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Finite element simulation of the Direct Energy Deposition using
Comsol Multiphysics

Summary

Direct Energy Deposition (DED) is an emerging technology extensively employed in metal
Additive Manufacturing (AM). Despite its widespread industrial application, mathematical
modeling in this domain remains challenging. This complexity arises from the intricate nature of
the modeling approach and the nonlinear behavior of material parameters across a broad
temperature range. Consequently, experimentalists often resort to a trial-and-error method to
achieve structures with desired properties. However, this approach can be time-consuming and
may not always yield parts with the requisite characteristics, highlighting the necessity for
mathematical modeling to enhance manufacturing success.

This study focuses on thin-walled manufacturing with a single bead thickness, adjusting laser
parameters to produce such structures. The laser cladding speed, typical for DED manufacturing,
is considered to be on the order of centimeters per second. The various wall thicknesses and
heights are explored to discern the general characteristics of walls manufactured via this DED
approach.

Our modeling approach diverges from the conventional DED modeling based on
activation-deactivation of predefined mesh domains, commonly implemented in many finite
element codes. Instead, a method is proposed that effectively models layer cladding and melt pool
dynamics, enabling predictions of the microstructure in the resulting structures. The formation
mechanisms of cellular, dendritic columnar, and stray (equiaxed) grains, which arise from the
interplay between nucleation and growth from the surface is analyzed.

The study also examines the feasibility of microstructure formation to demonstrate the
various thermal characteristics inherent in wall manufacturing. Our results illustrate how different
process parameters influence the temperature gradient and cooling rate of the molten pool,
subsequently affecting the primary dendrite arm spacing (PDAS). This modeling technique allows
for the investigation of diverse thermal conditions, facilitating the prediction of microstructure
and residual stresses in the manufactured parts.
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1 Introduction

Direct Energy Deposition (DED) is a newly developed technology extensively utilized in metal
additive manufacturing (Ref. 1–8). This technology involves depositing powder onto a workpiece
and melting it using an energy source. While various energy sources like lasers and electron beams
can be used for material addition, the formation of layers remains a critical area of study, reflecting
its significance in manufacturing processes. Despite its widespread industrial application, math-
ematical modeling in DED is still limited due to the complexity of the approach, which involves
multiple physics phenomena and nonlinear material parameters across a broad temperature range.

DED is a metal deposition technique where a laser-melted powder stream is used to create a
three-dimensional structure. This process, from the laser’s interaction with the powder to material
solidification, requires meticulous consideration due to its complex physics. Numerous approaches
have been developed to model this phenomenon. In our approach, we account for material addition,
structure shape formation, and nonlinear material parameters over a wide temperature range,
covering both solid and molten states.

COMSOL Multiphysics stands out as a robust simulation software designed for multi-physics
modeling using the finite element method. Its strength lies in its ability to integrate multiple physics
seamlessly, allowing for intricate modeling of complex phenomena (Ref. 9). In this report, the
COMSOL software is employed to model DED additive manufacturing of INCONEL 625 material,
focusing on thin wall formation. The DED process under consideration uses a laser heat source to
melt a powder stream supplied to the solid surface, creating a melt source on the wall’s top and
leading to free boundary motion due to the cladding procedure.

Thin-walled structures, crucial in industries such as aerospace, present unique challenges in
additive manufacturing due to the complexities associated with AM constraints and limitations.
Microstructure emergence and residual stress distributions are central to DED AM processes (Ref.
8, 10–12). Moreover, understanding the impact of varying process parameters – such as scan speed,
laser power, and feed rate – is pivotal in determining the final part’s properties, necessitating a
comprehensive mathematical model of DED processes.

Recently, the concept of Digital Twins (DT) has emerged as a method to create models that
mirror the manufacturing workflow, aiding in the understanding, analysis, and improvement of
fabricated items (Ref. 13). DT models show great promise in enhancing AM technologies, including
process simulation, and can help to deeply understand the physics phenomena of manufacturing
processes. The finite element analysis (FEA) developed within COMSOL can be seen as a simplified
DT of the DED process, though it may not universally apply to all DED simulations.

Various DED modeling strategies have been explored in the literature, with successful appli-
cations in diverse cases. Notable commercial codes like Ansys Additive (Ref. 14), 3dExperience
(Ref. 15), and Simufact (Ref. 16) have been widely recognized in research and industry. Our
innovation within COMSOL involves developing unique approaches that diverge from standard
activation-deactivation techniques (Ref. 12, 14–17).

This report outlines frameworks for investigating DED processes, encompassing process simu-
lation models based on heat transfer for both melt and solid phases, as well as the evolution of the
free boundary of the cladding melt during DED, and studies on residual stresses. The simulation
model presented is simple, facilitating predictions of time history, cooling rates, thermal gradients,
microstructure, and morphology during DED manufacturing. These models utilize material data
and process parameters to accurately reflect Additive Manufacturing technology, with numerical



simulation outcomes bolstered by fundamental physics processes and corresponding experimental
validations. However, it is important to note that our analysis does not incorporate the influence
of the build plate, which may significantly impact DED manufacturing. Our primary focus remains
on the wall structures themselves, with particular attention given to the corresponding boundary
conditions at the base of the walls.

2 Governing Equations

This report focuses on developing models that elucidate various phenomena observed in DED
processes, rather than simulating specific experiments. Our approach aims to deepen understanding
of the physics underlying the material cladding process, providing insights into the simulation
results. The versatility of the analysis tools available in Comsol Multiphysics allows for an extensive
exploration of the DED process, shedding new light on this technologically progressive method.

2.1 Liquid-Based DED Simulation Approach
The DED process is fundamentally thermal in nature, thus making the heat transfer equation

a cornerstone of its physical simulation. In this regard, the thermal conductivity equation (1) is
utilized to articulate the energy balance within the selected physics domain. The equation’s right-
hand side accounts for the change in temperature per unit time within a volume, while the left-hand
side encompasses both diffusive and convective heat flows. This includes all potential heat sources
(Q) involved in the process.

As the material undergoes phases of solidification and cooling, thermomechanical modeling be-
comes critical to account for the stresses and strains that develop during the formation of structures.
Nevertheless, simplicity in modeling is often preferred for more straightforward results interpreta-
tion. Therefore, the general strategy is to integrate the essential physics needed to effectively model
the DED process, as recommended in literature (Ref. 1, 9). The energy balance for heat transfer,
as considered in our model, is encapsulated by the equation governing the domain temperature
(T). This approach provides a comprehensive understanding of the thermal dynamics within the
DED process, crucial for optimizing manufacturing outcomes and predicting the properties of the
fabricated parts

ρ(T )C(T )u∇T + ∇(λ(T )∇T ) + Q = ρ(T )C(T )∂T

∂t
(1)

Here ρ(T ), C(T ) are density, specific heat capacity, u fluid velocity, ∇ is the divergence operator,
and Q is the heat source. All specific material parameters are determined in all temperature range
for a solid and melt state. The boundary condition involves convective heat transfer and radiative
heat transfer

q + qr + qc = ∂T

∂n
. (2)

The thermal energy source utilized during Directed Energy Deposition in this report is repre-
sented using a heat flux model. Heat flux models find widespread application in various thermal
processes (Ref. 9). In the the Gaussian function used here the size of the melt pool is denoted by
the radius r0. In a laser based DED process as the input heat q may be considered as the Gaussian
heat distribution:

q(x, y) = 2q0/(πr2
0)exp(−2(x2 + y2)/r2

0), (3)



where q(x, y) is the absorbed surface power, and x, y are Cartesian coordinates on the surface, q0 is
the laser average power. The radius r0 is taken at which the intensity drops to 1/e2 (about 13.5%)
of its peak value.

For qr, qc the next equations are given

qr = σϵ(T 4 − T 4
0 ), (4)

ϵ= 0.5 is the material emissivity, σ = 5.67Ö10−8W/(m2K4) is the Boltzman constant, and T0 =
300K is the ambient temperature

qc = h(T − T0), (5)

where h is the heat convection coefficient (W/m2K), the bottom surface for the all simulations is
taken at the constant temperature T0, say room one.

In COMSOL, the Heat Transfer module distinctly addresses the heat transfer problems in
solid and liquid phases. Specifically, for the liquid phase, heat transfer can be intricately linked
with a phase transition function, facilitating a smooth solid-to-liquid transition. In this scenario,
material properties undergo continuous changes within the transition range, with the latent heat
being integrated into the heat capacity. The phase change is triggered by temperature variations in
the transition zone, leading to abrupt changes in material properties. Notably, the solid-to-liquid
transition culminates in a sharply defined transition between solidus and liquidus temperatures,
which is very important for accurately determining the locations of free boundaries.

2.2 Solid-Based DED Simulation Approach
In the context of solid-state heat transfer problems, similar simulation results can be attained.

For this approach, it’s imperative to precisely define thermo-physical material parameters such as
heat capacity and conductivity.

Contrasting with the liquid-based approach where the entire domain is treated as a liquid
state frozen below the melting temperature, the solid-based approach regards the entire domain as
solid. When the temperature surpasses the melting point in this approach, the solid assumes liquid
properties. The transformation from solid to liquid phase is modeled by modifying the specific heat
to include an additional latent heat term (See, for example,(Ref. 18)):

C(T ) = Cp(T ) + Lm
1√

π∆T 2
exp

(
−(T − Tm)2

∆T 2

)
, (6)

where Cp(T ) represents the specific heat in the solid state, Lm is the latent heat of the solid-liquid
phase transition, ∆T is the interval of solidification, and Tm is the melting temperature. A graphical
representation of the function C(T ) employed in this report is presented in the appendix.

The results of the simulation using the solid-based domain are compared with those from the
liquid domain simulation (1) and are showcased in Figure 1. General similarities are observed in the
3D contour plots of both approaches. To corroborate these findings, the temperature distribution
along the path on the middle of the top surface during the laser scanning process is depicted in
Figure 1. This comparison confirms that the solid-based and liquid-based approaches yield similar
outcomes, demonstrating their effectiveness in modeling the complexities of the DED process.



