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Abstract: Laser direct energy deposition (L-DED) is one of the most promising additive manufac-
turing methods, which has been paid more and more attention in recent years. An improved heat
and mass transfer model was developed here to analyze thermal behavior, driving force, surface
tension-driven flow and its correlation with dilution during L-DED of Co-based powders to a 38MnVS
substrate. Thermal behavior was firstly studied for its fundamental influence on fluid flow and mass
transfer. Next, the roles of capillary force and thermal capillary force were characterized using both
the dimensional analysis and simulation methods, and the mechanism of surface tension-driven
flow was also qualitatively investigated. Finally, flow characteristics inside the melt pool were
studied in detail and their correlation with the dilution phenomenon was analyzed based on the
multi-component mass transfer model. The temperature gradient was found to be much larger
at the front of the melt pool, and it took about 200 ms for the melt pool to reach a quasi-steady
condition. Moreover, sharp changes in the curvature of the solid/liquid boundary were observed.
Surface tension was demonstrated as the main driver for fluid flow and resulted in centrally outward
Marangoni flow. Capillary force contributes to the reduction of the curvature of the free surface,
and thermal capillary force (Marangoni force) dominated the Marangoni convection. Alloy elements
from the powders, such as Co and Ni, were added to the front part of the melt pool and mainly
diluted at the upper side of the rear region near the symmetric plane of the melt pool. Fundamental
results in this work provide a valuable understanding of the surface tension-driven flow and its
correlation with concentration dilution during the additive manufacturing process.

Keywords: thermal behavior; driving force; fluid flow; mass transfer; additive manufacturing

1. Introduction

Assisted by advanced auto-control technology, laser direct energy deposition (L-DED)
was developed as a promising additive manufacturing method and is widely used to
obtain a deposited metal layer on the surface of the base metal to improve its mechanical
properties and service performance [1–3], such as the deposition of Co-based powders
to 38MnVS. Compared with the traditional surface modification method, L-DED has the
obvious advantages of higher efficiency, a smaller heat-affected zone, lower deformation
and smaller residual stress [4–6]. The substrate and powders are heated and melted by
high power density laser beam, and many complicated physical processes are included and
coupled during the L-DED process, such as the interaction of substrate and liquid powders,
phase change, heat and mass transfer inside the melt pool, solidification phenomenon and
grain growth, which are all closely related to the fluid flow inside the melt pool [7–13].
Convection flow was demonstrated to be driven by multiple forces including capillary
force, thermal capillary force, buoyance force and so on, and convection is proved to
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be the dominant driver for dilution by former studies [1,2,8–10]. However, the roles
of different driving forces and mechanisms of surface tension-driven flow are still not
clearly illustrated, which is important for an accurate understanding of flow characteristics.
Moreover, correlations between dynamic flow and mass transfer inside the melt pool have
not been revealed, which are non-negligible to investigated the formation of defects and the
optimization strategies. To fill these gaps, a thermal–fluid–dilution model is developed to
try to analyze the roles of the main driving force for convection, understand the mechanism
of surface tension-driven flow and reveal the spatial and directional correlations between
convection flow and dilution inside the melt pool.

Though some fundamental achievements had been made in the driving mechanism
of fluid flow during welding and additive manufacturing process, studies of the driving
force were mostly concentrated on the relative importance of different forces using the di-
mensional analysis method. Hu et al. [14] developed a 3D numerical model to research the
driving force in laser spot welding of dissimilar metals, and thermal capillary force mainly
caused by surface temperature gradient was recognized as the dominant driver for fluid
flow. The driving force for laser spot welding of 304SS was investigated by He et al. [15]
using a self-developed code, and they found that liquid flow was mainly driven by
Marangoni convection and, to a much less extent, by the buoyancy force. A finite ele-
ment model was established by Baharami et al. [16] to capture the evolution of the shear
stress on the free surface during arc spot welding of steel and nickel, and they concluded
that the surface-tension shear stress was mainly caused by the surface temperature gra-
dient at a steady condition. Recently, surface tension and surface shear stress evolution
were qualitatively analyzed by Li et al. [17] in the research of linear laser welding of
304SS, and the maximum surface shear stress may reach 2500 N/m2 in their conclusions.
In summary, most studies on the driving force for melt pools are based on the analysis of
non-dimensional numbers, such as the Grashof number and Marangoni number. The roles
of main driving forces on melt pool behavior, such as capillary force and thermal capillary
force, have not been recognized up until now. Moreover, the gas/liquid surface is mostly
assumed to be flat in welding models, thus capillary force is not considered because the
curvature is zero under the flat surface assumption. Driving force modeling based on flat
assumption is obviously not as complex as that in a L-DED simulation, where the free
surface is significantly deformed due to the addition of liquid powders and its topography
evolves with time. As a result, the roles of different driving forces on melt pool convection,
especially for the convection for L-DED in which melted powders addition and mixing of
different liquid metals are involved, are still unknown and worthy of being further ana-
lyzed to reveal the corresponding mechanisms of heat transfer, fluid flow and concentration
dilution. In this work, the quantitative description of the main driving force, the roles of the
main driving forces on melt pool evolution and the mechanism of surface tension-driven
flow are all presented based on the analyses of thermal behavior.

