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A 2D axisymmetric transient Thermal-Fluid-Evaporation model coupled with melt pool dynamics and gas ki-
netics is developed to study the formation mechanisms of vapor-induced flow and the resulting powder
entrainment in powder bed fusion using laser beam (PBF-LB) for 316 L powders. The interactions between
keyhole formation inside the melt pool, vapor plume flow, and vapor-induced shielding gas flow are investigated.
Vapor plume flow results in powder spattering with much higher speed, while vapor-induced gas flow signifi-
cantly contributes to powder denudation with lower speed. It is also reported that powder spattering is stronger
in 1 atm argon than that in 1 atm helium because the drag force for spattering is 2.72 times larger in 1 atm argon,
but powder denudation becomes greater in 1 atm helium as the ratio of drag force for denudation in 1 atm argon
to that in 1 atm helium is only 0.582. Furthermore, the vapor plume results in more spatters with the decrease of
ambient pressure from 1 atm to 0.05 atm in argon because the plume is diluted faster with a twofold wider plume
head and the two times higher peak velocity as a result of the pressure drop-induced significant reduction of
viscosity restriction. A larger divergency angle in 0.05 atm argon is also recorded at the same time for the weaker
restriction and faster dilution. In combination with in-situ observations, the proposed model provides insights
into the vapor-induced flow, and its impact on powder entrainment under different gas types and ambient
pressures.

1. Introduction entrainment can be classified as powder spattering moving away from

the melt pool at a higher speed and powder denudation that moves to-

Powder bed fusion using a laser beam (PBF-LB), also called selective
laser melting (SLM), is one of the most promising metal additive
manufacturing processes, attracting numerous practitioners from auto-
mobile, aerospace, and healthcare. PBF-LB provides advantages in
flexible design, high manufacturing efficiency, and superior structuring
performance [1-3]. However, widespread acceptance by the industrial
community is still limited by the quality and uncertainty arising from
process-induced defects such as pores and cracks. Among many under-
lying causes of such defects, unexpected powder entrainment has been
identified as one of the significant reasons [4-6]. The so-called powder

wards the melt pool along the surface of the powder layer at a much
smaller speed.

Optical observation through different imaging technologies is
capable of providing reliable online details of powder entrainment in
PBF-LB [7-12]. Accordingly, these imaging techniques can also provide
the quantitative measurement of spatters and denudated powders. To
directly observe and analyze the transient dynamics of the powder
entrainment in PBF-LB, Guo et al. [7] used in-situ high-speed,
high-energy X-ray imaging facilities in Argonne National Laboratory
(ANL), and Bidare et al. [8] conducted Schlieren imaging technology
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integrated with PBF-LB device. Other technologies, including fast cam-
era, optical pyrometer, and infrared thermography, have also been used
to observe the powder entrainment in PBF-LB [9-12]. Despite the gained
insights, the experimental methods are expensive in comparison with
numerical modeling, which can also provide predictive approaches for
the printing process.

Modeling and simulation have also been used to obtain high-fidelity
features about melt pool dynamics, vapor-induced flow, and powder
entrainment to reveal insights [13,14]. For example, Matthews et al.
[15] established a powder-scale finite element model to study the
powder denudation near a laser scan path as a function of processing
parameters and gas pressure. Chen et al. [16] developed a multiphase
flow model to analyze the effects of vapor-induced flow on powder
spattering and denudation, in which the melt pool dynamics were not
considered, and the vapor plume flow was simplified as a velocity inlet.
Bidare et al. [17] also proposed a multi-physics model to quantify the
vapor plume flow observed by Schlieren imaging. Similarly, the vapor
plume, which jets into the shielding gas at high speed, is assumed as
multi-component plasma without considering melt pool dynamics. From
the obtained insights into modeling [18-20], the lack of melt pool dy-
namics results in the temperature data with larger error and not capable
of obtaining the physical details of fluid flow and evaporation of the melt
pool. Thus, lower modeling accuracy and lack of physical information
are expected to be caused by the simplified energy and momentum
boundaries in [16] and [17]. Besides, this simplification leads to the
challenges of describing the vapor-induced flow.

The ambient pressure has been demonstrated a non-negligible factor
for powder entrainment [7]. Although the vapor-induced flow is not
directly recorded in [7], it was experimentally confirmed that the total
number of spattered powders depends on the initial pressure of the at-
mosphere. In addition, the influence of gas type has also drawn much
attention [21-23]. Pure argon, and pure helium, as well as the mixed gas
of argon and helium, are widely used as shielding gas in the PBF-LB
process. Baehr et al. [21] concluded that the vapor plume and total in-
candescent spatters are both reduced when helium is contained in
shielding. Pauzon et al. [22,23] also found that by using He and Ar-He
mixtures, the hot spatters are obviously reduced because the vapor
plume is rapidly away from the laser spot. However, the causal relations
between melt pool dynamics, vapor-induced flow, and powder
entrainment are not well revealed due to the restrictions from obser-
vation technologies.

