the
related computational cost is not high due to relatively
large element size. The latter explicitly calculates the phys-
ical events of melt-pool and couples it with the heat con-
duction model of HAZ, which naturally requires more mod-
eling work such as meshing especially near the melt-pool
region. The computational cost is also higher since the ele-
ment size needs to be very small to capture the behaviors of
melt-pool.

Numerical part-level models generally solve the heat
conduction equation and some of them use certain
modifications to represent the impacts of melt-pool, such
as modified heat conductivity. An important feature of part-
level models lies in the modeling of material addition.
Because there is no explicit modeling of the melt-pool,
assumptions of adding material have to be made such as
the amount of material to be added at each time step. Two
popular methods have been proposed and used widely, i.e.,
quiet element method and inactive element method.

The quiet element method considers the material
elements, including the elements to be deposited, to be
present from the starting time while the inactive element
method activates the elements as they are deposited.
Because of the scaling technique used in the quiet element
method to minimize the impacts of virtual elements, ill-
conditioned problems may occur for solution process. But
since the elements are present from the starting point,

repeated solver initialization and updates are not needed.
On the contrary, due to the addition of new elements in
inactive element method, the solver needs to be updated
and initialized repeatably but a smaller algebraic system can
be obtained because only active elements are considered.
A hybrid method trying to combine the advantages of both
methods has also been proposed, in which elements are
activated layer by layer but in each layer, quiet elements are
used [115].

Numerical part-level models neglect the transport events
in melt-pool, which impacts not only the thermal field
of melt-pool and HAZ but also the coupling between the
powder stream and melt-pool. The addition of material
in part-level models is generally simplified as elements
addition without considering the geometrical features of
the melt-pool and deposited tracks. With melt-pool level
models, the material addition can be calculated without
aforementioned rough assumptions. Mass, momentum, and
energy carried by powder stream can be extracted and used
in melt-pool computation.

To count for the mushy zone near the interface between
solid and liquid phase, models with averaged formula-
tion from Bennon and Incropera [161, 162] have been
developed, in which averaged variables and properties are
computed through mass and volume fraction. The turbu-
lence effects in melt-pool have been considered by some
models with simplification but the explicit modeling of
turbulence is rare possibly due to high computational cost.

The modeling of free surface of melt-pool is of great
importance as it accepts the injected powders and the
attenuated laser beam and impacts the morphology of
deposited tracks. It has been modeled through various
methods, in which level-set, VOF and ALE methods have
been widely used. Level-set method uses an additional
transport PDE to describe the newly defined level-set
variable, in which 0, positive and negative values represent
the cell on, inside and outside free surface. A transport
term with local velocity and the terms representing mass
addition and/or the forces acting on the free surface can be
used to model the evolution of free surface. With level-set
method, the normal and curvature of the free surface can be
easily computed through the level-set variable, which then
simplifies the calculation of capillary and thermal-capillary
forces. However, mass conservation is problematic for level-
set method. This method has been used widely in modeling
melt-pool of LPD as discussed in Section 4.

VOF also employs an addition PDE to calculate the
volume fraction of fluid in each cell. However, the interface
of each cell needs to be reconstructed based on the volume
fraction in neighbor cells and then the surface normal and
curvature can be calculated, which is more complex than
level-set method. Mass is conserved through VOF method
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but the computed free surface tends to be smearing. Details
of level-set and VOF methods can be seen in Maitre [194]
and Gibou et al. [195].

ALE uses a completely different methodology to deal
with free surface, in which nodes of mesh can move in
an arbitrary way and hence to cover the movement of free
surface. However, the cost of remeshing is not trivial. With
ALE, the formulation of governing equations needs to be
modified to incorporate the effects of mesh moving, in
which the meshing moving velocity need to be included into
the advection terms. A Lagrangian boundary condition with
zero normal velocity can be directly imposed on the free
surface. Details of ALE can be found in Donea et al. [196].