Resulting from the great difference in chemical composition, mechanical properties
and thermal physical properties between the substrate and added powders, defects involv-
ing the formation of unknown brittle intermetallic, low melting point eutectics, hot cracking
and failure, are still the main challenging problems for L-DED technology [1,3,10]. Based
on former studies [1,5,10], the defects mentioned above are all closely related to the dilution
phenomenon inside the melt pool, which is mainly driven by convection flow. Numerical
simulation provides an effective way to study the dilution process for L-DED and then
optimize processing parameters and select the appropriate powder composition to obtain
the ideal deposited layer properties. Gan et al. [18] established a mass transfer model
to study concentration dilution during laser-assisted additive manufacturing and found
that convection is the dominant driver for mass transfer and diffusion is non-negligible at
the initial stage. The mass transfer phenomenon during arc additive manufacturing was
investigated by Hejripour et al. [19] using a 3D FEM model. Numerical and experimen-
tal results in their work showed that an increase in wire feed rate leads to homogenous
composition in the fusion zone. The composition profile during double-track cladding
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of H13 to steel was numerically studied by He et al. [20], and both the preheating and
previously deposited mass from the first track had effects on the composition of the second
track in their conclusions. In spite of the wide study of dilution phenomenon, former
research on the correlation between convection flow and the mixing phenomenon is mainly
concentrated on dimensional analysis, driving mechanism and the effects of processing
parameters, and there are not many details showing how the species are diluted and
transported inside the welt pool. Though the dominant convection transfer mechanism is
revealed by published works, the three-dimensional coupling and dilution characteristics
inside the melt pool are seldom reported, which show different features at different posi-
tions and directly result in the expected/unexpected mixing phenomenon. These spatial
and directional correlations between convection flow and concentration dilution are so
important to deeply understand the transfer phenomenon and find the reasons why defects,
such as hot cracking and unknown brittle phase, occur at a certain position of the solidified
track. Thus, technologies for optimization and strategies for quality improvement could
be proposed based on the obtained results. This point will be specially discussed in the
following part of this study.

Summarily, an improved 3D heat and mass transfer model is developed here to study
the roles of driving force, surface tension-driven flow and their correlation with concen-
tration dilution. Novelties for this study could be summarized as follows. Contributions
to the developed numerical model and analysis of the evolution of melt pool morphol-
ogy considering mass addition are carried out. Then, a quantitative description of the
main driving force is performed to understand the driving mechanism. Roles of capillary
force and thermal capillary force on convection flow are next fundamentally analyzed
to study the evolution of cladding track. Based on the basic understanding of driving
force, the mechanism of surface tension-driven flow is qualitatively investigated. Finally,
the spatial and directional correlation between fluid flow and solute dilution are studied to
deeply understand the mass transfer phenomenon.

2. Experimental Details

Substrate used for experiments is made of 38MnVS medium carbon steel with the
dimension of 20 mm × 10 mm × 6 mm, and Co-based powders are deposited on sub-
strate under the irritation of laser source. The substrate 38MnVS is widely used in the
manufacturing of engines, such as the parts of piston and gear, which are faced with the
main challenge of thermal fatigue resistance. Contributed by the good performance of
Co-based alloy under high-temperature, the deposition of Co-based powders to the surface
of 38MnVS as-built part is a benefit for the improvement of its mechanical properties.
Chemical compositions of the substrate and powders are all shown in Table 1. L-DED
experiments are performed on a program-controlled five-axis laser manufacturing system
equipped with Nd: YAG laser beam and two feeding pipes used to convert the powders
into the melt pool. TRUMPF L1000.1 Nd: YAG Continuous Fiber Laser with a wavelength
of 1064 nm is used. Pure argon is used as protection gas and the medium to transfer
powders through feeding pipes. The deposited layer and substrate are sectioned by electric
discharge cutting and then mounted, polished and etched in aqua regia solution to prepare
metallurgical samples.

Table 1. Chemical composition of the substrate and powders used in the simulation [18] (Reprinted
with permission from ref. [18]. Copyright 2017 Elsevier).

Fe C Co Mn Cr W

38MnVS Bal 0.38 - 1.4 0.16 -
Co–Cr–W - 0.35 Bal 1.8 20 3
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3. Numerical Model

The mass addition and gas/liquid surface deformation are accurately captured by
Arbitrary–Eulerian–Lagrangian method. The proposed 3D transient thermo-fluid-dilution
model is solved by the finite element method. In brief, all the governing equations de-
scribing the heat and mass transfer process for L-DED are calculated by PRADISO solver.
PARDISO is a high-performance robust and memory-efficient solver for solving large
sparse symmetric and nonsymmetric linear systems of equations on shared-memory and
distributed-memory architectures. Considering the calculation efficiency and accuracy,
the developed model is discretized by two different mesh systems: the fluid domain with
a max mesh size of 80 µm, where all the equations of heat transfer, fluid flow, ALE and
multi-component dilution are all considered, and the solid domain with a max mesh size of
400 µm, where only the heat conduction equation is solved. Finally, the mesh grid consists
of unstructured tetrahedral units. Additionally, a linear interpolation is adopted with the
time step of 1µs. The backward Euler temporal scheme is used, and pre-implemented
adaptive time-stepping is enabled to make the time step flexible when necessary.