To fill these gaps, a coupled melt pool dynamics and gas kinetics
computational model for PBF-LB of 316 L is developed to explore the
physical mechanisms of vapor-induced flow and its impact on powder
entrainment. This model is initially validated by experimental obser-
vation from the literature. Next, it is set up to investigate shielding gas’s
impact by coupling vapor plume flow and vapor-induced gas flow for 1
atm argon and 1 atm helium, respectively. Furthermore, the role of
environmental pressure on vapor-induced flow and the resulting powder
entrainment is continuously studied in argon. Finally, a mechanism of
powder entrainment considering the variations of shielding gas types
and environmental pressures is proposed. Validated by experiments, the
obtained hypothesis could help design potential approaches to mitigate
the powder entrainment-induced defects and improve the printing
quality.

2. Numerical procedure

A directly coupled 2D axisymmetric transient Thermal-Fluid-
Evaporation model is proposed to simulate the melt pool dynamics
and vapor-induced flow during PBF-LB of 316 L powders. For the melt
pool behavior, heat transfer and incompressible flow are simulated by
solving the equations of conservation of mass, momentum, and energy
with the keyhole surface captured by the Arbitrary-Lagrangian-Eulerian
(ALE) method. For the coupled laser-induced vapor plume flow and
vapor-induced gas flow with compressibility in shielding gas, the
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equation describing vapor plume dilution is also considered together
with the mass, momentum, and energy equations. PARDISO solver is
used to solve the fully-coupled equations with the maximum time step of
1 ms. Details of the model development, including model geometry,
mesh discretization, governing equations, and boundary conditions, are
described as follows.

2.1. General description of vapor-induced flow and powder entrainment

For the visualization given in Fig. 1, vapor plume flow is plotted by
pink trapezia, and the silhouette of trapezia represents its acting area in
which powders can be heated and driven to move at high speed.
Meanwhile, the acting area of vapor-induced gas flow is depicted by a
black dotted line with arrows. Blue circles are the initial powder layer,
green circles are denudated powders, and red circles denote spatters. A
high-power density laser beam melts powders after a short time of
irradiation. The high-speed vapor plume induced by laser, i.e., the vapor
materials in the gas phase, is formed together with melt pool. Vapor-
induced gas flow is driven by the shear stress between vapor plume
and shielding gas (helium and argon in this study). Dragged by the vapor
plume flow and vapor-induced gas flow, the resulting powder entrain-
ment can be classified as powder spattering and denudation according to
the powder moving direction and moving speed. It is noted that spatters
move from the top upwards away from the melt pool, while denudated
powders approach the melt pool near the top of the powder layer.
Spatter here actually denotes the spattered powders that move away
from the melt pool during PBF-LB.

On the other hand, spatters’ speed is much higher than denudated
powders. Thus, spattered powders travel a longer distance at the same
time interval. Connecting the simulation results from the model along
with high-resolution observations from published works, the funda-
mental mechanism of powder entrainment (i.e., powder spattering and
denudation) can be analyzed based on the fact that the driving force for
powder entrainment comes from vapor-induced flow (i.e., vapor plume
flow and vapor-induced gas flow).

2.2. Material properties and numerical constants

This work simulates melt pool dynamics, vapor plume flow, and
vapor-induced gas flow to analyze the resulting powder spattering and
denudation during PBF-LB of 316 L powders. Thermal-physical prop-
erties and numerical constants used in modeling are listed in Table 1.

2.3. Major assumption

In the present model, vapor-induced gas flow is only resulted from
the shear stress between high-speed vapor plume and shielding gas, and
the initial flow of shielding gas is not considered for simplification. The
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Fig. 1. Schematic sketch of the vapor plume flow, vapor-induced gas flow
(helium, argon), powder spattering and denudation in laser powder bed fusion
(PBF-LB). Scan direction is going into the plane.
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Table 1

Thermal-physical properties and numerical constants used in simulation.
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Properties for argon
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Properties for helium

Numerical constants
a /b

Specific heat (J/kg/K)

Thermal conductivity (W/m/K)
Enthalpy of melting/evaporation
(kJ/kg)

Molar mass (g/mol)

Reflectivity

Solidus/liquidus temperature (K)
Boiling temperature (K)
Thermocapillary coefficient (N/
m/K)