Figure 1.—Comparison the results for liquid based model – a) and solid one – b) for: q0 =
1.5e8W/m2, t=0.125 s. The contour plot temperature distributions are presented in the first raw
and line plots of the temperature along the middle line located on the top surface along the laser
scan path are presented in the second raw.

2.3 Lagrangian-Eulerian (ALE) method
In the course of cladding, the subsequent process of added powder deserves consideration.

COMSOL, through its implementation of the Arbitrary Lagrangian-Eulerian (ALE) method, offers
an approach to account for material deformation. This is particularly valuable for modeling surface
deformation during cladding and changes in the melt pool boundary. Utilizing free and mobile
surfaces within an ALE deformable domain, the model effectively tracks the molten state of the
material throughout the cladding process (Ref. 9).

The model takes into account the phase transition at the solid-melt interface, and the addition
of mass mirrors the process of supplying the molten state to the free surface. To align the boundary
evolution with experimental data, certain adjustable parameters for free boundary evolution are
introduced.

It should be noted that physics’ partial differential equations like equation (1) are typically
framed in one of two ways: either within a fixed spatial coordinate system (Eulerian formulation),
where the coordinate axes are stationary, or within a material coordinate system (Lagrangian
formulation), attached to the material as it deforms, moving with it in its reference configuration.
The pure Eulerian formulation faces a challenge when dealing with moving domain boundaries
because it references physical quantities to fixed points in space, while the set of spatial points
within the domain boundaries changes over time.

To address this limitation and enable the handling of moving boundaries, Eulerian equations
must be reformulated to describe all physical quantities within the mesh coordinates. In this



mesh coordinate system, the domain remains fixed, and there’s a direct mapping from the mesh
coordinates to the current spatial configuration of the domain.

This transformation of physics equations onto a dynamically moving mesh leads to the devel-
opment of the ALE method developed in Comsol (Ref. 9). Notably, if the mapping from mesh
coordinates to spatial coordinates follows the material deformation, it reverts to a Lagrangian
method. Conversely, when the mapping becomes an identity map, the ALE method becomes
entirely Eulerian.

Consequently, the ALE method serves as an intermediate approach, combining the strengths of
both Lagrangian and Eulerian methods. It facilitates the treatment of moving boundaries without
necessitating the mesh to rigidly track material movement.

2.4 Mathematical modeling of the free surface generated by cladding and tem-
perature field evolution

ALE method was used to generate deformed surfaces during DED AM. The addition of the
successive layer during AM is modeled by moving (deformable) domain. The moving laser heat
spot with the material addition is realized with boundary condition to the free surface of the
deformable domain. The control of the surface height was regulated by the addition of the mass
reflecting powder deposit velocity. The bottom surface was considered as a fixed one. All other
surfaces of the deformable domain were under zeros velocity boundary condition. Such approach
makes it possible to study in detail the melt pool depending on the process parameters. The simple
geometry of the wall is considered to understand single bead wall formation when melt pool is of
the size of the wall thickness. The melt pool is studied for different wall heights.

The characteristic examples of the deformable domains are presented in Fig. 2 where a 3-D
contour plot of the temperature is presented at time 0.4 s. The scanning velocity is taken 1 cm/s
and the laser power q0 = 1.25 · 108W/m2 and laser spot diameter is 1 mm. The powder deposition
is aggregated into the melt characterising the cladding process and is considered as a parameter v
ranging from 1 to several mm/s which produces reasonable cladding domain heights.

In Fig. 2 the temperature distribution at 4 points on the top surface is presented on the right
hand side. Since the wall height is not large the fast cool down process leads to a dwell time on the
order of a tenth of a second. It is seen that temperature over several tenths of a second returns to
the initial temperature. The temperature becomes the same as initial. For such a low wall height
the dwell time is low. After the first layer is printed, the second one is following the same procedure
as the first formed geometry as was used initially.

The characteristic temperature distribution in the wall emphasizing the melt pool domain is
presented in Fig. 3. One can see the mushy zone details where the boundaries of the zone are
at liquidus and solidus temperature. The taller wall domain simulation is presented in Fig. 3
where cross-section of the wall temperature distribution is presented by showing solid temperature,
temperature in a mushy zone and in the melt pool separately.



Figure 2.—The wall temperature for a short height model (5mm · 1mm · 0.4mm) – a), Surface
temperature at x = 0.2x0 : 0.2x0 : 0.8x0 dependent on time t, x0 = 5mm - is the length of the wall.

The dwell time of the taller wall increased substantially. For a wall of 2 mm high we obtain this
value equal to several seconds as can be seen from the plot Fig. 4 – 6 where temperature history
shows approaching 400K for time frames 1.5 s.

Figure 3.—Characteristic temperature distribution in the taller wall (5mm·1mm·2mm) for t=0.4
s. The temperature distribution in: a wall during DED process – a), solid part of the wall – b)
mushy zone – c) molten pool at time t = 0.4s, q0 = 1.7 · 108W/m2

It should be noted that temperatures showing heating, solidification, and cooling of INCONEL
625 are during deposition of one layer (Ref. 19) and this.

2.5 Temperature field evolution through the thickness at the cladding surface
domain depending on the wall thickness

In this subsection a one bead wall for different thicknesses is analyzed. The 1 mm wall thickness
is presented in Fig. 3 – 4. Throughout this report the thickness of the wall will be 1 mm if it is
not otherwise specified. In this case increasing the height of the wall increases the dwell time as
seen from Fig. 4 where dynamics of the three points through the thickness are shown. One point
is on the nondeformable surface taken as initial wall surface, one is on the surface of the cladding
domain and one is beneath the surface reflecting melt pool depth.

The wall height in Fig. 4 is 4 times larger than in Fig. 2 and the temperature relaxation grew
to approximately 10 s. The melt pool cladding height for this simulation was 0.18 mm and the



melting region was at about the same scale since the lower point reached solidus. The top point
curve in Fig. 4 appeared when the solid shape of the surface was formed.

Figure 4.—Temperature evolution in the middle of the wall of 1 mm thickness for three points
(see the plot on the left hand side) located on the clad surface, on the surface before cladding and
beneath the surface characterising a melt pool depth.

The similar kinetics of the free surface formation is presented in Fig. 5 where the wall thickness
is 2 mm and cladding hight is about a quarter of mm. The melting depth is of the same order.

Figure 5.—Temperature evolution in the middle of the wall of 2 mm thickness for three points
(see the plot on the left hand side) located on the clad surface, on the surface before cladding and
beneath the surface characterising a melt pool depth.

For a 4 mm wall thickness (Fig. 6) an optimal cladding height is 0.5 mm and during cladding
the laser practically remelts the same thickness of the layer which was built before.

It should be noted that during cladding mushy zone thickness increases. This is seen very
pronounced for the thick wall (Fig. 6).



Figure 6.—Temperature evolution in the middle of the wall of 4 mm thickness for three points
(see the plot on the left hand side) located on the clad surface, on the surface before cladding and
beneath the surface characterising a melt pool depth.

The temperature dynamics as a function of temperature for 0.5 mm wall is presented in Fig. 7.

Figure 7.—Temperature evolution in the middle of the wall of 0.5 mm thickness for three points
(see the plot on the left hand side) located on the clad surface, on the surface before cladding and
beneath the surface characterising a melt pool depth.

From the temperature evolution of Fig. 4–7 one can see that as the thickness of the wall
increases the higher the temperature of the cladding layer grows to manufacture a single bead wall.
The linear dynamics of the maximum temperature (at the center of the wall) has a similar trend for
all wall thicknesses. The melting of the wall surface and penetration of the melt beneath (points
on the wall surface and below) are characterising the melt pool domain of the wall while the point
on the clad surface is generated only after some time delay t needed for the addition of material
to the top surface (Fig. 4). This delay is determined by the scanning speed and is of the order of
the laser beam diameter (wall thickness) divided by scanning velocity. For Fig. 4 this delay time
is about 0.1 s. At the same time the melting domain has a little delay in time when compared to
the maximum temperature on the surface. The melt pool domain increases with thickness due to
accumulation of more heat for the thicker one bead wall.



2.6 Cladding height as function of feeding rate velocity
For a 1 mm wall thickness the cladding height was studied as a function of the feeding speed v

with constant laser scanning speed 1 cm/s. The results are presented in Fig. 8. The height changes
from 80 um at low feeding speed v=1 mm/s (Plot 1) until 550 um at v=6 mm/s (Plot 6).

The linear plots of the maximum height (black line) is presented in Fig. 9. The larger speed v
increases the height but at the same time the free surface shape became a little bit more irregular.
The temperature plots 1–6 in the Fig. 8 show that the larger the cladding height becomes the higher
is the temperature in the melt pool domain. As a result the cool down stage is larger as well leading
to a larger dwell time. Analysis of the maximum temperature at the wall after starting cool down
decreases as presented in Fig. 9. The maximum temperature is presented for two characteristic
times t=1 s (red curve), and t=2.5 s (blue curve). At time t=2.5 s the temperature of the sample
is below 400K even for the larger clad size (close to room temperature). At the same time for 1 s
the temperature of the wall is large for a large cladding domain.

Figure 8.—The wall formation for different values of the cladding velocity: 1 – 1 mm/s, 2 –
2 mm/s, 3 – 3 mm/s, 4 – 4 mm/s, 5 – 5 mm/s, 6 – 6 mm/s. Surface temperature and shape
deformation surface is presented at t = 0.35s.

Figure 9.—Maximum height (black colour) as a function of deposition velocity v (x[mm/s] on a
plot) as well temperature during cool down stage at t=1 s (red line) and t=2.5 s (blue line). By
dashed lines the linear regression line approximating data is presented for each set



3 Thermal Gradient Distributions and Cooling Rate

The developed approach enables the study of emerging gradients during the DED solidification
process. These gradients in relation to wall heights outline the process’s general characteristics
which will be analyzed. Literature indicates that the solidification cooling rate and thermal gradi-
ents are important for microstructure control, as they significantly influence grain size, morphology,
and the resulting mechanical properties of the build. This section will later demonstrate how these
factors are influenced by process parameters and wall geometry, including thickness and height.
Our objective is to identify general trends in these key parameters applicable to any experimental
test.