Details of model geometry, mesh discretization, laser heat source, boundary conditions
and experimental observations are all presented in Figure 1. To exclude the effect of mesh
sensitivity on simulation results, mesh-independent tests were carried out before this study
by varying the mesh size. Based on the in situ observation of powder flow shown in the
insets of Figure 1, the powder flow, which will be melted by laser and jet into the melt
pool, is assumed as a Gaussian distribution in the proposed model. The powder dynamic
and its effect on melt pool kinetics will be further analyzed in a future study. The thermal
physical properties of the substrate and powders are listed in Table 2. In the numerical
model, the initial values for Cr and Co as powders are 20% and 75%, respectively, and the
initial value for Fe as a substrate is 98%. In addition, for mathematical simplification,
the simulation is performed based on some major assumptions: fluid flow is Newtonian,
laminar, and incompressible; both the laser heat and distribution of powders are assumed
to be a Gaussian distribution; the mushy zone where the temperature is between solidus
and liquidus temperature is supposed to be a porous medium.
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mesh discretization, laser heat source, and experimental observation. Parameters: Laser power of 
Figure 1. Schematic diagram for the L−DED of Co−based powders to 38MnVS. Model geometry,
mesh discretization, laser heat source, and experimental observation. Parameters: Laser power of
700 W, laser scanning speed of 10 mm/s, laser spot radius 1.0 mm, mass flow radius 2.5 mm, mass
flow rate of 6.2 g/min, powder catchment efficiency of 0.9. In this study, an improved transient 3D
model coupling the heat transfer, fluid flow and multi-component dilution is developed to study the
melt pool evolution, roles of driving force, surface tension-driven flow and their correlation with
concentration dilution inside the melt pool during L-DED of Co-based powders.
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Table 2. Thermal physical properties of substrate and powders used in the simulation.

Properties 38MnVS Co–Cr–W Reference

Liquidus temperature (K) 1609 1598 [21]
Solidus temperature (K) 1768 1754 [21]
Heat of fusion (kJ/kg) 270 310 [21]

Specific heat of solid (J/kg/K) 604 417 [21]
Specific heat of liquid (J/kg/K) 758 552 [21]

Thermal conductivity of solid (W/m/K) 22 11 [21]
Thermal conductivity of liquid (W/m/K) 24 13 [21]

Density of solid metal (kg/m3) 7400 8400 [21]
Density of liquid metal (kg/m3) 6980 6875 [21]

Dynamic viscosity (kg/m/s) 5.5× 10−3 5.5× 10−3 [18]
Temperature coefficient of surface tension

(N/m/K) −1.0× 10−4 −3.40× 10−4 [18]

3.1. Heat Transfer and Fluid Flow

Based on the above assumptions, the governing equations used to describe the heat
transfer and fluid flow are expressed in Equations (1), (2) and (6).

Mass transfer equation:
∂ρ

∂t
+∇·(ρu) = 0 (1)

Momentum transfer equation:

∂(ρu)
∂t

+ u ·∇(ρu) = ∇·(µ∇u) + Su (2)

Su = ∇·
[
−pI + µ(∇u)T − 2

3
u(∇·u)I

]
+ Fd (3)

In Equation (3), the second term on the right hand represents the momentum dissipa-
tion in the mushy zone according to the Carmon–Kozeny equation [22,23].

Fd = −Amushu(1− fl)
2/
(

f 3
l + M

)
(4)

In relations, Amush is a number related to mushy zone morphology and set as 107kg/m3·s.
M is a small positive number used to avoid the division by zero and set as 10−4, and fl
denotes the liquid mass fraction and is defined as:

fl =


0, 0 < T < Ts
T−Ts
Tl−Ts

, Ts < T < Tl

1, T > Tl

(5)

Energy transfer equation:

∂
(
ρCpT

)
∂t

+ u·∇
(
ρCpT

)
= ∇·(K∇T) + ST (6)

The source term in Equation (6) is expressed as follows:

ST = ρ
∂(·H)

∂t
− ρu∇(∆H) (7)

In Equation (7), ∆H = L fl is used to characterize the latent heat caused by phase change.
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3.2. Multi-Component Mass Transfer

To investigate the correlation between surface tension-driven flow and species dilution,
the distribution of four main elements (e.g., Fe, Co, Cr, and C) is calculated based on the
following governing equation:

ρ
∂CI

∂t
+ ρ(u·∇)CI = ∇·

(
ρDm

I ∇CI + ρCIDm
I
∇Mn

Mn

)
+∇·(ρDm

I ∇(Cl − CI))−∇·(ρ fs(Cl − Cs)u) (8)

In Equation (8), CI represents the concentration of Fe, C, Co and Cr clement, respec-
tively. m in Dm

I denotes the number of alloys included in the multi-component system,
and is set as four for the Fe–C–Co–Cr system in this study. Ci denotes the mass fraction
of one certain alloy element in the dilution equation, which could be the concentration
of Fe, Cr, Co or Cr element. In detail, Ci is not the sum of these four elements, and each
alloy element is separately considered in the proposed model. The first term on the right
hand denotes the mixture-averaged approach used to characterize the multi-component
diffusion, which represents the effect of interaction between different elements on the mass
transfer. Moreover, the last two terms of Equation (8) account for the species flux due to
relative phase diffusion and motion, respectively.