Dynamic viscosity (Pa-s)
Density (kg/m>)

Surface tension (N/m)

Specific heat (J/kg/K)

Thermal conductivity (W/m/K)
Enthalpy of melting/evaporation
(kJ/kg)

Molar mass (g/mol)

Reflectivity

Solidus/liquidus temperature (K)
Boiling temperature (K)
Thermocapillary coefficient (N/
m/K)

Dynamic viscosity (Pa-s)
Density (kg/m3)

Surface tension (N/m)

Specific heat (J/kg/K)

Thermal conductivity (W/m/K)
Molar mass (g/mol)

Dynamic viscosity (Pa-s)

Specific heat (J/kg/K)

Thermal conductivity (W/m/K)
Molar mass (g/mol)

Dynamic viscosity (Pa-s)

Ablation rate constants

680
26.9
270/6294

59.47
0.7
1533/1609
3190
—11x10*

2.0x 1073
7886
1.84

760
35.0
247/6520

56

0.7
1697/1727
3100

- 43x107*

6.0x 1073
7200
1.7

520

1.7x 1072
39.95

2.26 x 107°

5193
1.55x 107!
4.00
1.98x 10~°

1.05x 107°/1.01 x
102

c1/dy Ablation rate constants 32.71/ — 3.57 x 10*
az /by Surface pressure constants 1.41x 1073/ —13.51
c2/da Surface pressure constants 4.34x 1074/ — 4.66 x
1077
D Diffusion coefficient (m?/s) 2x107°
Ty /Tu Vaporization thresholds (K) 3200/3698
Table 2
Physics field, boundary condition, and the corresponding location in model
geometry.
Domain Physics field Boundary condition Boundary
Substrate domain Heat transfer Laser irradiation B.E.
Convection B.E. AD. D.E.
Radiation B.E.
Fluid flow Stress balance B.E.
No-slip A.D.D.E.
ALE Prescribed deformation A.D.D.E.
Free deformation B.E.
Gas domain Heat transfer Thermal continuity B.E.
Insulation E.F. CF.
Fluid flow Velocity inlet B.E.
Ambient pressure E.F.CF.
Dilution Dirichlet boundary B.E.
No flux E.F. C.F.
ALE Prescribed deformation E.F.CF.
Free deformation B.E.
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initial velocity of shielding gas is not zero in real manufacturing; how-
ever, it could be neglected in modeling supported by the following
conclusions.

o Initial gas flow is about 107! m/s for real PBF-LB process [9].
Whereas the impact of initial gas flow on vapor induced flow is
significant only when it is strong enough and beyond the threshold.
This threshold is dependent on processing parameters and material
properties. In PBF-LB of IN625, a parametric study of initial gas flow
was performed and revealed that it has non-negligible impact on
vapor plume if initial gas flow is larger than 6.7 m/s [26]. Although
material properties have changed from IN625 to 316 L, the threshold
for PBF-LB of 316 L is expected to be near 10 m/s because physical
phenomena are similar for PBF-LB of IN625 and PBF-LB of 316 L.
Therefore, initial gas flow of about 10~ m/s is below the threshold
and not considered due to its weak impact on vapor plume flow.
According to the modeling and experimental results from this work,
vapor plume flow and vapor-induced gas flow only act within
0.5 mm around the center of melt pool. Weak initial gas flow with
lower velocity has little impact on melt pool dynamics, vapor-
induced flow and the resulting powder entrainment.

Accordingly, initial gas flow is not included in this work.

Besides, the fluid flow inside the melt pool is Newtonian, laminar,
and impressible, with the Boussinesq assumption. The energy distribu-
tion of the laser heat source is Gaussian. The mushy zone, in which the
temperature is between solidus and liquidus, is treated as porous
medium.

2.4. Modeling geometry and discretization

A 2D axisymmetric two-domain model, including substrate and gas
domains, is developed, in which melt pool dynamics and gas kinetics are
simulated, respectively. The details of model geometry and mesh dis-
cretization are illustrated in Fig. 2. In a typical simulation case, substrate
and gas domains are discretized by unstructured triangular mesh with a
maximum size of 35 um. Especially, mesh at the domain boundary
(boundary B.E.) is refined with the maximum size of 8 um. The model
geometry is finally discretized by 13,000 units.

2.5. Governing equations

Multiple physics fields are considered as the study focuses on both
the melt pool behavior and vapor dynamics. Descriptions of governing
equations are given as follows.