The simplest approach is to analyze a specific thickness with semi-infinite length with a certain
height, to establish reference values for these factors. In this case the Rosenthal’s analytical solution
for pure conduction problem (Ref. 20) could be used. However, the Rosenthal solution defines the
steady state thermal field produced by a point heat source moving on the surface of a semi-infinite
solid. In the real DED process we have a finite width with laser power localization on the order
of the width. We will begin with smaller scales and observe the effects of increasing height and
length. We exclude large (or infinite) width considerations, as our one-bead approach relies on
wall side boundaries. This study aims to demonstrate that for each specific wall geometry, we
can determine thermal gradients, cooling rates, and a process map to control microstructure. This
includes examining the thermal gradient in the mushy zone, which influences solidification, flat
front propagation instability, and morphology. Larger scale thermal gradients affecting residual
stress will be studied in Section 6. Here, the focus is solely on thermal gradients and cooling rates
in the mushy zone.

3.1 Melt pool shape and mushy zone temperature gradient distribution

The structure of the gradients evolves with increasing wall height, with typical examples shown
in Figures 10 – 14. The typical thermal gradient distribution, G = |∇T | increases for the largest
value determined by the process parameters and laser beam location and then goes down. In
the Figures 10 – 13 we can see the temperature distribution (dashed lines) and thermal gradients
G = |∇T | at the certain time increments ∆t = 0.1s. The linear plots are taken along the dashed
line with an arrow in the middle of the wall shown on the left. The temperature (dashed line) and
thermal gradient G along this path are presented in the second plot. The temperature and gradient
passes more or less have translational symmetry moving with the scanning speed. The third plot
presents the distribution of the thermal gradient in the mushy zone.



Figure 10.—Model of thin wall formation at low height (h=0.5 mm). Left: Temperature at
t=0.425 s. Middle: Temperature and thermal gradient distributions along the top surface’s central
path at various times (t=0.10 s, 15 s, 20 s, 25 s, 30 s, 35 s, 40 s). Right: Thermal gradient
magnitude in the mushy zone.

For the wall of a small height (Fig. 10) linear plots are monotonous for a cooling and heating
domains. The linear plots varies based on DED wall processing parameters and wall height. For
a low wall height (e.g., h=0.5 mm or less), the thermal gradient in the mushy zone is depicted in
Figure 10. The temperature along a linear path at the sample’s top surface is shown in the middle
graph. Here, the temperature ranges from around 1800 K, with the thermal gradient magnitude
peaking at 3.6e6 K/m, before decreasing as the melt pool tail cools. These correlated curves
indicate that below the solidus temperature (T=1573 K), cooling occurs in the solid state. This
trend suggests that at low wall heights, the main heat dissipation occurs through the substrate,
which maintains a constant temperature around 300K, resulting in a thin mushy zone.

For a wall of 1 mm height the melt pool tail feature changes emerging from the path in the
thermal gradient which is practically constant in mushy zone (Figure 11).

Figure 11.—Model of thin wall formation at low height (h=1 mm). Left: Temperature at t=0.425
s. Middle: Temperature and thermal gradient distributions along the top surface’s central path at
various times (t=0.10 s, 15 s, 20 s, 25 s, 30 s, 35 s, 40 s). Right: Thermal gradients in the mushy
zone.

For a taller walls, temperature and thermal gradients are depicted in a set of Figures 12–13. The
thermal gradient in mushy zone increases towards the melt pool surface. The mushy zone becomes
thicker, and the thermal cooling gradient exhibits an N-shape like in Fig. 14. The drop in temper-
ature at the solidus point reflects latent heat release during the liquid-to-solid phase transition. In
contrast to Fig. 10, Fig. 12 – Fig. 14 show opposite trends in temperature and thermal gradient
linear graphs. The thermal gradients display N-shaped tails, and the color variation through the
mushy zone thickness is evident as it is seen in Figures 12–13. These figures illustrate similar tem-
perature and thermal gradient distributions during DED processes along the central top surface



line at specific times. The left figure shows a contour plot of temperature distribution, with the
mushy zone outlined and the central line indicating the measurement path. The right plots repre-
sent thermal gradients in the mushy zone. As the wall height increases, the mushy zone enlarges,
and thermal gradient values slightly decrease at the mushy zone’s tail. The gradient becomes non-
linear with an N-shaped curve at the solidus surface. These middle plots correlate with the melt
pool thermal gradient distribution. The area near the solidus surface is brighter, indicating latent
heat release and heat dissipation from the melt pool’s solidus surfaces. This phenomenon, more
pronounced in taller walls, leads to larger melt pool dimensions and mushy zones due to insufficient
heat dissipation to the substrate and preheating of the wall volume.

Figure 12.—Model of thin wall formation at low height (h=3 mm). Left: Temperature at t=0.425
s. Middle: Temperature and thermal gradient distributions along the top surface’s central path at
various times (t=0.10 s, 15 s, 20 s, 25 s, 30 s, 35 s, 40 s). Right: Thermal gradients in the mushy
zone.

Figure 13.—Model of thin wall formation at low height (h=5 mm). Left: Temperature at t=0.425
s. Middle: Temperature and thermal gradient distributions along the top surface’s central path at
various times (t=0.10 s, 15 s, 20 s, 25 s, 30 s, 35 s, 40 s). Right: Thermal gradients in the mushy
zone.

The negative slope of the thermal gradients in the tail of the melt pool is very important since
it determines the local undercooling controlling the microstructure formation. By adjusting the
dwell time, we can model wall manufacturing by varying the height. Results in Figures 10–13 show
similarities between low and tall wall manufacturing, with distinct features emerging from changes
in wall height. The key findings relate to melt pool size and thermal gradients. To maintain a
single bead wall structure, it’s necessary to reduce laser power. Keeping the same power enlarges
the melt pool, significantly affecting the cooling rate. Studying the time–temperature profile is
important, especially for intrinsic heat treatment (IHT) (Ref. 21). The temperature and duration



of IHT depend on the thermal history of a specific location, which is influenced by the balance
of heat input and loss. Maintaining this balance without increasing temperature allows IHT to
enhance the properties of the manufactured wall. Standard cladding processes with short dwell
times, where temperature rises, are discussed latter on.

For better understanding thermal parameters relationships the middle cross-section of the one
bead wall during cladding layer is presented in the Fig. 14 a) and b) where some characteristic
feature of the temperature and thermal gradient are presented. In this report the magnitude is
used for analysis, that is why the real gradient and gradient magnitude are compared in Fig a) and
b). On both plots the laser spot moves from the left to the right. The top contour plot presents the
temperature at time t=0.35 s. The plot below the temperature distribution shows the real thermal
gradient – a) and gradient magnitude – b.

The linear plot graphs determine the temperature along the sample on the top surface and
are correlated with the contour plots. One can see that when the heat source is moving from the
left to the right, the temperature (blue line) increases up to a certain values greater than melting
temperature and then goes down (it is analysed from the right to the left). Where the temperature
is greater than phase transition one can see the melt pool on the top plot. In the mushy zone
characterised by two temperatures Tsolid and Tliquid the phase field transition has taken place.
The maximum temperature is sqewed to the right characterising larger gradients for heating than
for cooling. The negative value of the gradient in the left plot reflects heating the wall by laser
and cladding material, and positive one – the cooling material during solidification. The left plot
showing gradient magnitude and its slope is negative for heating and positive for cooling. The
vertical lines emphasize characteristic features of the DED process. One can see that maximum
gradient is located in the position of the solidus line (vertical line 4). The maximum temperature
is in a melt pool close to the front of the melting boundary (vertical line 3). The two next vertical
lines – 2 and 1 reflect cooling features – liquidus temperature position is characterised by line 2,
and the solidus temperature by line 1.



(a) (b)

Figure 14.—The cross-section of the wall along the propagation direction used for detailed ex-
planation of the characteristic features of the melt pool: first layer is temperature, second one is
thermal gradient and gradient magnitude, third one is a linear plot of the temperature and gradients
along the path on the top of the wall.

3.2 Solidification velocity and cooling rate for moving mushy zone
The second critical parameter in determining the scale of the final microstructure is the cooling

rate (CR) – ϵ. The melt pool shape and mushy zone are influenced by various processing parameters
and material properties. The cooling rate in the sample, −dT/dt, can be easily calculated as the
entire temperature field over time can be analyzed. The tail dynamics is under investigation here,
particularly when the tail of the melt pool dissipates heat quickly. The cooling rate in the melt
pool and mushy zone is vital for the stability of the solidification front and ultimately affects the
morphology of the structure.

3.2.1 Solidification velocity

The solidification rate (R) is determined by the laser scanning speed v and the angle α between
the scanning direction and normal to the melt pool’s surface, as expressed by the equation (Ref.
22, 23):

R = V cos(α), (7)
where the solidification rate R is the velocity of the melt pool boundary normal to the melt pool
surface and is determined by the normal gradient Gn = (∇T )n, |Gn| = (|Gx|2 + |Gy|2 + |Gz|2)1/2.
The laser scanning pattern in the x-direction is determined by cos(α) = |Gx|/|Gn|.

From equation (7), it is evident that higher scanning speed typically results in greater growth
rate, and the smaller the angle, the higher the solidification rate. The product of the temperature
gradient G and the solidification rate R determines the cooling rate ϵ. The interplay between R and
G significantly impacts the resulting microstructure during solidification. The larger the cooling



rate, the smaller the dimensions of the microstructure. We will analyze this phenomenon based on
a solid theoretical background developed in the theory of crystallization (see the next Section).

As in a previous section a thin wall (thickness 1 mm) was considered for thermal and shape
modeling (Fig. 15), where temperature and cooling rate along the Z-path are presented for several
time frames. One can see that three temperatures are at the frames when the laser spot passes the
center point and three others are after passing the central point when the temperature propagates
to the base. The cooling rate at the same time frames is negative (blue, green, and red in the
middle curves), meaning heating of the sample, and then the sample starts to cool down.