The expressions of the multi-component diffusion coefficient Dm
i and mean molar

mass Mn are defined as follows:

Dm
i = (1− fi)/ ∑

k 6=i

χk
Dik

(9)

Mn =

(
∑

i

fi
Mi

)−1

(10)

Binary diffusion coefficients used to calculate Dm
i are listed in Table 3.

Table 3. Binary diffusion coefficients used for the calculation of multi-component diffusion coefficients [24].

Diffusion Coefficient Unit Value

DFeCo m2s−1 2.1× 10−8

DFeCr m2s−1 3.1× 10−8

DFeC m2s−1 5.5× 10−8

DCoCr m2s−1 2.8× 10−8

DCoC m2s−1 2.0× 10−9

DCrC m2s−1 8.0× 10−9

3.3. Boundary Conditions
3.3.1. Boundary Condition for Energy Equation

At the liquid/gas surface, i.e., the top surface of the melt pool (see Figure 1), the bound-
ary condition of the energy equation is expressed as:

qener =
2ηQ
πrb

2 exp

(
−2r2

r2
b

)
− hc(T − Tref)− σbε

(
T4 − T4

ref

)
(11)

The first term on the right hand denotes the laser heat input, and the second term and
third term represent heat loss caused by heat convection and radiation, respectively.

The position of the top surface is labeled in Figure 1. For the energy boundary condi-
tion at other surfaces, such as the bottom and side surfaces of the substrates, only the second
term at the right hand of Equation (11) is included because there is no heat input from the
high-energy-density laser beam on these surfaces and the radiation is not significant.
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3.3.2. Boundary Condition for Momentum Equation and Dilution Equation

The momentum boundary condition at the free surface is described as:

FL/G = σn∗κ −∇sT
dσ

dT
(12)

where the term σn∗κ denotes the capillary force, acting in the normal direction of the
liquid/gas surface, and ∇sT dσ

dT represents the thermal capillary force (Marangoni force)
induced by the spatial variation of the temperature gradient, which exerts a tangential
driving force along the free surface.

In this model, the moving mesh based on the arbitrary Lagrangian–Eulerian (ALE)
method is used to capture the free surface evolution. The velocity for the moving mesh is
set up as:

VL/G = u · n∗ + Vp · n∗ (13)

where the first term on the right hand represents the deformation induced by material flow
and the second term is the mesh deformation caused by mass addition. The expression of
Vp could be written as:

Vp =
2m f ηm

ρpπr2
p

exp

(
−2(x− vst)2 + y2

r2
p

)
z (14)

In Equation (14), z is the unit vector along the positive z-direction.
The position of the top surface is labeled in Figure 1. For the momentum boundary

condition at other surfaces, such as the bottom and side surfaces of the substrates, the no-
slip condition is used, and its mathematical expression could be given by: u = 0.

3.4. Material Properties and Laser Absorption

The melt pool for L-DED is actually the mixture of melted powders and melted
substrates, and it is necessary to reasonably describe the properties using numerical strate-
gies, which will affect the modeling efficiency. The dilution rate method (DRM) in which
the temporal and spatial dilution characteristics are considered is demonstrated as an
efficient approach.

Based on the DRM, as a mixture of melted powders and substrate, the thermal physical
properties of the melt pool are assumed to linearly depend on the properties of powders
and substrate.

Amix = αAsub + (1− α)Apow (15)

In Equation (15), Amix represents the properties of the melt pool, which could be
represented by density, specific heat, dynamic viscosity and so on. Asub and Apow denote
the properties of the substrate and Co-based powders, respectively. The mixture fraction,
α, is defined as the mass fraction of the substrate element Fe inside the melt pool [3].
The theoretical range interval for α is from 0 to 1 from powders to substrate. The value for
α is determined by the dilution phenomenon. The parameters used for the simulation are
shown in Table 4.

Table 4. Parameters used for simulation [6,18].

Parameter Value Reference

Powder catchment efficiency (ηm) 0.9 [18]
Ambient temperature (Tref) 300 K [6]

Convective heat transfer coefficient (hc) 100(W/m2K) [6]
Emissivity (ε) 0.7 [6]

Stefan–Boltzmann constant (σb) 5.67× 10−8(W/m2K4) [18]
Angular frequency of the laser (ω) 1.75× 1015(rad/s) [18]

Permittivity (ε0) 8.85× 10−12 [18]
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The laser absorption efficiency is so important for the simulation accuracy and taken
as the function of electrical resistivity of the substrate according to the Hagen–Rubens
law [18], which could be expressed as:

η = (8ε0ωRe(T))
1/2 (16)

In Equation (16), Re(T) is the electrical resistivity and assumed to vary with temperature.