2.5.1. Substrate domain
The governing equations of mass, momentum, and energy conser-
vation could be described as follows:

Ve (pu) =0 @

ol
PS4 p(u o V)u =V o (4Vu) = Vp + pg—Ansn(1 —f)'/(} +M) @)
O(AH)

% puV(AH) 3)

pc;q’g +pCu o VT =V o (KVT) +p

In the equations above, pis the density of the liquid metal. # denotes
the velocity vector, and pis the dynamic viscosity. p and g represent the
pressure and gravitational acceleration, respectively. A, denotes the
restriction for fluid flow in mushy zone in which temperature is between
solidus and liquidus. A, is assumed as a large constant and considered
as 107kg/m® e s in the proposed model. f; is the liquid phase fraction,
which is 0 below solidus (T;) and 1 above liquidus (T;). Mathematically,
it is described by f; = ;;TT when the temperature is between solidus and
liquidus based on the Carmen-Kozeny relation [27]. M is a small
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Fig. 2. Geometry and mesh discretization of the proposed Thermal-Fluid-Evaporation model.

constant and set to 10~* to avoid numerical singularity. When the liquid
fraction f; is zero, the role of M is essential. T is the transient temperature
inside the melt pool. C}? represents the equivalent specific heat and
described by:

L, (T - Tm)2
eq _
Ci=Cy+ ~ 2exp|: :l 4)

where AT = (T;—Ts)/2 and Ty, = (T;+Ts)/2, representing the solidifi-
cation interval and the melting temperature, respectively. Additionally,
K is the thermal conductivity and AH = Lpf; is the specific enthalpy
caused by phase change, in which L, and f; are the enthalpy of fusion
and fraction of liquid phase, respectively.

2.5.2. Gas domain

In the gas domain, heat transfer, dilution of vapor plume, coupled
vapor plume flow, and vapor-induced gas flow with compressibility are
all considered. Thus, the governing equations of Eq. (1), Eq. (2), and Eq.
(3) are naturally considered and coupled in the modeling of the gas
domain.

Besides, the dilution equation is also solved in the gas domain and
can be given as follow:

a Cplu

o e VGu=Ve(DVCy)+S 5)

In Eq. (5), Gy, is the fraction of vapor plume, which is considered as
one phase. D is the diffusion coefficient and S is the source term. Because
the magnitude of vapor plume flow is about 100 m/s, dilution of vapor
plume at ambient gas is expected to be dominated by convection. Thus,
D is treated as a constant because plume diffusion is not significant.

Especially, fluid flow at gas domain is compressible and the mixture
of vapor plume and shielding gas is assumed as binary ideal gas. Mixture
density can be calculated by:

500 1000
_ pM
i il 6
P T (6)
where M is averaged molar mass, p is atmospheric pressure, and R is a

universal gas constant. M is calculated by the following relation.

M = CpluMplu + (1 - Cplu)Mamb (7)

in which My, and Mgm,
shielding gas, respectively.

are the molar mass of vapor plume and

2.6. Boundary conditions

Boundary conditions are essential for modeling accuracy. Physicl
field, boundary condition and the corresponding location in model ge-
ometry are summarized in Table 2. The boundary I.D. listed in the table
is illustrated in Fig. 2. Boundary A.B. and B.C. are the symmetry axis,
thus set as symmetry boundary for all the physical fields in substrate and
gas domains.

2.6.1. Energy boundary
The energy boundary at the gas/liquid surface (boundary B.E.) is
given as:

T 2P 272
—K5 = (1 —Ri)cosaﬁbzexp( 72> —he(T—T,y)

®
—oe (T4 - Tfe,) — L,

In Eq. (8), the first term on the right hand is laser heat input. R, is the
reflectivity of substrate. 6 is the laser incident angle and varies with the
deformation of gas/liquid surface. It should be noted that ray tracing of
laser beam is not considered but the absorbed laser energy depends on
both the reflectivity R, and incident angle 6. P is the laser power, r;, and r
represent the effective laser radius and distance from the laser center,
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respectively. Moreover, the second term and third term denote the heat
loss caused by heat convection and radiation, respectively. h, represents
the heat transfer coefficient of convection. o, denotes the Stefan-
Boltzmann constant and ¢ is the emissivity. The last term represents
the heat loss caused by material evaporation. rm is the ablation rate and
L, is the enthalpy of evaporation.

Additionally, thermal continuity is assumed at the domain boundary
(boundary B.E.).

Ty = Tgas (C))

Ablation rate, m is commonly described by the Hertz-Langmuir
relation.

M,y

= =P\ gy

Psu(T) (10

in which g denotes the retro-diffusion coefficient, representing the
fraction of vapor particles that re-condensate. My, is the molar mass of
the vapor plume and P, is the statured vapor pressure. Here, the
Clausius-Clapeyron law is introduced to calculate the vapor pressure.