The temperature gradient magnitude are presented in Figures 10–13 for the path along the x
axes. Here the same XZ-plane is considered and path is located in the middle of the sample. One
can see that the largest heating rate is in the melt pool domain and in front of it, while the largest
cooling rate might be at the solidification domain determined by a mushy zone. Since the velocity
of the laser in this simulation is 0.01 m/s, the heating-cooling rates must be scaled by a factor of
0.01, as shown in the vertical axis on the right-hand side.

Figure 15.—The temperature along the vertical path at the center of the wall as shown on the
insert to the linear plot – left, and cooling rates along the same path – right. The middle plane
XZ of the thin one-bead wall is presented for temperature and cooling rates correspondingly. The
time frames are 0.1 s – blue, 0.2 s – green, 0.3 s – red, 0.4 s – blue, 0.5 s – violet, 0.6 s – brown.

3.2.2 Cooling rate in mushy zone

The general view of the thermal gradient and cooling rate for the thin wall sample during DED
manufacturing is presented in Fig. 16 – 19 for a certain time t=0.3 s, where maximum values are
located in the region of the melt pool, mushy zone and nearby. That is why comparison of these
values is presented in the mushy zone domain solely. These contour plots look similarly but are
scaled by solidification velocity. To single out a more detailed characteristic of the cooling rate
mushy zone, the cooling rate is presented in Fig. 17 where a continuous colour plot is substituted
by a discrete one to emphasize the difference of the cooling rate patterns on the liquidus and solidus
surfaces.



Figure 16.—Thermal gradient magnitude – a) and cooling rate – b) for a thin wall. The corre-
sponding variable distributions in the mushy zone is seen in the zoomed melt pool domain.

Figure 17.—Mushy zone cooling rate distribution for the scanning velocity 3 cm/s: isometric view
– a), view from the top – b), and downside of the mushy zone – c).

The cross-section of the melt pool mushy zone is presented in Fig. 18. This plot contains
interconnected mushy zone parameters. The temperature through the mushy zone changes from
the liquidus to the solidus. The thermal gradient is largest during the melting process and smallest
during cooling. The gradient is larger at the solidus position, as discussed earlier. The solidification
velocity is largest at the tail and negative for the melting surface, as the direction of the normal
to the surface is opposite to the scanning velocity. The cooling rate (ϵ) is maximum on the tail
(solidus surface) line and decreases, having a minimum at the point where the solidification velocity
changes sign.



Figure 18.—The temperature distribution across the mushy zone – top, The thermal gradient
and solidification velocity in the middle, and cooling rate – bottom plot for the middle plane XZ
of the thin wall one-bead formation.

It is possible to reproduce an analytical model of the melt pool Fig. 19 extracting data from
the mushy zone plot. On the right hand side as an example one can see solidification velocity as a
function of the melt pool position.

Figure 19.—Contour plot of the solidification rate in mushy zone for scanning velocity 3 cm/c –
right and solidus line boundary with approximated equation of the melt pool.

Some characteristic features of the geometric parameters during cladding, the linear plots for
solidus boundary are presented for scanning velocity 1 cm/s as an example (Fig. 20). One can
see that melt pool length is about 1 mm and the solidification rate is presented for each point
of the solidus position. Solidification velocity (top left plot) is maximum close to the top surface
approaching scanning velocity. At the bottom of the melt pool it became zero, increasing x co-
ordinates shows that it changes sign characterizing the melting process. The maximum melting
velocity is about 50 percent less than scanning one. The top right hand side plot shows the solidus
z-position depending on z coordinate. The initial position of the wall was taken as 5 mm in height.
The melt pool depth is 0.1 mm which can be seen from the plot where z=4.9 mm corresponds to
the solidus line. By increasing z again we have two branches: solidification and melting one. One
can see that the thickness of the cladding layer is 0.2 mm and total melted domain is about 0.3
mm in thickness.

The value of the thermal gradient (x axis) can be seen from bottom left hand-side plot and
it changes from 0.8e6 K/m at the cladding surface until 1.5e6 K/m at the melt pool depth. The
cooling rate (x axis)–bottom right hand side plot increases from zero at the bottom of the melt



pool depth till 7.5e3 K/s near the top of the cladding surface. Heating rate in front of the laser
beam changes from 1.25e4 K/s till zero at the bottom of the melt pool.

Figure 20.—Solidification rate as a function of the x-coordinate (top left), z - Position of the
solidus boundary as a function of solidification rate (top right), z - position as a function of thermal
gradient and cooling rate (bottom plots). The data are extracted from middle plane XZ of the thin
wall.

3.3 Cooling rates and gradients change with respect to wall thickness
The analysis of how cooling rates vary with wall thickness is presented below. This variation

directly influences the microstructural characteristics of single bead walls. We aim to compare
cooling rates in walls of different thicknesses, as illustrated in Figures 21 to 24. These figures
present a comprehensive view: the first graph shows the wall’s general structure, the second details
cooling rates, and the third illustrates thermal gradients in the mushy zone.

A key aspect of our analysis is the stationary temperature condition in all walls, attributable to
their significant height and prolonged dwell time. We begin by exploring the melt pool processes
at the solidification front, focusing on solidification along the rear boundary of the moving melt
pool. This focus is very important as the microstructures on the tail side are shaped by the local
temperature gradient (G) and solidification velocity (R), with their product (GR) determining the
cooling rate, as discussed in the previous subsection.

For our simulations, we maintained a constant scanning speed of 1 cm/s. We observed that
melt pools enlarge with increased wall thickness, which also significantly extends the dwell time.
Consequently, both cooling rates and thermal gradients diminish as wall thickness increases (Fig.
21 – 24).



Figure 21.—Melt pool analysis for wall thickness 150 um (Ref. 24), temperature, cooling rate
and thermal gradient, correspondingly

Figure 22.—Melt pool analysis for 500 um wall thickness, temperature, cooling rate and thermal
gradient in a row

Figure 23.—Melt pool analysis for wall thickness 2mm, temperature, cooling rate and thermal
gradient in a row

Figure 24.—Melt pool analysis for wall thickness 4 mm, temperature, cooling rate and thermal
gradient in a row

The considered model is applied to DED process but the same approach might be developed to
PBF AM. In last case case the scales of the temperature distributions will be different reflecting
much larger thermal gradients and cooling rates (Ref. 25).



3.4 Cooling rates during the cool down stage
In this section, the cooling down stage is investigated with respect to wall thickness. The accu-

mulated heat during AM is influenced by various factors, including dwell time and wall thickness.
We focus on cooling in the temperature range below the solidification frame, which does not al-
ter the microstructure formed by the dynamics of the melt pool. However, if the solid material
undergoes phase transformations, the cooling rate, varying with wall thickness, can modify the
microstructure.

The cooling rate is influenced by the material’s thermophysical properties, the geometry of the
structure, and the heat transfer coefficient to the environment. We calculated cooling rates for each
wall thickness by deriving the transient temperature plots (see insert and main plot) to obtain the
rate of temperature change (dT/dt) as depicted in Figure 4 – 7. Our findings indicate that the
cooling rate is highest at the onset of cooling and gradually reduces to zero as the wall temperature
equilibrates with the environment. Thinner walls exhibit higher cooling rates, decreasing as the
wall thickens due to their larger heat capacity, which requires more time to dissipate energy.

The cooling process is also significantly affected by the convection coefficient, set at 10 W/m2K
in our simulations. The sink and baseplate were maintained at 300K. With a short dwell time (1-2
s) for a tall wall (approximately 5 mm), there’s notable heat accumulation during printing. The
final cool down rates, shown in Figure 25, start from around 1e4 K/s and decrease exponentially
with increasing dwell time. Each wall thickness corresponds to a specific cooling time, revealing
that thinner walls may experience higher cooling rates.

We also established that the temperature gradient G, and the melt pool shape velocity R depend
on wall thickness under the same laser beam parameters. Consequently, the trailing edge of the
melt pool (as seen in the walls Figures 21 to 24) exhibits varying cooling rates.

Figure 25.—The temperature distribution (T) – first row and cooling rate (K/s) – second row for
wall height 5 mm at t=0.4 s, t=0.5 s, t=1.0 s correspondingly.

The cool down rates can be estimated for a certain points on a top wall surface as presented
in Fig. 26, One can see that sharp change of the cooling rates at the time when melt pool region
passes this point. This change in cooling rate is localized by a small time interval behind this
interval cooling rates are sufficiently small characterising slow cooling down rate of the wall.



Figure 26.—The time temperature distribution at the middle of the top surface point x=4.5 mm
and corresponding cooling rate – a), and the same distribution for a central and side points for x=4
mm.

3.5 Difference in cooling rates for several deposited layers
The melt pool of three successive layers is presented in the Fig. 27. The melt pool increases

in size for each successive layer. In this simulation the temperature distribution was taken from
the previous layer and as a result heat accumulation leads to substantial increase of the melt pool
domain singled out by two curves (solidus and liquidus one).

Figure 27.—Melt pool dimensions for a first layer – a), second – b) and the third one – c).

The shape of the multilayer formation is presented in Fig. 28 where first row reflects cladding
with smaller scanning velocity and for the second layer scanning velocity is 3 times larger. As a
result, for such small sample the layers are more inhomogeneous. The matter is that for the larger
scanning velocity we need a longer wall to perform quasi-stationary cladding. In the figure for
a short time we add cladding and then should stop it stabilize cladding on the boundary of the
sample.



Figure 28.—Thin wall formation model: The initial slab used for DED modeling, the first layer
shape often cladding, second and third one for the cladding velocity 1 cm/s – fist row, and similar
approach for 8th layers for cladding velocity 30 mm/s - second row.

The detailed study of the 4 layer cladding as an example is presented in Fig. 29. The small
dwell time leads to overheating the manufactured sample. As an example four layer formation is
presented in Fig. 29 where for the small dwell time we have a temperature distribution after build-
up. The first layer is printed at substrate temperature 300 K, the second layer has temperature
distribution with a maximum about 500 K, for the second one the temperature reaches about 900
K, and for the third one the temperature is approximately 1100 K. These results were used for the
cooling rate simulation presented in Fig. 30.