4. Results and Discussion
4.1. Thermal Behavior

The melt pool profile, temperature and velocity distribution and temperature isotherms
when the melt pool reaches a quasi-steady condition are all illustrated in Figure 2. It is
observed that the melt pool is shallow due to the outward convection resulting from the
negative temperature coefficient of surface tension [14], and its depth at the back is obvi-
ously larger than that at the front, indicating that melt pool development is more sufficient
at the back. The Peclet number, representing the relative importance of convective and
conductive heat transfer [18], is calculated to be over 70 and thus heat transfer is dominated
by convection. Temperature isothermals are observed as highly concentrated at the front of
the melt pool and less condensed at the back, which means that the temperature gradient
is smaller on the rear side. There are two underlying reasons resulting in this difference.
One is that temperature distribution is more uniform at the solidified part which the mov-
ing laser has just swept, compared with that at the front part where the material is still
melting. Moreover, as shown in Figure 2, convection flow is more intense on the rear side,
indicating that here, the convective heat transfer is more significant. Thermal behavior
is expected to have a great effect on driving force (capillary force, thermal capillary force
and so on), and then significantly affect the heat and mass transfer process, which will be
discussed next.
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The melt pool profile, temperature and velocity distribution at 10 ms, 50 ms, 100 ms
and 200 ms are presented in Figure 3A–D, respectively. Resulting from some key reasons,
such as the latent heat of the materials, the interaction between the liquid powders and the
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substrate and the movement of the laser heat source and powders, there is an evolution
from the initial stage to the quasi-steady state. The peak temperature quickly reaches a
high value and almost keeps at a constant, while max velocity varies with time and finally
nearly remains unchanged until the end of the deposition. The variation of max velocity
means the unstable interaction between the melted powders and the substrate at the initial
stage, indicating that the deposition track here is prone to defects such as pores, cracks and
a brittle metallurgical phase due to the nonuniform dilution of alloy elements (e.g., Co and
Cr elements) [1,3,10]. In addition, the effect of scanning speed on the melt pool dimension
is also illustrated in Figure 3. At the beginning, the melt pool dimension sees a symmetric
distribution in the x- and y-direction because the movement of the laser heat source could
be neglected within a few milliseconds (see Figure 3A) and both the laser power density
and the distribution of the Co-based powders are symmetrical (Gaussian distribution).
As the deposition develops, the dimension in the x-direction grows faster than that in the
y-direction due to the movement of the heat source (see Figure 3D). Additionally, sharp
changes in fusion boundary, marked by a yellow dashed circle in Figure 3D, are also
observed due to the competition of convection flow boundary layers and heat conduction
boundary layers. To give a better understanding, the enlarged views of circle 1 and circle
2 are also plotted in Figure 3D, respectively. The inflections of the fusion line could be
found in the enlarged yellow circles. This competition mechanism could also be explained
by Prandtl number [9], which represents the relative thickness of momentum and thermal
boundary layers and could be expressed as:

Pr = µCp/K (17)
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If the Pr is much larger than 1, the fusion boundary is dominated by the momentum
boundary, while it is mainly affected by the thermal boundary when Pr is much smaller
than 1. Especially, when Pr is comparable to 1, fierce competition appears and finally results
in the inflections at the fusion boundary (see the yellow circle in Figure 3D).

Based on the thermal physical properties listed in Table 1, the Prandtl number in this
simulation is computed to be in the order of 100. Consequently, the intense competition of
these two boundary layers could be predicted inside the melt pool. As a result, there are
sharp changes in the curvatures of the solid/liquid boundary (see Figure 3D).

A comparison of the observed and simulated melt pools is performed for validation.
In detail, the melt pool morphology and dimensions obtained from the L-DED experiments
are calibrated with the results from numerical modeling. As shown in Figure 4, the change
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of the gas/liquid surface (the top surface) in Figure 4A is mainly resulted from the addition
of the melted powders, and the simulated surface, depicted in Figure 4B by the ALE method,
is reasonably consistent with the observed result. In addition, the simulated fusion line of
the melt pool denoted by the isoline of liquidus temperature in Figure 4B also agrees well
with the OM observation in Figure 4A. The melt pool dimensions, including melt width,
melt height and melt depth, are also reasonably simulated with good correspondence.
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4.2. Surface Tension-Driven Flow

Several non-dimensional (ND) numbers are used to understand the effects of the
processing parameters and material properties on driving force, including the Grashof
number and the Capillary number, which are closely associated with heat and mass transfer.
In summary, the significance, mathematical expression and adopted value for these ND
numbers are all listed in Table 5.

Table 5. ND numbers used to study the driving force in L-DED [17,25].