ML, T
Poi = Pumexp { RT (1 - %) } an
14

where Py, is the pressure of ambient gas. Ty is the boiling temperature
for substrate and assumed equal between Py, and P, because it
changes little.

In the proposed model, the boiling temperature of 316 L is 3100 K
and much smaller than the peak temperature of 3650 K inside the melt
pool. As a result, the vaporization intensity, characterized by fg, is
neither too low nor too high and could be thought of interim intensity. In
this situation, some of the vapor powders are confined by shielding gas,
while others with higher energy can expel the restriction from sur-
rounding gas. For accurate modeling of metal evaporation with interim
intensity, Pang et al. proposed the following numerical relation [28].

0, 0<T<T,
aT*+b,T* +c,T+d,, T.<T<Ty a2)
M
1 =B —=Pu(T), T>T,
(1= B\ gD T> T
Threshold T; and Ty respectively denote the low and high

evaporation-intensity regimes corresponding to Pang’s law. Vapor-
ization intensity g is 0.18.

At the substrate domain, A.D. and D.E. are convection boundary. At
gas domain, boundary C.F. and E.F. are considered as insulation.

2.6.2. Momentum boundary
Momentum condition at gas/liquid surface (boundary B.E.) could be
expressed as:

[Ve(uVu)—Vplen =okn+yV,T —(P;—Pun)on 13)

The first and second term at right hand represent capillary force and
thermal capillary force, respectively. xis the gas/liquid surface curva-
ture. P; is the recoil pressure induced by material evaporation and could
be given by:

Pom, 0<T<T,
P, = QT+ b+ ;T +dy, T, <T<Ty a4
1

2 (1 +ﬁR)P:ar(T)7

T>Ty

Additionally, no-slip wall is used for boundary A.D. and D.E. at
substrate domain. Pressure outlet is set for boundary E.F. and C.F. at gas
domain.
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2.6.3. Mass continuity
Especially, mass continuity at domain boundary (boundary B.E.) is
considered.

pL(uL-n — V[) = pv(uv~n — V]) =.m (15)

where p;and p,, represent the density for liquid phase and gas phase,
respectively. m/p; is the speed of liquid ablation front and not com-
parable to liquid recession speed u;, e n. Thus,

Vi=u,en (16)

Besides, ri/p, denotes the ejection speed of vapor powders at
Knudsen layer and much larger than liquid recession speed. Therefore,

uy-n =.m /py = Vi 17)

Viniee  is the inflow velocity at boundary B.E. for gas domain.

2.6.4. ALE boundary

Gas/liquid surface is captured by the ALE method. In detail,
boundary B.E. is free deformation, indicating its displacement is not
restricted. Besides, displacement along z direction is not allowed for
boundaries A.D. and C.F., and displacement at r direction is also
restricted for boundaries D.E. and E.F.

3. Results and discussion
3.1. Validation of thermal-fluid model

To validate the proposed computational model, the simulated cross-
section of the fusion zone is compared with the experimentally obtained
result [29]. As depicted in Fig. 3A, the simulated fusion line is consistent
with the optical observation. A quantitative comparison is next per-
formed using two significant dimensional definitions illustrated in
Fig. 3B, i.e., half melt width and depth. In the present study, evaporation
occurs at the gas/liquid surface, and a high-speed plume directly jets
into shielding gas. The resulting recoil pressure from evaporation is
much higher than ambient pressure, resulting in a keyhole due to its
drilling effect [28]. The comparison in Fig. 3C shows that the simulated
dimensions agree well with the experimentally observed results.

3.2. Laser-induced vapor plume flow and vapor-induced gas flow

Considering the impact of gas type and ambient pressure, melt pool
dynamics and gas kinetics are directly coupled with the consideration of
the dilution of high-concentration plumes. As illustrated in Fig. 1,
powder entrainment can be classified as powder spattering and denu-
dation. The causal relation between spattering, denudation, vapor
plume flow, and vapor-induced gas flow will be numerically and
experimentally analyzed in PBF-LB for 316 L powders. The processing
parameters in this section can be listed as follows: shielding gas pressure
of 1 atm and 0.05 atm, laser power of 312 W, and laser radius of
100 pm. Vapor plume flow and vapor-induced gas flow in 1 atm argon
and 1 atm helium are depicted in Fig. 4. As shown, the velocity of vapor
plume flow generated from the Knudsen layer [28] is up to ~200 m/s.
The calculated Mach number, representing the ratio of characteristic
speed to the speed of sound at the surrounding medium, is over 0.7; thus,
gas compressibility should be included. Additionally, vapor-induced gas
flow is about 10 m/s, and its velocity is much smaller than vapor plume
flow. High-speed plume jets into shielding gas at subsonic speed and is
quickly diluted within several millimeters, which agrees well with the
experimental observations in [3]. With the permanent time interval of
20 ps, the travel distance of the plume head increases from Fig. 4A to
Fig. 4B to Fig. 4C, indicating that the vapor plume travels faster with
processing going on. Interestingly, the morphology of the vapor plume
characterized by mushroom head and conical-structure core area with
the plume concentration over 60 % changes little from Fig. 4A to Fig. 4C,
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Fig. 3. Validation of the proposed computational model. (A) Comparison of melt pool morphology between experimental observation [29] and simulated result. (B)
Schematic sketch of the melt pool in keyhole mode and the dimension definition. (C) Quantitative validation of experimentally observed and calculated dimensions.
Material: IN625; Parameters: laser power of 700 W, laser radius of 102.5 um, and pulse duration time of 3 ms.