Figure 29.—Thin wall formation model for the first 4 layers: The initial slab used for DED
modeling with initial mesh, then first, second, third and forth layer shapes with temperature
distribution for a small dwell time.

The following set of mushy zone plots (Figures 30) presents simulation results for four con-
secutive layers in an additive manufacturing process. The initial conditions for each layer differ:
the first layer starts at room temperature, while the subsequent layers begin with the temperature
distribution from the previous layer (see Fig. 29). As a result the last 4th layer plot has the highest
temperature after build up.

These simulations reveal a notable pattern: the cooling rates for all three melt pools, initially
set at 300 K, are higher compared to those starting with a temperature distribution carried over
from the previous layer. This finding underscores that the cooling rate decreases as the dwell time



between layers is reduced, leading to a corresponding increase in the scale of the primary dendrite
arm spacing (PDAS (Ref. 26), see details in the next section).

It’s important to point out that in larger structures with substantial dwell times—allowing cool-
ing to room temperature—the cooling rate becomes nearly uniform across each layer. Consequently,
the PDAS distribution will likely exhibit a consistent scale across the structure.

Figure 30.—The cooling rate in mushy zone for 4 layers, presented in Fig. 29 with small dwell
time.

The conclusion is drawn here reflects that the larger is initial temperature for the layer cladding
the smaller is cooling rate at the melt pool tail as presented in the Figure 30.

4 Microstructure Consideration

Understanding the formation of cellular and dendritic structures in DED manufacturing is
pivotal, significantly impacting mechanical and structural properties, and ultimately, part perfor-
mance. This section explores the characteristic features of these structures, drawing on previous
studies of non-equilibrium solidification in alloys. Key parameters like thermal gradient, solidifica-
tion velocity, and cooling rate, discussed earlier, are key in predicting microstructural characteristics
of clad materials and grain structure.

Dendritic structure formation during solidification processes is triggered by undercooling, where
a melt is cooled below its equilibrium freezing point before solidification. Undercooling can occur
due to impurities or specific physical conditions at the temperature below solidification. It pro-
motes dendrite formation by creating favorable conditions for nucleation and growth. Nucleation
sites form randomly within the melt during undercooling, serving as seeds for dendritic growth.
Thus, undercooling significantly influences nucleation and growth kinetics, ultimately shaping the



solidified material’s final morphology. The typical dendrite structure is schematically presented in
Fig. 31. In metals, such dendritic structures form a microstructure of a certain scale known as
primary dendrite arm spacing (PDAS), the size of which depends on the cooling rate.

Figure 31.—Sketch of the PDAS structures (Ref. 26). Violet shape shows typical morphology of
the solidification front.

4.1 The primary dendrite arm apacing
Dendritic structures form within the melt pool under local undercooling conditions, typically

arising from concentration redistribution in metal alloys. This phenomenon leads to the emergence
of nonhomogeneous structures at solid-liquid interfaces, triggering a bifurcation and entering a non-
linear stage characterized by a specific growth rate known as the Mullins-Sekerka instability (Ref.
27, 28). During this phase, primary dendritic arm spacing develops at a nearly constant velocity,
creating a periodic morphology in the solid state. In materials like INCONEL 625, this nonlinear
solidification process involves niobium (Nb) rejection near dendritic tips, enriching interdendritic
regions and facilitating secondary dendritic growth (Ref. 26, 29? , 30).

Primary dendrite arm spacing (λ1) is an important parameter in microstructure formation
directly linked to the cooling rate. It is influenced by various physical processes in DED, such as
melt pool formation and interlayer dwell time. Our simulations illustrate how the molten pool’s
shape and associated microstructure evolves with changes in scanning speed. Increased scanning
speed reduces both linear laser energy and powder feed rate, resulting in a smaller molten pool.

The primary dendrite arm spacing, λ1, can be estimated using the Kurz-Fisher model, which
relies on the principle of constitutional supercooling. This model highlights the heavy dependence
of alloy solidification microstructure on process parameters like local thermal gradient (G) and
solidification rate (R) (Ref. 25, 30–33).

λ1 = AG−aR−b, (8)

where
A = 4.3∆T 0.5

(
DLΓ

∆T0k

)0.25
, (9)

or
A = 4.3(∆T0DLΓ/k)0.25, (10)

Here, DL is the diffusion coefficient in liquid, ∆Tn is the non-equilibrium solidification range, ∆T0
is the equilibrium solidification range, Γ is the Gibbs-Thomson coefficient, R is the solidification
rate, and G is the thermal gradient.

The PDAS plot for typical parameters in DED manufacturing of INCONEL 625 is presented
in Figure 32 a. This plot illustrates how PDAS varies with different manufacturing conditions,
offering insights into the microstructure of INCONEL 625 as it undergoes the DED process.



Figure 32.—The PDAS dependance on the solidification velocity and thermal gradient – a) and
PDAS dependance on cooling rate – b). The blue line is phenomenological curve (Ref. 30, 31, 34)

A simple relationship (as per Equation (8)) provides a quantitative method to discern mi-
crostructural differences under different thermal conditions. The relationship between PDAS and
cooling rate is well-established in literature. Figure 26 illustrates the dependency of cooling rate
on wall thickness, where the red line approximates the trend based on simulations of melt pool
dynamics. For a thin wall (1 mm thickness), the cooling rate near the center plane is about 5e3
K/s, correlating with a PDAS value of approximately 5 µm.

In the context of DED manufacturing, the relationship between the thermal gradient (G),
solidification velocity (R), and cooling rate (ϵ) determines the morphology of the microstructure.
The product of the thermal gradient and velocity, GR, is directly related to the cooling rate as
follows:

ϵ = GR, (11)
where ϵ is the cooling rate in K/s. This relationship indicates that an increase in the thermal
gradient, coupled with solidification velocity, enhances the cooling rate, thereby reducing the period
of the morphological structures.

A simplified relation for estimating the PDAS can be utilized (Ref. 34, 35):

PDAS = 80 · ϵ−1/3, (12)

which suggests that dendrite spacing decreases as the cooling rate increases. This equation provides
a more straightforward approach for estimating PDAS, as shown in Figure 32 b.

Similarly, the Secondary Dendritic Arm Spacing (λ2) is influenced by the cooling rate (CR)
(Ref. 36–38):

λ2 = 25 · ϵ−0.28. (13)
This relationship underscores that λ2 also varies depending on the cooling rate.

For fine columnar dendritic structures, the yield strength (σY ) can be correlated with λ2 using
a Hall-Petch-like equation (Ref. 39, 40):

σY = σ0 + K · λ−0.5
2 , (14)

where σY is the yield strength in MPa, and σ0 and K are material-specific constants. For INCONEL
625, σ0 is 108 MPa, and K is 1340 MPa. This equation links the secondary dendritic arm spacing



to the strength properties of manufactured INCONEL 625. However, it’s noted that the predicted
values according to this equation are typically less than the experimental data.

In contrast, other studies (cited as (Ref. 7, 41)) report a value of K as 750 MPa/µ1/2 and
σ0 as 691 MPa, which is equivalent to the yield strength of the solid material. Using these val-
ues, the equation over-predicts the experimental results. This variation in the constants used in
the Hall-Petch-like equation highlights the importance of accurately determining material-specific
parameters for precise predictions of mechanical properties in DED manufactured materials.

4.2 Microstructure evolution of solidified laser cladding layer

If the ratio G/R decreases then the solidification front changes from planar to cellular growth,
next from columnar dendritic to equiaxed dendritic growth (Fig. 33) (Ref. 7). At the same time
if cooling rate ratio ϵ decreases the average size of the microstructures become smaller. The linear
graphs on figure a correspond to the border of different regimes which characterized by different
slopes G/R, and red lines equal to ϵ1 < ϵ1 correspond to different cooling rates.

Figure 33.—Schematic diagram of the possible modes of microstructure formation – a), and
columnar to equiaxed transition (CET) diagram (general view) –b).



Figure 34.—Phase diagram for INCONEL625 calculated via the Thermo-Calc software (Ref.
42, 43).

Figure 35.—Constitutional supercooling diagram: typical Nb distribution in a melt – a),
schematic part of the phase diagram – b) and liquidus temperature distribution and thermal gra-
dients in the melt – c)

During DED, the microstructure significantly influences the properties of the printed wall. The
evolution of this microstructure is fundamentally tied to the solidification process. By examin-
ing the phase diagram for INCONEL 625 (referenced in Fig. 34), we can analyze constitutional
supercooling, particularly for niobium (Nb), a key element in this alloy (Ref. 42, 43).

Constitutional supercooling is a well-understood mechanism in metallurgy. A general sketch of
this phenomenon is depicted in Figure 35. The concept of constitutional supercooling, as laid out in
seminal articles ((Ref. 27, 28)), fundamentally describes a condition where the actual temperature
in the melt pool is less than the liquidus temperature near the solidification interface. This condition
leads to instability in the planar solidification front.



In the context of INCONEL 625, segregation leads to the redistribution of Nb within the melt
pool (as illustrated in Fig. 35 a). Combined with the negative slope of the liquidus line in the phase
diagram (Fig. 35 b), this segregation results in instantaneous undercooling within the melt (Fig.
35 c). As a consequence of this undercooling, the initially flat solidification front becomes unstable,
giving rise to nonhomogeneous perturbations that eventually form the observed nonhomogeneous
structures.

This understanding of constitutional supercooling in the context of DED is critical for controlling
the microstructure of INCONEL 625. By managing the distribution of elements like Nb and
controlling the temperature conditions within the solidification zone, it’s possible to influence the
microstructure formation, thereby affecting the mechanical properties and overall quality of the
printed material.

The value G/R (Fig. 33) may be considered as a bifurcation parameter. The solidification front
is stable at the condition:

G/R > ∆T/DL, (15)

where G is the temperature gradient (K/m) in the liquid, R is a solidification front velocity, ∆T is
the equilibrium solidification temperature range, and DL represents the solute diffusion in a melt.
The value G/R as a solidification parameter determines the morphology of the microstructure (see
the sketch plot in Fig. 33). One can see that for a large gradients no instability occurs. That is
why as it follows from Kurz and Fisher the threshold for planar solidification is (Ref. 26, 44).