5.2 Physical aspects for themodeling of LPD

For the modeling of LPD, the following physical aspects
are essential and need to be carefully treated. First and
foremost, the physical properties of used material, such as
density, specific heat, surface tension and its temperature
coefficient, thermal conductivity, and viscosity as well as
their relationships with physical variables such as temper-
ature, are of primary importance. As the input conditions
used in every stage of modeling, their accuracy is crucial
for the performance of developed models especially for
the detailed physical description of LPD. For example, as
shown in Fig. 7, the temperature-dependent surface tension
and its gradient can substantially impact flow patterns and
hence the shape of melt-pool and deposited tracks. Apart
from temperature, surface tension can also be dependent on
certain element concentration for alloy material.

Also, attention needs to be put on the powder stream
and its interaction with laser beam as they deeply affect
the spatiotemporal distribution of mass, momentum, and
thermal profile of the injecting powders, which then impacts
the melt-pool and the whole process. Attenuation of laser
beam due to powder stream should be considered and
calculated as the laser beam after attenuation directly
irradiates the surface of melt-pool and contributes greatly
to the heat transfer and thermal-driven flow of melt-pool.
In addition, laser beam is assumed by many models to
be collimated, which is generally not the case as it also
involves convergence and divergence. Because the intensity
of laser beam in LPD is generally very large, such simple
simplification of laser profile can produce quite inaccurate
laser intensity and hence errors of the whole modeling of
powder stream. The detailed profile of laser beam needs to
be considered because of the large value of laser intensity.
For example, in Gaussian beam, depth of field (DOF),
half angle, and beam radius need to be applied to build a
relatively complete laser profile.

Furthermore, melt-pool is considered as the central part
of modeling for LPD as it connects the powder feeding

and bulk heating. Melt-pool accepts the injected powder
particles, which contribute to the formation of deposited
tracks after going through phase changes. However, not all
of the powder particles are generally captured by the melt
pool and hence the catchment efficiency need to be carefully
considered to determine how many powder particles are
actually used to build the deposited part. The mass,
momentum, and energy carried by the captured powder
particles can be influential on the thermal and dynamic
profiles of melt-pool. The addition of mass and energy
from the captured powder particles are generally counted
when modeling the interaction of powder stream and
melt-pool in the reviewed literature. The most considered
phenomena from the reviewed literature also include liquid
flow dynamics, wetting behavior, Marangoni effect, heat
transfer, and phase transformation (evaporation, melting,
and solidification), among which Marangoni effect deeply
affects the flow pattern and the shape of melt-pool.

Due to substantial heat transfer and repeated scanning,
residual stress can be formed and even distortion can occur,
which can potentially change the building conditions of
LPD such as the geometry of the built parts. Although
the mechanical analysis was not discussed in detail in this
paper, it can be added to the thermal models without much
difficulty provided that the thermal model is valid. The real
difficulty in modeling LPD lies in the modeling for material
addition and heat transfer due to laser beam.

5.3 Suggestions for the futuremodeling of LPD

For the future modeling of LPD, several suggestions are
made as follows. First, for different research focus, both
effectiveness and cost of the model need to be considered.
The fully numerical model should be considered for detailed
description and prediction of LPD. Actually, the complete
modeling work of LPD process also consists of the evo-
lution of microstructures and properties, which can further
complete the physical details and enable the valuable cou-
pling between macroscopic and microscopic models. Nat-
urally, the work load and computational cost of such com-
plete models are extremely high. Beside aforementioned
complex models, relatively simple models can also be useful
and satisfactory for many research purposes. For example,
the part-level models for melt pool and bulk heating are very
popular in predicting bulk thermal and mechanical behav-
iors even though the transport phenomena are simplified.
Also, the analytical models of powder stream have been
widely used in the models adopting hybrid approach and
proved to be valid.