which is attributed to the strong restriction from shielding gas.

It has been experimentally demonstrated that the impact of gas type
on vapor-induced flow and powder entrainment is significant [8]; thus,
modeling in 1 atm helium, which is 10x lighter than argon, is also per-
formed. Compared with 1 atm argon, vapor plume flow is at the same
magnitude, and plume morphology is similar in 1 atm helium with a
mushroom head and conical-structure core area. But the vapor plume
travels a much longer distance in helium, indicating the viscous re-
striction for the vapor plume is smaller due to its smaller density. In the
Schlieren imaging observation conducted by Baehr et al. [21], the
laser-induced plume is also observed reduced when He or He-containing
shielding gas is employed. Besides, it is interesting that the peak velocity
of vapor plume flow observed in the high-concentration area (>90 %) is
equal though shielding gas changes from argon to helium. This is
because the vapor plume flow of high-concenrtation area is littely
affected by the shielding gas. The feature of the high-concentration area
also supports this conclusion because the shape in 1 atm argon is similar
to that 1 atm helium as shown in Fig. 4.

For further analysis of vapor-induced gas flow, the velocity distri-
bution near the powder layer surface in 1 atm argon and 1 atm helium
are plotted in Fig. 5A and Fig. 5B, respectively. The negative sign for the
labeled velocity denotes that gas flows toward the melt pool. As depic-
ted, vapor-induced gas flow increases towards the melt pool, whereas it
is 3 times larger in 1 atm helium. The maximum velocity is about 10 m/s
in 1 atm argon, while 30 m/s for 1 atm helium. Vapor-induced gas flow
is driven by vapor-induced shear stress. Accordingly, it increases to-
wards the melt pool because the driving force, i.e., the shear stress be-
tween high-speed plume and shielding gas, is larger near the melt pool.
For the 3 times larger velocity in 1 atm helium, 10 times lighter relative
atomic mass may be the major contributor. Besides, it can also be
observed that vapor-induced gas flow is weak far away from the melt
pool (r > 150 um), and only acts in a small area from r = 50 ym to
r =150 um.

The drag force of vapor-induced flow for powder entrainment is
analyzed here. Drag force Fy is described by Fy; = O.Spg‘mCxSU2 [30], in
which pg,, is gas density, C, is drag coefficient, S is the projected area
of powder, and U is the characteristic velocity. In the present study, U is

denoted by the maximum velocity. In detail, C, = 18.5/Re®®, where R,
is Reynolds number. Non-dimensional number R, expresses the ratio of
inertial force to viscous force and it is expressed by R, = pUL/u, in

which L is the characteristic length and u is dynamic viscosity. Conse-

0.4L'* 0.6771.4
gas 4 H U

From argon to helium, the gas properties and velocity field have
significantly differed, thus, the driving force is expected to change. For
the powder spattering shown in the insets of Fig. 5, many spatters are
observed in 1 atm argon, while no spatter is found in 1 atm helium. In
addition, the vapor plume travels a much longer distance in 1 atm he-
lium, consistent with the simulated result in Fig. 4. Based on the ob-
tained relation of drag force, the ratio of the drag force for powder
spattering in 1 atm argon to the drag force for powder spattering in
1 atm helium can be expressed by Rgar = pS:#uSe UL /p%du%SULY . Based
on the properties in Table 1 and the calculated velocity of vapor plume
flow, the final Ry is 2.72. Pauzon et al. [22,23] also confirm that the
existing of He in the shielding gas contributes to the reduction of powder
spatter.