ND Numbers Significance Expression Magnitude

Grashof number (Gr) The ratio of buoyance force to viscous force gβL3
b∆Tρ2/µ2 10−1

Marangoni number (Ma) The ratio of surface tension to viscous force ρLR∆T|∂γ/∂T|/µ2 103

Reynolds number (Re) The ratio of inertial force to viscous force ρUL/µ 103

Bond number (Bo) The ratio of buoyance force to thermal capillary force ρgβL2/σT 10−2

Weber number (We) The ratio of inertial force to surface tension ρUL2/σ 10−3

In L-DED of Co-based powders, buoyance force and surface tension are considered
the two major driving forces for convection and dilution. Expressions of these two ND
numbers are also given in Table 5, where ∆T is the difference between the peak temperature
and solidus temperature, and Lb is the characteristic length for buoyance and taken as one
eight of the width of the melt pool. To obtain the dominant driver, the relative importance
of surface tension to buoyance could be expressed as:

Rs/b = sur f ace tension/buoyance = Ma/Gr (18)

Based on the expressions in Table 5, the Ma and Gr numbers in the steady melt pool
are calculated to be in the order of 10−1 and 103, respectively, indicating that the buoyancy
effect is comparable to viscosity force in the flow of liquid metal, but contributes little
compared with surface tension. Thus, the ratio of Ma to Gr, Rs/b, is on the order of 104.
Hence, it could be concluded that the fluid flow is mainly driven by surface tension, which
is characterized by capillary force and thermal capillary force.
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On the other hand, other ND numbers listed in Table 5 also provide effectiveness for
understanding surface tension-driven fluid flow. The details of these commonly used ND
numbers are all given, but not discussed in this section.

Next, decoupled analyses of capillary force and thermal capillary force are carried out
to separately discuss their roles on melt pool evolution. It should be noted that capillary
force and thermal capillary force are coupled at every iterative calculation. The so-called
decoupled analysis means that thermal capillary force is not considered in the plotting
of capillary force, but they are both included in the calculation. Similarly, the decoupling
for thermal capillary force means that capillary force is not obtained in the plotting of its
evolution during L-DED.

The distribution of capillary force at different times on the gas/liquid surface, which
acts normal for a curve-free surface, is plotted in Figure 5 to illustrate its evolution from
the initial stage to the quasi-steady stage. The contour denotes the value of capillary force
calculated from the expression of σn∗κ (see Equation (12)). The direction and the color of
the arrows represent the direction of the velocity field and the magnitude of surface tension,
respectively. The driving force acting on the free surface consists of capillary force and
thermal capillary force, which are also the boundary condition for the momentum equation.
As plotted from Figure 5A–D, the capillary force increases from the center to the periphery
and its value changes little in the evolution.
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Based on the expression of capillary force, σn∗κ, σ denotes the surface tension of the
mixture and changes little, thus the capillary force is mainly determined by curvature κ.
Here, capillary force is different from surface tension. Surface tension for liquid pure nickel
is a vector, but only the value for σ is used in the expression of σn∗κ.

Capillary force could also be expressed as (−2H)σn∗, in which H represents the
average curvature of the free surface [26,27]. As L-DED goes on, the peak capillary force
continually decreases and changes from 1840 N/m2 to 1200 N/m2, indicating that both
the max curvature κmax and average curvature H decrease with evolution. As a result,



Metals 2022, 12, 842 12 of 18

the surface asperities with large curvature of the solidified deposition track are expected to
be significantly eliminated and surface topography is refined by capillary force, which is
a benefit for the improvement of the surface quality of the deposition track. In addition,
the area with high capillary force appears at both the front and rear periphery at the initial
stage, but only at the back when the melt pool is quasi-steady, which means that the
larger curvature at the front was obviously eliminated by capillary force. As illustrated in
Figure 5A–D, the distribution of capillary force also tends to be uniform, indicating that
the surface asperities of the deposition track are significantly improved with melt pool
evolution. As a result, the surface quality obtained under steady conditions will be better
than that at the initial stage.

The thermal capillary force that drives the Marangoni convection, which is also known
as the Marangoni force, is determined by the temperature derivative term dγ

dT∇T [16], and its
distribution on the free surface at different times is shown in Figure 6. The magnitude of
the thermal capillary force is depicted by color contour, and the color map and direction
of the arrows represent the magnitude and direction of the velocity field, respectively.
As illustrated, a strong outward fluid flow is developed as a result of increased distribution
of the Marangoni force from the center to the periphery, which pulls the fluid towards the
periphery. Additionally, the velocity magnitude increases from the center to the periphery,
which is also consistent with the distribution of the Marangoni force. With deposition
processing, the maximum Marangoni force continually decreases and becomes almost
constant under quasi-steady conditions. The high-stress area at the periphery quickly
decreases with time, especially in the back area. This phenomenon could be mainly
explained by the smaller temperature gradient (∇T) at the rear side, which is analyzed
in the discussion in Figure 2. The maximum capillary force and thermal capillary force
are about 1200 N/m2 and 350 N/m2, respectively, representing that the magnitude of the
capillary force is comparable to the thermal capillary force. In addition, it should be noted
that both the fluid flow and mass transfer are driven by the coupled capillary force and
thermal capillary force, and decoupled analysis is carried out here only to qualitatively
illustrate the roles of these two terms on heat and mass transfer.
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Based on the study of thermal behavior and analysis of driving force, the mechanism
of surface tension-driven flow (Marangoni flow) is then investigated. The contour of the
temperature field is depicted in Figure 7A and the temperature decreases from the center
to the periphery of the melt pool. Consequently, as shown in Figure 7B, surface tension
increases from the central area to the periphery due to the negative temperature coefficient
of surface tension [14] and results in a central to outwards fluid flow. The distribution of
surface tension is consistent with the result illustrated by the color arrows shown in Figure 5.
Moreover, corresponding to the larger spatial temperature gradient in the front section,
illustrated by the more concentrated temperature isotherms in Figure 2, the variation of
surface tension is also more significant at the front. Next, the 3D velocity field is presented
in Figure 7C to give a comprehensive understanding. The magnitude and direction of the
velocity field are represented by the color contour and green arrows, respectively. Liquid
metal flows from the center towards the periphery and its magnitude also increases from
the center towards the solid/liquid boundary, which is consistent with the above discussion
of the driving force.
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4.3. Convection Flow and Its Correlation with Mass Transfer