Furthermore, so far, the majority of the reviewed
models have focused on simple geometries such as single
track, multi-track, and multi-layer since the computational
cost is relatively low compared with full-scale LPD
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simulation. Currently limitations from computational aspect
and modeling approach are making it difficult to model
all of the physical phenomena in LPD with high fidelity.
Based on existing resources, compromises have to be made
between the speed and accuracy. Numerical models can take
advantage of the high-performance computing resources if
available.

Meanwhile creative modeling approaches or numerical
procedures should also be developed. The hybrid approach
discussed before is a feasible choice for those who do not
access to high-end computing resources. It may also be fea-
sible and better to numerically calculate the powder stream
in a steady-state way and export the results of powder stream,
such as the flux profile of mass, momentum, and energy
of powder stream, into the successive melt-pool model to
obtain physically more consistent and accurate results. It
should also be noted that since there are a large number
of process parameters involved in LPD process, including
many uncertain parameters whose effects have not been
fully understood. Therefore, uncertainty quantification can
be conducted to increase the performance of built models.

Finally, it is worthwhile to note that the techniques from
machine learning (ML) [197] have been used in some other
AM processes to work with simulation models for predic-
tions and optimization [198, 199]. Potential collaboration
with ML models for LPD may also be beneficial. For
instance, through ML models built on the results obtained
from physic-based model (or experiment) and process
parameters, preliminary optimization can be conducted.
Then, further optimization can be conducted based on mod-
eling (or experiments) to choose optimal parameters from
the resultant optimized space to accelerate optimization.

6 Conclusions

In this paper, a thorough review has been given towards the
modeling work of LPD process with the focus on the powder
stream, melt-pool, and bulk heating. Different modeling
approaches, i.e., analytical, numerical, and hybrid, have
been summarized and compared. Reported models found
in the reviewed literature have been discussed in detail
for different physical process of LPD. Various modeling
strategies dealing with laser powder interaction, material
addition, and the coupling between powder stream and melt
pool have also been carefully reviewed. Considerations and
suggestions for the modeling of LPD have been given at last.
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Guillén R (2012c) Direct laser fabrication process with coaxial
powder projection of 316l steel. geometrical characteristics and
microstructure characterization of wall structures. Opt Lasers
Eng 50:1779–1784. https://doi.org/10.1016/j.optlaseng.2012.07.
002

91. Labudovic M, Hu D, Kovacevic R (2003) A three
dimensional model for direct laser metal powder depo-
sition and rapid prototyping. J Mater Sci 38:35–49.
https://doi.org/10.1023/a:1021153513925

92. de Oliveira U, Ocelı́k V, De Hosson JTM (2005) Analysis of
coaxial laser cladding processing conditions. Surf Coat Technol
197:127–136. https://doi.org/10.1016/j.surfcoat.2004.06.029

93. Jouvard J, Grevey DF, Lemoine F, Vannes AB (1997)
Continuous wave nd:yag laser cladding modeling: a physical
study of track creation during low power processing. J Laser
Appl 9:43–50. https://doi.org/10.2351/1.4745444

94. Fathi A, Toyserkani E, Khajepour A, Durali M (2006)
Prediction of melt pool depth and dilution in laser pow-
der deposition. J Phys D Appl Phys 39:2613–2623.
https://doi.org/10.1088/0022-3727/39/12/022

95. Lalas C, Tsirbas K, Salonitis K, Chryssolouris G (2007) An
analytical model of the laser clad geometry. Int J Adv Manuf
Technol 32:34–41. https://doi.org/10.1007/s00170-005-0318-0

96. Partes K (2009) Analytical model of the catchment efficiency
in high speed laser cladding. Surf Coat Technol 204:366–371.
https://doi.org/10.1016/j.surfcoat.2009.07.041

97. Pinkerton AJ, Li L (2004) Modelling the geometry of a
moving laser melt pool and deposition track via energy
and mass balances. J Phys D Appl Phys 37:1885–1895.
https://doi.org/10.1088/0022-3727/37/14/003