G/R = ∆T/Dl = 7000K · s/mm2, (16)

In the opposite limit the planar front becomes unstable and columnar and dendrite structures
occur

G/R < ∆T/DL, (17)

In the realm of DED and its impact on microstructure, the ratio of the thermal gradient (G) to
solidification rate (R) plays a pivotal role. A smaller G/R ratio leads to greater undercooling and,
consequently, smaller morphological patterns during solidification. Essentially, a higher solidifica-
tion rate results in finer structures.

When the G/R ratio is sufficiently low, nucleation of the solid phase occurs throughout the melt
volume, leading to the formation of equiaxed structures. This phenomenon contrasts with condi-
tions where the G/R ratio is higher, favoring planar front solidification and resulting in different
morphological outcomes.

Now, applying the insights from the previous section, we consider the thermal gradient G in the
vicinity of the mushy zone. As illustrated in Figures 10 to 13, the lowest G is typically found near
the upper surface of the melt pool, with the highest G at the bottom. The solidification velocity
R is influenced by the laser scanning velocity v and the angle between the melt pool’s normal and
the laser’s propagation direction.

We thus observe two limits of planar front solidification: one where the front remains stable at
large gradients (as seen in Equation 16) and another where equiaxed grain growth prevails at lower
thermal gradients and high R values. Between these two extremes lies a spectrum of possible melt
pool grain structures.



4.3 The Columnar to Equiaxed Transition (CET)
An important aspect of DED microstructure is the Columnar to Equiaxed Transition (CET). We

aim to estimate the CET by correlating solidification parameters with the evolving microstructure.
This involves understanding the grain growth mechanisms during the solidification of the molten
pool.

Our findings suggest that increasing the laser power and scanning speed facilitates the CET
process, leading to the formation of equiaxed structures. This relationship between the operational
parameters of DED (like laser power and scanning speed) and the resulting microstructure aligns
with the mechanisms and observations reported in previous studies (Ref. 45–51). This understand-
ing is important for tailoring the microstructure during DED processes, allowing for greater control
over the mechanical properties and quality of the final printed material.

Figure 36.—The columnar to equiaxed transition diagram for INCONEL 625 parameters depend-
ing on initial nucleation concentration – a). The CET plot for different values of undercooling – b)

In the study of DED, the relationship between the primary dendrite tip growth velocity and the
columnar microstructure is critical. This relationship can be understood through the work of Hunt,
which provides equations to establish the conditions under which columnar growth is realized (Ref.
49, 50).

The criterion for constitutional supercooling for plane front instability, derived from Hunt’s
work, suggests that columnar growth occurs when the thermal gradient (G) is greater than a
certain threshold. This threshold is defined by the equation:

G > 0.617 × (100 · N0)1/3 ×
[
1 − ∆Tn

3

∆T 3

]
× ∆T, (18)

where N0 is the nuclei density, ∆Tn is the instantaneous nucleation undercooling, and ∆T is the
columnar structure front undercooling.

Constitutional dendrite tip undercooling, ∆Tc, for both columnar and equiaxed dendritic growth,
can be approximated using Hunt’s equation (Ref. 49, 50):

∆T = ∆Tc = (a × V )1/n, (19)

where V is the dendrite tip velocity, and a and n are constants that can be determined using



geometrical arguments proposed by Kurz et al.
Furthermore, Hunt’s model also defines the critical gradient for fully equiaxed grain growth,

Gc, which depends on nuclei density and undercooling:

Gc = ∆T × N0
1/3. (20)

In Hunt’s original paper, the value of n was taken as 2. However, further analysis for high-
velocity scenarios suggests that n = 3.4 and a = 1.25 × 106 [K3.4/ms] provides a more accurate
representation. This leads to a final expression for solidification under high temperature gradients,
which is essential for understanding DED processes (Ref. 51, 52):

Gn

V
= a ×

[ −4π × N0
3 × ln(1 − f)

]n/3
×
( 1

1 + n

)n

, (21)

where f represents the fraction of equiaxed nuclear grains ahead of the advancing solidification
front, influencing the formation of either columnar or equiaxed structures.

From the thermal gradient G, solidification velocity V, and cooling rate ϵ, it is possible to predict
the microstructure type. This relationship is exemplified in Figure 37, which tracks the thermal
gradient at different points within a sample, correlating with melt pool dynamics and detailed
cooling rates as shown in Figures 38 and 39.

The analysis of these various parameters and their interplay provides insights into the formation
of microstructural patterns in DED-manufactured materials. By mapping these conditions on a
CET map (Figure 36), one can predict the likelihood of forming mixed or equiaxed structures at
different locations within the solidification region, important for optimizing the DED process and
achieving desired material properties.

Figure 37.—Thermal gradient and Temperature evolution in two points close to the melt pool
solidification boundary located at the wall center (left plot) and on the wall (right hand side, see
two inserts to linear graph) showing that thermal gradient at the center is about two times larger
than for side points.



Figure 38.—Melt pool analysis: The cooling rate for the wall – a), Mushy zone cooling rate
distribution – b), the microstructure localization along the melt pool cross-section, showing the
possible evolution of the structures through the melt pool cladding domain – c, the substantial
change in cooling rate (color changed from red to yellow) for the tail and bottom and side positions
(red) – d), f) and e)

Figure 39.—Thermal gradient (first row) and cooling rate (second row) in the mushy zone. The
points at the melt pool center and on a side are plots for convenience of the CET analysis

Figure 40.—Solidification velocity field in mushy zone – left, and cross-section of the zone for
V > 0 and G > 0 – right

We are going to determine thermal gradients in the lateral direction across the thickness wall in
different positions Fig. 41. Several lines are drawn along the laser beam propagation. The red line
is close to the melt pool depth and the green one on the wall side surface is close to the top surface.



The results of the gradient distributions are presented on the right linear plot. The region of the
nonlinearity is shaded by red color for the central melt pool depth and in green for the side green
line. One can see the nonlinearity of the thermal gradient is localized at larger value (1.5e6 K/m)
and for the plots for the side line (0.75e6 K/m). Certainly due to larger solid thermal conductivity
gradient at the center is larger.

Since the sample is short we have a certain drift in location of these characteristic feature non-
linear values. Similar computer experiment was done for a longer sample with the same processing
parameters. The results are presented in Fig. 42 where three linear plots are presented along the
three lines: blue, red and green. Starting from one third of the length the nonlinear N-shaped
feature is practically constant. This feature characterises an almost stationary thermal gradient
distribution. The final microstructure can be characterized by this. Localization of the N-shaped
part is largest for the red line at the center and is the deepest melt pool formation at the center.
The thermal gradient on the surface on the top of that line is smaller and comparable to the wall
side gradient which is characterised by the largest nonlinear shape. As a result, thermal gradients
near the free surface (top and side) are comparable from the standpoint of cooling since they are
determined by the convective cooling surface. At the same time they are approximately two times
smaller than the thermal gradient near the melt pool depth (red line, Fig. 42).

Figure 41.—Thin wall formation model for height h=4 mm. The temperature distribution at
t=0.425 s – left-hand side plot, Temperature and thermal gradient distributions at times moments
t=0.05 s, 0.15 s, 25 s, 35 s taken along the path in the middle of the top surface – middle line plots,
and thermal gradients in the mushy zone.



Figure 42.—Thin wall formation model for height h=4 mm. The temperature distribution at
t=0.425 s – left-hand side plot, Temperature and thermal gradient distributions at times t=0.10 s,
0.20 s, 0.30 s, 0.40 s, 0.50 s, 0.60 s, 0.70 s, 0.80 s, 0.90 s taken along the path in the middle of the
top surface – middle line plots, and thermal gradients in the mushy zone

The DED manufacturing process for INCONEL 625 was also simulated to analyze solidification
cooling rates within the mushy zone, focused on variations across the solidification domain for a
taller wall (Fig. 43, 44). In this simulation, a wall with geometric parameters (5 mm length, 1
mm thickness, and 5 mm height) was modeled, starting with an initial temperature of 293 K and
consistent heat convection parameters.

Analyzing a thermal gradient, cooling rate and temperature along the line on the top wall
surface, translated it deeper to capture melt pool depth and to the wall’s top to assess vertical
differences. Shifting the path to the wall’s side, as shown in the plot, facilitated comparison of
PDAS variations in the lateral direction. Subsequent analysis of results along these lines elucidated
parameters essential for microstructure determination, forming a comprehensive map of thermo-
physical parameters. A significant advantage of this method lies in its mathematical models ability
to accommodate the free form of the cladding domain. This approach can be applied practically
to any one-bead wall, demonstrating how parameters vary with factors such as cladding domain,
wall height, and thickness.

In the first row, temperatures (dashed line), thermal gradient, and cooling rate along the path
on the top surface are depicted. Notably, the thermal gradient at the solidus surface measures
approximately 6e5 K/m, with a cooling rate of nearly 4e3 K/s. The second row presents a zoomed-
in view of the same variables along the path, extending down (-100 um) and +250 um up from this
line. Observations reveal that thermal gradients increase for melt pool depth, while cooling rates
decrease. Conversely, at the top of the cladding domain, thermal gradient remains relatively stable
compared to the top surface line, yet the cooling rate nearly doubles compared to the bottom line.
The thermal gradients and cooling rates decrease a little (about 10%) by translation a path line to
the side wall comparing to initial path at the center of the wall.

The analysis concludes that maximum gradients occur at the solidus surface of the mushy zone
domain during cladding. Moving the path to the top surface of the cladding DED domain results
in minimal gradient changes, while the cooling rate increases to almost 6e3 K/s on the top surface.
Mapping these findings to PDAS size suggests an average microstructure size of approximately



5 um (ranging from 4.5-5.5 um) throughout the melt pool cladding domain. Near the bottom
melt pool surface, the microstructure size may be slightly larger, and for the top surface, it may
be slightly finer. Although the developed technique enables precise PDAS prediction, averaging
yields a reliable estimation of 5 um, despite potential variations for the larger wall thicknesses not
presented here.