To accurately comprehend the relationship between convection and dilution, fluid
flow and alloy elements distribution on different planes are studied. The initial position of
the center of the laser heat source is x = −2.5 mm and now it is just located at x = 0.2 mm.
The velocity distribution at the yz-planes is firstly investigated to provide more details
about the convection inside the melt pool. As shown in Figure 8A, the magnitude and
direction of the velocity field are represented by the color contour and the direction of
arrows. The green and red planes denote the iso-surface of solidus temperature and
liquidus temperature, respectively. Velocity distribution is swirling due to the Marangoni
effect. Plane 1 is located at x =−1.0 mm, plane 2 and plane 3 are located at x =−0.4 mm and
x = 0.2 mm, respectively. Velocity distribution on these three planes is plotted in detail in
Figure 8B–D, and streamline lines are also introduced to characterize the velocity evolution.
Based on the assumption of incompressible and laminar flow, the density of the streamlines
could be used to characterize velocity magnitude. Where streamlines are dense, velocity is
high; on the contrary, where they are spaced out, velocity is small. Streamlines are obviously
more concentrated at the rear side, indicating more intense convection. There is also a
separate vortex motion at each plane, but its distance to the symmetrical xz-plane increases
and the convection becomes weaker from plane 1 to plane 2 to plane 3. Corresponding to
the real physical process, the rear section (plane 1) has fully developed and its area is much



Metals 2022, 12, 842 14 of 18

larger compared with plane 2 and plane 3 in the front region. Additionally, concentration
dilution was demonstrated to be mainly driven by convection flow [18]. Therefore, resulting
from an intense Marangoni convection, alloy elements (e.g., Co, Cr) mainly added into
the center of the melt pool from melted powders are transported to other parts from the
central area, and the Fe element is also transferred from the substrate and mixed with other
elements inside the melt pool. However, at plane 3, both the melt pool and convection
flow have not fully developed, indicating that mixing is mainly performed at the back.
In conclusion, species from powders (e.g., Co and Ni) are added at the front but mainly
diluted at the back area, and the mixing of Fe from the substrate is similar.
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Velocity evolution at the xy-planes inside the melt pool is plotted in Figure 9. To clearly
illustrate the velocity field, the position of plane 5 is moved along the positive z-direction
in Figure 9A. As shown in Figure 9B,C, the streamlines are more concentrated and fluid
flow is much more intense at plane 5 than that at plane 4 because surface tension mainly
acts on a gas/liquid surface. Vortex motion is also observed at plane 5 and the streamlines
are obviously dense near the symmetric plane, indicating flow is more intense in this area,
which is also validated by the contour of the arrows representing the magnitude of the
velocity field. No vertical motion is found at plane 4, but a similar tendency of velocity
distribution could also be observed near the symmetric plane. As a result, it could be
concluded that species dilution is mainly carried out on the upper side. Moreover, a portion
of the flow at the xy-plane is along the positive x-direction and this branch flow is relatively
stronger, thus alloy elements are expected to be concentrated near the central part and then
diluted in different directions.

The velocity field at the xz-plane, described in Figure 10A, is plotted in Figure 10B–D
in detail, respectively. The liquid fraction of the central xz-plane is illustrated by the color
contour in Figure 10B, and the solid and liquid phases are represented by 0 and 1, respec-
tively. There are two almost separate vertical motions at the back and frontal sections of the
melt pool, which are the two parts of the three-dimensional circular vortex. Circulation
at the back is stronger because the melt pool is well-expanded at the back. Away from
the symmetric plane, the convection at plane 7 and plane 8 is generally weaker compared
with that at plane 6. As a result, element distribution in the central area of the melt pool is
expected to be more uniform, which would next be validated by the investigation of mass
transfer. In addition, the backward convection is observed from plane 6 to plane 8. Alloy
elements from the melted powders are mainly added into the melt pool at the front and
then transported to the rear side by backward fluid flow.
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Figure 10. Liquid fraction contour along with velocity distribution at xz-plane. (A) Melt pool
configuration and position of three xz-sections; (B) Velocity distribution and liquid phase fraction at
plane 6; (C) Velocity distribution at plane 7; (D) Velocity distribution at plane 8.

In conclusion, based on the overall consideration of flow characteristics shown in
Figures 8–10, the alloy elements from the powders, such as Co and Ni, are added to the front
part of the melt pool and transported to the rear side by backward branch flow, and then
mainly diluted with the melted material from the substrate at the back area and the upper
part of the melt pool. Additionally, it should be noted that both the convection and dilution
happen in three dimensions and should be investigated considering the characteristics
in different sections to obtain a more accurate understanding of the correlation between
convection and dilution.