98. Zhou S, Dai X, Zheng H (2011) Analytical modeling and
experimental investigation of laser induction hybrid rapid
cladding for ni-based wc composite coatings. Opt Laser Technol
43:613–621. https://doi.org/10.1016/j.optlastec.2010.09.001

99. Ahsan MN, Pinkerton AJ (2011) An analytical-numerical
model of laser direct metal deposition track and microstructure
formation. Model Simul Mater Sci Eng 19:055003

100. Cline HE, Anthony TR (1977) Heat treating and melting material
with a scanning laser or electron beam. J Appl Phys 48:3895–
3900. https://doi.org/10.1063/1.324261

101. Wang Q, Li J, Gouge M, Nassar AR, Michaleris P, Reutzel
EW (2016) Physics-based multivariable modeling and feedback
linearization control of melt-pool geometry and temperature
in directed energy deposition. J Manuf Sci Eng 139:021013–
021013–12. https://doi.org/10.1115/1.4034304

102. Chaskalovic J (2008) Finite element methods for engineering
sciences: theoretical approach and problem solving techniques.
Springer, Berlin

103. Li J, Wang Q, Michaleris P, Reutzel EW, Nassar AR (2017)
An extended lumped-parameter model of melt-pool geometry to
predict part height for directed energy deposition. J Manuf Sci
Eng 139:091016–091016–14. https://doi.org/10.1115/1.4037235

104. Rosenthal D (1946) The theory of moving sources of heat and its
application of metal treatments. Trans ASME 68:849–866

105. Carslaw H, Jaeger J (1959) Conduction of heat in solids. Oxford
University Press, Oxford

106. Rykalin N, Uglov A, Kokora A (1978) Laser machining and
welding. Mir Publishers, Moscow

107. Elsen MV, Baelmans M, Mercelis P, Kruth JP (2007)
Solutions for modelling moving heat sources in a semi-infinite
medium and applications to laser material processing. Int J
Heat Mass Transfer 50(23):4872–4882. https://doi.org/10.1016/j.
ijheatmasstransfer.2007.02.044

108. Pinkerton AJ, Li L (2004) The significance of deposition
point standoff variations in multiple-layer coaxial laser cladding
(coaxial cladding standoff effects). Int J Mach Tools Manuf
44:573–584. https://doi.org/10.1016/j.ijmachtools.2004.01.001

109. Li J, Wang Q, Michaleris P (2018) An analytical computation of
temperature field evolved in directed energy deposition. J Manuf
Sci Eng 140:101004–101004–13. https://doi.org/10.1115/1.
4040621

110. Tan H, Chen J, Zhang F, Lin X, Huang W (2010) Process
analysis for laser solid forming of thin-wall structure. Int J Mach
Tools Manuf 50:1–8. https://doi.org/10.1016/j.ijmachtools.2009.
10.003

111. Ning J, Sievers DE, Garmestani H, Liang SY (2019) Analytical
modeling of transient temperature in powder feed metal additive
manufacturing during heating and cooling stages. Appl Phys A
125:496. https://doi.org/10.1007/s00339-019-2782-7

112. Huang Y, Khamesee MB, Toyserkani E (2019) A new
physics-based model for laser directed energy deposition
(powder-fed additive manufacturing): from single-track to
multi-track and multi-layer. Opt Laser Technol 109:584–599.
https://doi.org/10.1016/j.optlastec.2018.08.015

113. Ocelı́k V, Nenadl O, Palavra A, Hosson JD (2014) On the
geometry of coating layers formed by overlap. Surf Coat Technol
242:54–61. https://doi.org/10.1016/j.surfcoat.2014.01.018

114. Schiaffino S, Sonin AA (1997) Molten droplet deposition and
solidification at low weber numbers. Phys Fluids 9:3172–3187.
https://doi.org/10.1063/1.869434