Figure 43.—In the first row from the left to the right one can see the simulation domain, the
temperature and thermal gradient magnitude with the step t=0.1 s and last plot is a temperature
and cooling rate for the same steps.The second row is devoted to zoomed region in the solidus
surface for the path shifted from it initial position 100 um down and 250 um up reflecting molted
cladding domain.



Figure 44.—From the left to the right: the simulation domain, the temperature and thermal
gradient magnitude with time step t=0.1 s and the last plot is temperature and cooling rate for
the same steps.These data are the result of the solidus surface for the path shifted (first plot) to
the side surface.

5 Liquid-Based DED Model Incorporating fluid flow and Marangoni
Surface Tension Effect

In a previous section, the fluid motion was not taken into account in the melt pool, considering
the properties of the solid and liquid to be similar differing by thermo-physical parameters. At the
same time, the dynamics of the melt pool in DED is important for understanding and optimizing
the process. To model these dynamics, the melt fluid flow was considered by solving Navier-Stokes
equations. This approach allows calculation of the melt pool shape and understanding of the
laminar flow within it, characterized by fluid velocity u and pressure p.

The Navier-Stokes equations for this scenario are expressed as follows (Ref. 9, 53–59):

ρ
∂u

∂t
+ ρu · ∇u = ∇ ·

[
−pI + µ(∇u + (∇u)T ) −

(2µ

3 − κ

)
(∇ · u)I

]
+ F, (22)

∂ρ

∂t
+ ∇ · (ρu) = 0, (23)

where t is time, ui is the i-th component of the velocity u, µ is the viscosity, p is the pressure, T is
the temperature, ρ is the density, and κ is the thermal conductivity.

The volumetric force term F arises from (Ref. 57, 58):

F = (1 − fl)2

f3
l + ε

Amush(u − u0), (24)

where fl represents the volume fraction of the liquid phase,

fl =


0 if T ≤ Ts,

T − Ts if Ts < T < Tl,
1 if Tl ≤ T.


where Amush and ε are constants, with Amush being large and ε small (∼ 10−3). These constants
effectively freeze the motion of the metal while it is in the solid phase. This justifies a rigid
assumption for a solid phase where the material has a zero velocity in the solid zone. The parameter



fl is zero in the solid and a unit value in the melt. In the denominator, Amush = 106 have been
adopted in order to avoid divergence. The volume force vector F related to buoyancy and gravity
is given by:

F = gρ0(1 − β(T − T0)), (25)

where ρ0 is the density, g is gravity at the reference temperature, and β is the thermal expansion
coefficient.

The surface of the melt in an atmosphere should take into account the surface tension. In this
case the temperature difference along the free boundary leads to the gradient of the surface tension.
As a result, the tangential force driven by the surface tension gradient must compensate the viscous
force of the flow due to shear. The stress tensor is defined in terms of the local fluid pressure and
velocity field (Ref. 5):

µ
∂u

∂n = ∂σ

∂ø = dσ

dT

∂T

∂ø , (26)

where n and ø denote the unit outward normal and tangential vectors to the free surface. The
hydrodynamic stress at the surface must balance the tangential stress associated with gradients in
σ. Marangoni flows, caused by surface tension gradients, play a significant role in the DED process.
Surface tension σ depends on the temperature and chemical composition at the interface. In this
study, Marangoni flows are generated by temperature gradients. The tangential stress balance at
a free surface is described by (26) which can be rewritten in:

µ
∂u

∂n
= ∂σ

∂T
(∇T − n(n∇T )), (27)

The hydrodynamic stress at the surface must balance the tangential stress associated with gradients
in σ.

This comprehensive approach, integrating the Navier-Stokes equations with considerations for
Marangoni flows, provides a detailed model for analyzing the fluid dynamics within the melt pool
of DED processes. Understanding these dynamics is essential for controlling the microstructure
and mechanical properties of the printed material.

The heat balance part is practically the same as considered by equations (1)–(5).

5.1 Simulation results
The simulation approach presented in this section is similar to previous. The only difference was

that moving mesh in COMSOL was used instead of the deformable domain. Different simulation
results are presented in Fig. 46–51, which will be described later.

In Fig. 45 the initial mesh as well mesh deformation is presented on the left and a corresponding
velocity solution on the right. The velocity reaches 5 · 10−2m/s in the melt pool. It is pretty
obvious that this approach has little difference from the liquid based approach that does not resolve
boundary layer shear flows which require a much finer mesh.



(a) (b)

Figure 45.—The first layer formation: deformable mesh – a), and magnitude of the velocity – b)

The temperature and velocity magnitude distribution for a certain time frame (t=0.35 s) are
presented in Fig. 46 and 47.

Figure 46.—Thin wall formation model: The temperature of the domain at t=0.35 s – a), Melt
pool domain in a sample – b and zoomed mushy zone – c

Figure 47.—The velocity magnitude showing that it is zero in all domain (freezed state) except
in the melt pool where the velocity is substantial – a), vector plot for velocity gradients – b and –
c)

The next three plots show how the deposition velocity changes the shape of the cladding domains



increasing the heights of them with increasing the deposition rate.

Figure 48.—The first layer temperature formation: the temperature is presented in the fist column
and velocity vector components in the second one. The deposited velocity for the first row is 1
mm/s, the second one is 2 mm/s and the last one is for the 3 mm/s

To better understand velocity distribution in the cladding melt pool domain the longitudinal
cross-section is shown in Fig. 49



Figure 49.—Temperature distribution at t=0.35 s – a), The cross-section of the temperature –
b), cross-section for velocity magnitude – c) and zoomed melt pool velocity stream lines – d)

As an example of multilayered cladding formation is presented in Fig. 50 and 51. In Figure
50 the mesh before deposition is presented (left plot) and the mesh distribution for after 10 layers
(right hand side). In Fig. 51 some successive layer formation is presented.

Figure 50.—Thin wall formation model: The initial mesh distribution – a) and the generated
mesh for a 10-layer formation – b for liquid based model



Figure 51.—Temperature distribution for different layers at t=0.3 s: the first layer – a), 6-th one
– b), 10-th – c) the 14-layer – d). The 14 layer is displayed with indication geometrical parameters
of the wall.

Since the simulation approach for the liquid-based model is not significantly different from the
previous consideration, all the conclusions drawn before are equally applicable to this one.

6 Residual Stresses

Simulating residual stresses in DED processes involves computationally modeling structural
mechanics to predict the deformation and stress evolution within the material. This procedure relies
on transient thermal analyses conducted in previous sections, which accounts for the temperature
history of the material during deposition and subsequent cooling. This considers factors such as
laser heat input from the energy source and heat dissipation to the surroundings.

Mechanical analysis is then performed by incorporating thermal expansion, phase transforma-
tion, and material plasticity effects. This involves solving the equations governing the mechanical
behavior of the material under the applied thermal loads. Residual stresses arise from thermal
gradients, phase transformations, and plastic deformation accumulated during the DED process.
While the developed DED modeling approach isn’t extensively tailored for simulating residual
stresses in multilayered structures, this section discusses its key features.

In the context of DED processes, understanding and controlling the formation of residual stresses
is important for predicting these stresses in actual structures. These stresses emerge from thermal
expansion and contraction as materials undergo heating and cooling during the printing process.
Accurately predicting residual stresses in manufactured parts requires considering the plastic com-
ponent.

The momentum balance equation governs the stress deformation problem, especially under
quasi-static conditions (Ref. 1, 3, 4, 9)

∇σ(u) + f = 0, (28)



where σ(u) is the second order elasticity tensor stress depending on the displacement field u, and
f represents body forces.

The mechanical constitutive law for elasticity is described by:

σ = C : ϵ, (29)

where C is the fourth order material stiffness tensor, and σ and ϵ are the second order stress and
elastic strain tensor, correspondingly. The total strain experienced by the material during the DED
process is a combination of plastic strain ϵpl, elastic strain ϵ = ϵel, and thermal strain ϵth:

ϵtot = ϵel + ϵpl + ϵth. (30)

Thermal stress changes during deposition are governed by:

σth = α∆T · I, (31)

where σ is the stress in the heated domain following temperature variations, and α is the coeffi-
cient of thermal expansion (CTE), which is a function of the temperature, ∆T is a temeperature
difference, and I is the identity matrix.

6.1 Simulation results for single bead layer
Residual stresses are a characteristic result of the AM process. These stresses can lead to

plastic deformation if they exceed the material’s yield stress or cause plastic flow if they surpass
the local ultimate tensile strength. In DED, tensile residual stresses are often significant along the
laser scanning direction, especially in the top layers, potentially affecting the strength properties
of these layers. Understanding how these stresses vary with deposition thickness is an important
area of study.

Our model examines the tensile stress in the direction of the laser scanning depending on the
deposition thickness. Optimal residual stress properties are likely achieved with the minimum
cooling rate during solidification.

The formation of residual stress for two different layer thicknesses is depicted in Figure 52.
These differ in cladding melt velocities: the first structure (a) has a thinner layer, while the second
(b) is thicker. Despite these differences, the residual stresses after printing appear similar. This
similarity is attributed to the comparable thermal histories experienced during the manufacturing
of these layers, leading to analogous final residual stresses.

Understanding and predicting residual stresses are essential for ensuring structural integrity and
mechanical performance of parts produced using DED. Simulations may provide valuable insights
for process optimization.



(a) (b)

Figure 52.—Melt pool plots for two different layer thicknesses: vd = 1mm/s – a), and vd = 2mm/s
– b). Q = 1.75 · 108W/m2, all other parameters are the same

The residual stress formation for walls of different heights are presented in Fig. 53, 54, 55. First
row shows the temperature at time 0.4 s and at the final time when the layer has cooled down.
The residual stress for this terminal time is presented in the second row. The stress Sxx (plot c) is
localized close to the top surface while von Mises stress (plot d) shows that all components of the
stress arise and lead to deformation of the wall.