For powder denudation, it is experimentally observed that the
denudated is greater in helium [8]. This phenomenon could also be
explained by the calculated drag force from the simulated gas flow. In
detail, the ratio of the drag force for powder denudation in 1 atm argon
to the drag force for powder denudation in 1 atm helium can be calcu-
lated by Rgeny = pSAuSoULH /p%tu%S UL, Based on the properties in
Table 1 and the calculated velocity for shielding gas flow, the final R,
is 0.582. Therefore, the drag force is stronger and the powder denuda-
tion area is greater in helium. Accordingly, it could be further concluded
that drag force from vapor-induced gas flow is the main contributor to
powder denudation. For powder spattering, it could be concluded that
the drag force from vapor plume flow is the main driving factor. Firstly,
as shown in the insets of Fig. 5, spatters distribute around the plume
head while powder denudation is found at the region where
vapor-induced gas flow acts. Besides, under the same processing con-
ditions, the ratio of the drag force generated by vapor-plume flow to that
induced by vapor-induced gas flow can be evaluated by

quently, the final relation can be expressed by F; = 0.5p

Rytume /gm:U;i;‘me / U;if; . Obviously, vapor plume flow (200 m/s) is much
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Fig. 4. Color contour represents the velocity distribution of vapor plume flow and vapor-induced gas flow during PBF-LB of 316 L powders. The isoline denotes the
mass fraction of the vapor plume. Four concentration levels are labeled along the decreasing direction from the plume core to the plume boundary, i.e., 90 %, 60 %,
30 %, and 10 %, respectively. to = 372 ps corresponding to the beginning of evaporation. Fig. 4A, Fig. 4B, and Fig. 4C show the velocity distribution of vapor plume
flow and vapor-induced gas flow, and the mass fraction of vapor plume in 1 atm argon at to + 30 ps, to + 50 ps, and to + 70 ps, respectively. Fig. 4D, Fig. 4E, and
Fig. 4F show the velocity distribution of vapor plume flow and vapor-induced gas flow, and the mass fraction of vapor plume in 1 atm helium at to + 30 s, to + 50 ps,
and to + 70 ps, respectively.
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Fig. 5. Line graphs in Fig. 5A and Fig. 5B show the velocity distribution of vapor-induced gas flow at z =50 um (see Fig. 4) in 1 atm argon and 1 atm helium,

respectively. Insets of experimentally observed spatters and plumes are from [8].

superior to vapor-induced gas flow (10 m/s), resulting in a much greater
drag force. Thirdly, vapor-plume flow acts within ~ one milimeter
directly above the melt pool, while the vapor-induced gas flow acts the
areas away from melt pool and flows towards melt pool.

In summary, plume morphology is similar in 1 atm argon and 1 atm
helium with mushroom head and conical-structure core area, but vapor
plume travels a much longer distance in 1 atm helium. More spatters are
observed in 1 atm argon, while the powder denudation in 1 atm helium
is greater due to the higher drag force. Vapor plume flow results in
powder spattering with much higher speed, while vapor-induced gas
flow significantly contributes to powder denudation with lower speed.

The gas type has a significant impact on vapor-induced flow and
powder entrainment. Moreover, ambient pressure is also experimentally
proved non-negligible [8]. Consequently, vapor-induced flow in
0.05 atm argon is next modeled in Fig. 6 and compared with the results
in 1 atm argon shown from Fig. 4A to Fig. 4C. There are significant
differences of gas kinetics induced by ambient pressure when it varies
from 1 atm to 0.05 atm. In 0.05 atm argon, a vapor plume with a
mushroom head and conical-structure core is also observed; however, it
travels a much smaller distance, and the width of the plume head in-
creases 2 times. Viscous restriction for vapor plume flow is much smaller
because ambient pressure (0.05 atm) is only one-twentieth of the orig-
inal pressure (1 atm). Therefore, it results in a smaller travel distance

and wider plume head in 0.05 atm. In addition, the peak velocity of
vapor plume flow increases to 500 m/s, which is two times larger than
that in 1 atm argon. Vapor-induced gas flow will also change with
ambient pressure because it is driven by the shear stress between the
vapor plume and shielding gas. For example, the peak velocity of
vapor-induced gas flow at the representative point (see Fig. 4C and
Fig. 6C)is 1 m/s for 0.05 atm argon and 5 m/s for 1 atm argon at 422 ps.
As a result, denudation is expected to be attenuated in 0.05 atm due to
the weaker vapor-induced gas flow, which means the smaller driving
force. In conclusion, when ambient pressure decreases from 1 atm to
0.05 atm, vapor plume flow is stronger but travles a much smaller dis-
tance, while the vapor-induced gas flow is weaker.