115. Michaleris P (2014) Modeling metal deposition in heat transfer
analyses of additive manufacturing processes. Finite Elem Anal
Des 86:51–60. https://doi.org/10.1016/j.finel.2014.04.003

116. Wang L, Felicelli S, Gooroochurn Y, Wang P, Horstemeyer M
(2006) Numerical simulation of the temperature distribution and
solid phase evolution in the LENS™process. Proceedings of the
Solid Freeform Fabrication Symposium, pp 453–463

117. ESI Group (2019) SYSWELD 2019
118. Wang L, Felicelli S (2007a) Influence of process parameters on

the phase transformation and consequent hardness induced by the
LENS™process. Proceedings of TMS Conference, pp 63–72

119. Wang L, Felicelli S (2007b) Process modeling in laser deposition
of multilayer SS410 steel. J Manuf Sci Eng 129:1028–1034.
https://doi.org/10.1115/1.2738962

120. Wang L, Felicelli SD, Craig JE (2007) Thermal modeling and
experimental validation in the LENS™process. Proceedings of
the Solid Freeform Fabrication Symposium, pp 100–111

121. Wang L, Felicelli S, Gooroochurn Y, Wang PT, Horste-
meyer MF (2008a) Optimization of the LENS® process for
steady molten pool size. Mater Sci Eng A 474:148–156.
https://doi.org/10.1016/j.msea.2007.04.119

122. Wang L, Felicelli SD, Pratt P (2008b) Residual stresses in LENS-
deposited AISI 410 Stainless Steel plates. Mater Sci Eng A
496:234–241. https://doi.org/10.1016/j.msea.2008.05.044

1979Int J Adv Manuf Technol (2020) 107:1959–1982

https://doi.org/10.1016/j.msea.2008.05.044
https://doi.org/10.1016/j.msea.2007.04.119
https://doi.org/10.1115/1.2738962
https://doi.org/10.1016/j.finel.2014.04.003
https://doi.org/10.1063/1.869434
https://doi.org/10.1016/j.surfcoat.2014.01.018
https://doi.org/10.1016/j.optlastec.2018.08.015
https://doi.org/10.1007/s00339-019-2782-7
https://doi.org/10.1016/j.ijmachtools.2009.10.003
https://doi.org/10.1016/j.ijmachtools.2009.10.003
https://doi.org/10.1115/1.4040621
https://doi.org/10.1115/1.4040621
https://doi.org/10.1016/j.ijmachtools.2004.01.001
https://doi.org/10.1016/j.ijheatmasstransfer.2007.02.044
https://doi.org/10.1016/j.ijheatmasstransfer.2007.02.044
https://doi.org/10.1115/1.4037235
https://doi.org/10.1115/1.4034304
https://doi.org/10.1063/1.324261
https://doi.org/10.1016/j.optlastec.2010.09.001
https://doi.org/10.1088/0022-3727/37/14/003
https://doi.org/10.1016/j.surfcoat.2009.07.041
https://doi.org/10.1007/s00170-005-0318-0
https://doi.org/10.1088/0022-3727/39/12/022
https://doi.org/10.2351/1.4745444
https://doi.org/10.1016/j.surfcoat.2004.06.029
https://doi.org/10.1023/a:1021153513925
https://doi.org/10.1016/j.optlaseng.2012.07.002
https://doi.org/10.1016/j.optlaseng.2012.07.002
https://doi.org/10.1016/j.optlaseng.2011.10.014
https://doi.org/10.1016/j.optlaseng.2011.10.014
https://doi.org/10.1016/j.jmatprotec.2012.03.016
https://doi.org/10.2351/1.4906394
https://doi.org/10.2351/1.4906394
https://doi.org/10.1016/j.jmatprotec.2011.10.019
https://doi.org/10.1016/j.jmatprotec.2011.10.019