Figure 53.—Temperature distribution for t=0.4 s – a) and terminal time t=1.5 s – b, residual
stress Sxx – c) and von Mises stress – d) after cool down stage (fig. b)



Figure 54.—Temperature distribution for t=0.4 s – a) and terminal time t=2.0 s – b, residual
stress Sxx – c) and von Mises stress – d) after cool down stage (fig. b).

Figure 55.—Temperature distribution for t=0.4 s – a) and terminal time t=2.5 s – b, residual
stress Sxx – c) and von Mises stress – d) are presented after terminal time.

Our studies have shown that factors such as wall height and inter-layer dwell time significantly
impact the residual stress in fabricated structures. For instance, increasing the dwell time, which
allows the wall to thermally equilibrate with room temperature, results in a notable increase in
residual stress, from 400 MPa to 750 MPa. This finding is highlighted in the results shown in
Figures 53 to 55.



Tensile residual stresses, particularly in the last few layers of a DED manufactured wall, tend
to be significant along the laser scanning direction. These high stress levels can potentially weaken
the strength properties of these layers. Our model aims to explore the relationship between tensile
stress and deposition height. It appears that optimal residual stress properties are likely to be
achieved with a minimal cooling rate during the solidification process.

6.2 Residual stress results for single bead wall during successive cladding
Figures 56 to 58 present simulation results for successive layers. These simulations consider the

residual stress from one layer as a pre-stressed state for the next layer’s modeling. This approach
allows for a more comprehensive understanding of how residual stresses accumulate and interact
across layers in a DED process.

Figure 56.—Temperature distribution – a) and von Mises stress – b for solid shaped model after
1st layer manufacturing. Snapshots are taken at the time t=0.4 s, melt pool domain is single out
by solidus and liquidus lines

Figure 57.—Temperature distribution – a) and residual stresses – b) for the second layer manu-
facturing. Snapshots are taken at the time t=0.4 s, melt pool domain is single out by solidus and
liquidus lines



Figure 58.—Temperature distribution – a) and residual stresses – b) for the third layer manu-
facturing. Snapshots are taken at the time t=0.4 s, melt pool domain is single out by solidus and
liquidus lines

The insights gained from these studies are pivotal for improving DED process parameters.
By carefully managing factors like dwell time and understanding the implications of successive
layers, manufacturers can better control the residual stresses in their products, leading to improved
mechanical properties and reliability.

7 Deposition at an angle to the surfaces for single bead wall track

The models initially developed for vertical powder deposition have been adapted to determine
the shape of the cladding material at various angles. This updated model enables studying the
evolution of the surface shape of DED cladding when external forces are applied. For instance,
consider the cladding shape and melt pool formation when the sidewalls are not parallel to gravity.
The two-layer cladding is presented in Figure 59 for a 45-degree surface slope. It is evident that
gravity-driven melt flow begins to generate nonsymmetric shapes right from the start of the laser
scan.

The modeling of the clad shape evolution is performed using two types of models: solid-based
(Figure 60) and liquid-based (Figure 61) which are presented in a front view as the clad domain
moves towards the viewer. A 45-degree angle was used to demonstrate that our developed model is
capable of predicting surface evolution, a capability that other models, such as those with domain
activation, may not possess.

We consider no powder loss during the sloped catchment of the powder but rather depend on
the gravity-driven melt (solid) deformation of the deposition geometry. As it is shown, the wall’s
free-form deposited track is deformed, resulting in a specific deposition geometry (Fig. 60 – 61).

The developed fluid dynamics model is used to simulate the shape of the free form and melt
pool, which can be useful for predicting the final deposition geometry in the DED process (Figure
61). In DED settings, this consideration might not apply to flat surfaces where the gravity force
is orthogonal to the surface. However, cladding depositions might be necessary for sloped surfaces
where gravity forms an overhang angle with the building surface. Here, the shape geometry is
studied to predict the final deposition geometry, which will certainly be a function of the deposition
angle. As a result, we obtained loss of symmetry in the cladding material during the DED process.



(a) (b)

Figure 59.—The comparison of the free surface shapes for the gravity in normal direction – a),
and gravity directed at 45 degree – b)

(a) (b)

Figure 60.—Front view of the clad domains for solid based model: 1st layer – a), and 2nd layer
– b)

Figure 61.—Deformation of the DED layers during inclined gravity with overhang angle 45 Degree:
first layer – a), second layer – b), third layer – c), fourth layer – d).

One can observe, particularly from Fig. 61, that each successive layer is inclined relative to
the previous one. As more layers are added with inclined gravity, increasingly sloped overhang



geometry is produced.
No specific study has been conducted on modeling DED with inclined geometry. The aim was to

demonstrate the capability of the developed multilayered model to account for layer manufacturing
when laser melted powder deposition is not aligned with gravity, potentially leading to the formation
of overhang structures. The conventional approach implemented in specialized commercial software
such as Ansys Additive and Abaqus (3dExperience) do not reflect this issue. This study could be
significant for repairing manufactured structures by adding additional layers inclined to the existing
ones.

8 Discussion

This report proposes a new modeling approach for layer generation in AM manufacturing.
A distinctive feature is that the build shape and mesh are not pre-existing but are deformed
during simulation to model material addition. The modeling findings demonstrate the trackability
of melt pool solidification parameters during the AM process. In this context, microstructure
parameters, especially PDAS, can be predicted. The model effectively predicts microstructure
parameters through thermal gradient (G), cooling rate (ϵ), and solidification front velocity (R).
The interplay between these parameters facilitates the generation of a thermal process map, which
is important for estimating the types and sizes of microstructure produced by the DED process.

The report illustrates how this approach can be used for studying cooling rates and thermal
gradients during layer formation in multilayered structures. While the main advantage lies in de-
veloping a framework applicable to any DED simulation, the presented examples show the expected
results from using this approach. The modeling process not only extends our understanding of the
physics and characteristic parameters but also advances our understanding of material properties
and printing techniques. The simulation findings complement other research and shed light on
important details previously overlooked.

However, the layer-by-layer simulation approach may have limitations for modeling multilayer
wall structures. Projection of results, such as final temperature or stress, from one domain to
the next can be slow and decrease modeling capability. This approach is suitable when variable
parameters like temperature and stress history are not critical. For instance, while thermal sim-
ulations alongside deformable domain models are efficient and versatile, the COMSOL approach
may become impractical if consideration of residual stress from layer to layer for multiple layers is
required. Nevertheless, if time history during multilayered modeling is unnecessary, the simulation
is notably fast.

The practical implications of this method are wide-ranging for any DED study requiring knowl-
edge of melt pool parameters, cooling rates, thermal gradients, and microstructures. These insights
might be important for DED manufacturing of new walls or repair procedures.

The primary focus here is on thin walls, approximately 1 mm thick. However, these results can
be extrapolated to single bead structures by adjusting modeling parameters. Having an explicit
and physically clear model enables recommendations on microstructure formation, print parameter
optimization, material selection, and specific application model design. A clear understanding of
the theoretical background of the modeling approach contributes to the theoretical understanding of
3D printing processes. Utilizing the new concepts for detailed melt pool dynamics expands existing
knowledge of DED simulation approaches. Undoubtedly, due to its simplicity and speed, this model
could be used for digital twin modeling directly or through reduced-order approximation. The ease



of changing material nonlinear parameters suggests that this model might be flexible for many AM
modeling approaches, including PBF, which is not considered here.

9 Conclusion

This study provides as an example simulation of DED additive manufacturing processes, par-
ticularly focusing on modeling fabrication a single bead wall using INCONEL 625. Key conclusions
and specific outcomes include the successful development of COMSOL Multiphysics models for
DED simulation, incorporating various features to simulate mass and heat addition during DED
processes. Solid and liquid-based models were utilized to derive the main parameters of the built
wall, conducting simulations in a 3D domain under different process parameters.

Nonlinear dependencies of the thermo-mechanical material characteristics of INCONEL 625
were accounted for, leading to a more accurate and realistic simulation of the DED process. Nu-
merous computational tests were conducted to model features arising during the DED process,
showcasing the model’s flexibility concerning wall thickness, layer height, scanning, deposition
speeds, and other process parameters.

Our approach highlights the importance of modeling the free surface of the DED manufacturing
process, providing a more accurate reflection of real manufacturing scenarios compared to the widely
used generation activation approach. This report demonstrates that the implemented COMSOL
Multiphysics DED model is convenient and effective for modeling DED manufacturing, thermal
history, cooling rates, and residual stress for different cladding layer heights and other process
parameters, making it a valuable approach to modeling DED processes.
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Appendix A

Parameters

Table A1. List of the DED simulation parameters for INCONEL 625 (Ref. 60–62)
Parameters and units Value
Solid density, ρ, kg/m3 8440
Solidus temperature, TS , K 1563
Liquidus temperature, TL, (K) 1623
Latent heat of fusion, Lf kJ/kg 290
Dynamic viscosity, µ (Pas-s) 7 · 10−3

Specific Heat Capacity, Cp, J/kgK 709
Cladding velocity v0, m/s 0.005-0.1
Thermal expansion coefficient, β 1/K ∼ 5 · 10−7

Surface tension, σ N/m 1.8
Convection Coefficient W/m2.K 10



Figure A62.—Material parameter temperature dependencies for INCONEL 625 that used for
simulations (Ref. 60–62)

Table A2. Process parameters of DED for INCONEL 625



Parameters of INCONEL 625 used for PDAS microstructure calculation

Parameter, value units Ref
Liquidus slopes, mNb, -1199 K/m (Ref. 46, 51,

62)
Partition coefficients, kNb 0.5 (Ref. 46, 51,

62)
Gibbs-Thomson coefficient, Γ 3.6·10−7 m/K (Ref. 46, 51,

62)
Diffusion coefficient in the liquid, Dl 3 · 10−9 m2/s (Ref. 46, 51,

62)
Nucleation undercooling of equiaxed grains, ∆T 1.5 K (Ref. 46, 51,

62)
Nucleation density of equiaxed grains, N0 1/m3 1015 (Ref. 46, 51,

62)
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