Contributed by the high efficiency of the multi-component mass transfer model, the di-
lution results of these three main alloy elements, presented in Figure 11, are obtained just
one time. The distribution of the Co element at the yz-plane is plotted in Figure 11A, and the
Cr distribution at the xy-plane and the Fe distribution at the xz-plane are illustrated in
Figure 11B,C, respectively. The coordinates of these planes (plane 1 to plane 8) are the same
as the those plotted above. As shown in Figure 11A, from plane 3 to plane 2 to plane 1,
convective mass transfer is more obvious resulted from the more intense convection at the
rear side (see Figure 7). As a result, the Co element is nearly uniformly mixed at plane 1
and presents nonuniform distribution at plane 3, indicating that the dilution is mainly
carried out at the back. From plane 4 to plane 5, the Cr distribution also becomes more
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uniform as a result of surface tension-driven flow, which is more intense in the upper area,
and it is thus validated that species are mainly mixed in the upper side. As illustrated
in Figure 11C, the Fe concentration is also more uniform at the back, which is consistent
with the discussion above. Additionally, the distribution of Fe at plane 6 is obviously more
uniform than that at plane 7 and plane 8, which means that mixing is mainly performed
near the symmetric plane (plane 6).
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Furthermore, it should be noted that there is a small region where alloy elements
are not uniformly mixed near the fusion boundary, which is the so-called unmixed zone
(UMZ) and can be observed in Figure 11A–C. The formation of the UMZ is still the main
challenging problem in additive manufacturing and a fundamental study of the UMZ is
necessary to be performed as its formation largely lowers mechanical properties and makes
the alloy susceptible to cracks and failures [10,18]. This work has basically revealed the
mechanism of surface tension-driven flow and its correlation with concentration dilution.
In the future, an improved model could be developed based on the present work by
analyzing the fluid flow in the UMZ, which is frictionally dissipated in the presence of a
solidified microstructure. Moreover, the transition of the temperature coefficient of surface
tension [14] and a larger heat input [28] are both reported to be a benefit for uniform mixing
and should be considered as strategies that may contribute to the restriction of the UMZ in
future studies.

5. Conclusions

Based on the improved 3D fluid flow and multi-component mass transfer model,
thermal behavior, driving force, surface tension-driven flow and its correlation with con-
centration dilution inside the melt pool are fundamentally studied. Some fundamental
findings could be concluded as follows:

(1) PeT is over 70 inside the melt pool, indicating that heat transfer is dominated by convec-
tion. Resulting from the quick solidification at the rear side and more intense fluid flow
at the front part, the temperature gradient is much larger in the front of the melt pool.

(2) It takes about 200 ms for the melt pool to reach a quasi-steady condition. The Prandtl
number is in the order of 1~10, and sharp changes in the curvature of the solid/liquid
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boundary of the melt pool are observed due to intense competition between the
momentum flow boundary layers and the heat conduction boundary layers.

(3) Based on dimensional analysis, surface tension, which is characterized by capil-
lary force and thermal capillary force, is demonstrated as the dominant driving
force. Capillary force contributes to the reduction of the curvature of the free surface,
and Marangoni convection is dominated by thermal capillary force (Marangoni force).

(4) Surface tension acting at the free surface decreases from the center to the periphery,
resulting in a central to outwards Marangoni fluid flow. Max capillary force reaches
the level of 1200 N/m2 and appears at the rear part of the melt pool. The peak value
of thermal capillary force is in the order of 350 N/m2 and increases from the center to
the boundary.

(5) Alloy elements from the powders, such as Co and Ni, are mainly added to the front
part of the melt pool and transported to the rear part by backward branch flow.
Dilution is mainly carried out in the upper side of the rear part of the melt pool near
the symmetric plane.
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Nomenclature

Nomenclature Tre f Reference temperature (300 K)
ρ Density of the material hc Heat transfer coefficient
t Time variable FL/G Force acting on the free surface
u Velocity vector n∗ Normal unit vector of free surface
p Pressure parameter κ Curvature of the free surface
Amush Mushy zone morphology ∇sT Temperature gradient
fl Liquid fraction VL/G Normal velocity for moving mesh
Ts Solidus temperature Vp Mesh velocity caused by mass addition
Tl Liquidus temperature m f Mass flow rate
Cp Specific heat ηm Powder catchment efficiency
T Temperature inside the melt pool ρp Density of the powder
K Thermal conductivity rp Mass flow radius
∆H Latent heat content vs Scanning speed
M Small parameter Greek symbols
Ci Weight fraction of ith species µ Dynamic viscosity
Dm

i Multi-component diffusion coefficient χi Mole fraction of the ith species
Mn Molar mass η Laser absorptivity
fs Solid fraction ε The surface emissivity
Cl Concentration in liquid phase σb Stefan–Boltzmann constant
fi Mass fraction σ Surface tension of liquid pure metal
Dik Maxell–Stefan diffusivities dσ

dT Temperature coefficient of surface tension
Mi Molar mass of certain fraction α Mixture fraction
Q Laser power ω Angular frequency of the laser
r Distance to the center of the laser source
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