123. Ye R, Smugeresky JE, Zheng B, Zhou Y, Lavernia EJ (2006)
Numerical modeling of the thermal behavior during the LENS®

process. Mater Sci Eng A 428:47–53. https://doi.org/10.1016/
j.msea.2006.04.079

124. Yin H, Wang L, Felicelli SD (2008) Comparison of two-
dimensional and three-dimensional thermal models of the
LENS® process. J Heat Transfer 130:102101–102101–7.
https://doi.org/10.1115/1.2953236

125. Wang L, Felicelli S (2006) Analysis of thermal phenomena
in LENS™deposition. Mater Sci Eng A 435-436:625–631.
https://doi.org/10.1016/j.msea.2006.07.087

126. Hofmeister W, Wert M, Smugeresky J, Philliber JA, Griffith
M, Ensz M (1999) Investigating solidification with the laser-
engineered net shaping (LENS™) process. JOM 51:1–6

127. Patel CP, Patel R (2012) 3D heat transfer analysis and numerical
modeling of LENS™process for thin wall by using Stainless
Steel 304. Int J Modern Eng Res 2:1596–1601

128. Yang Q, Zhang P, Cheng L, Min Z, Chyu M, To AC (2016) Finite
element modeling and validation of thermomechanical behavior
of Ti-6Al-4V in directed energy deposition additive manufac-
turing. Add Manuf 12:169–177. https://doi.org/10.1016/j.addma.
2016.06.012

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

130. Shah K, Khurshid H, ul Haq I, Anwar S, Shah SA (2018) Numer-
ical modelling of pulsed and continuous wave direct laser depo-
sition of Ti-6Al-4V and Inconel 718. Int J Adv Manuf Technol
95:847–860. https://doi.org/10.1007/s00170-017-1224-y

131. Lampa C, Kaplan AFH, Powell J, Magnusson C (1997) An
analytical thermodynamic model of laser welding. J Phys D Appl
Phys 30:1293–1299. https://doi.org/10.1088/0022-3727/30/9/004

132. Lee WS, Yeh GW (1997) The plastic deformation behaviour
of AISI 4340 alloy steel subjected to high temperature and
high strain rate loading conditions. J Mater Process Technol
71:224–234. https://doi.org/10.1016/S0924-0136(97)00079-4

133. Yan L, Li W, Chen X, Zhang Y, Newkirk J, Liou F, Dietrich
D (2017) Simulation of cooling rate effects on ti-48al-2cr-2nb
crack formation in direct laser deposition. JOM 69:586–591.
https://doi.org/10.1007/s11837-016-2211-8

134. Yan L, Zhang Y, Liou F (2018) A conceptual design of
residual stress reduction with multiple shape laser beams in
direct laser deposition. Finite Elem Anal Des 144:30–37.
https://doi.org/10.1016/j.finel.2018.02.004

135. Khanafer K, Al-Masri A, Aithal S, Deiab I (2019) Multiphysics
modeling and simulation of laser additive manufacturing
process. Int J Interact Des Manuf (IJIDeM) 13:537–544.
https://doi.org/10.1007/s12008-018-0520-6

136. Gouge MF, Heigel JC, Michaleris P, Palmer TA (2015)
Modeling forced convection in the thermal simulation of laser
cladding processes. Int J Adv Manuf Technol 79:307–320.
https://doi.org/10.1007/s00170-015-6831-x

137. Heigel JC, Michaleris P, Reutzel EW (2015) Thermo-mechanical
model development and validation of directed energy deposition
additive manufacturing of ti–6al–4v. Add Manuf 5:9–19.
https://doi.org/10.1016/j.addma.2014.10.003

138. Toyserkani E, Khajepour A, Corbin S (2004) 3-d finite element
modeling of laser cladding by powder injection: effects of laser
pulse shaping on the process. Opt Lasers Eng 41:849–867.
https://doi.org/10.1016/s0143-8166(03)00063-0
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