3.3. Applications to PBF-LB

Fundamental conclusions obtained from the modeling of vapor-
induced flow will be promoted in PBF-LB to probe potential ap-
proaches to mitigate spattering and denudation, then achieve the quality
improvement of as-built parts. Powder spattering and denudation in
1 atm argon and 0.05 atm argon observed by the in-situ X-ray device in
ANL are respectively shown in Fig. 7. Spatters and denudated powders
are highlighted by the yellow and blue circles, respectively. The diver-
gence angle for spattering is shown by the solid red arrow. It should be

(A) 0.05atm | m/s (B) 0.05atm | /s (C) 0.05atm | _ m/s
400 500
Argon |l 300 Argon Argon
300 400
200
300
200
200
100
100
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Fig. 6. Color contour denotes velocity distribution of vapor plume flow and vapor-induced gas flow during PBF-LB of 316 L powders. The isoline indicates the mass
fraction of the plume. Four concentration levels are labeled along the decreasing direction from the plume core to the plume boundary, i.e., 90 %, 60 %, 30 %, and 10
%, respectively. to = 372 pus corresponding to the beginning of evaporation. Fig. 6A, Fig. 6B, and Fig. 6C show the velocity field of vapor plume flow and vapor-
induced gas flow, and the mass fraction of vapor plume in 0.05 atm argon at ty + 30 ps, to + 50 ps, and to + 70 ps, respectively.
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Fig. 7. In-situ observation of power spattering and denudation during PBF-LB of 316 L powders. (A) X-ray image showing spattering and denudation in 0.05 atm
argon. (B) X-ray image showing spattering and denudation in 1 atm argon. X-ray images are taken from the supplementary videos of [7]. Parameters for PBF-LB

experiments are same to these in Section 3.2.

noted that the powders in Fig. 7A and Fig. 7B are the same, and the
difference in visualized dimension has resulted from the change of scale
bar. As depicted, the number of spatters increases, and divergence angle
is larger in 0.05 atm argon because the vapor plume flow, the dominant
driver for spattering, is stronger in lower pressure. Nevertheless, more
denudated powders towards the melt pool are observed in 1 atm argon
because the vapor-induced flow is stronger in higher pressure, resulting
in a larger drag force. When the helium pressure is higher, the reduction
of powder spattering and the greater denudation are also found by
Schlieren imaging [8,32]. It confirms that the conclusions on the powder
entrainment versus ambient pressure remains the same though the gas
type changes.
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¥ Vapor induced
£ ‘\ gas flow

~=

/Vapor induced
’ gas flow
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Melt pool Melt pool
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\
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Based on the above-mentioned numerical and experimental in-
vestigations, and also inspired by previously published insightful studies
focused on powder dynamics, a clear schematic sketch aimed at illus-
trating the causal mechanisms of vapor-induced flow and powder
entrainment during PBF-LB is thus constructed and plotted in Fig. 8. As
shown, horizontal axis expresses the variation of gas type, i.e., two
widely used shielding gas in PBF-LB: argon and helium, as well as its
impact on gas kinetics and the resulting spattering and denudation. In
contrast, the vertical axis depicts the impact of ambient pressure on
vapor-induced flow and powder entrainment. It is worth noting that the
following discussions of vapor plume flow and vapor-induced gas flow
are supported by the obtained modeling conclusions and in-situ

Fig. 8. Schematic sketch showing the causal mechanisms
of vapor-induced flow and powder entrainment consid-
ering the variation of ambient pressure and shielding gas
type. Schematics along the horizontal axis show the vapor-
induced flow and powder entrainment versus gas type, i.e.,
argon and helium. Schematics along the vertical axis show
the impact of ambient pressure on vapor-induced flow and
powder entrainment. (A) Vapor plume jets into shielding

gas flow gas, and vapor-induced gas flow is driven by the shear
e~ - - stress between the vapor plume and shielding gas. Vapor
plume flow results in powder spattering, while the vapor-
induced gas flow causes powder denudation. The solid
red arrows and solid black arrows represent the impact of
vapor plume flow and vapor-induced gas flow, respec-
tively. The length of the arrows denotes relative intensity.
Red and blue circles are the spatters and denudated pow-
ders, respectively. The red and blue arrows are the trajec-
tories of spatters and denudated powders, respectively. (B)
Wider vapor plume with higher speed, weaker vapor-
induced gas flow, more spatters, and less denudated pow-
ders in lower environmental pressure. L <L, are the width
of plume head. 6, <6, are the divergence angle [31], and
they increase as ambient pressure drops. (C) When shield-
ing gas changes from 1 atm argon to 1 atm helium, the
vapor plume travels a much longer distance with similar

N

Argon Helium

argon.

morphology and equal speed. Vapor-induced gas flow is
stronger in helium and results in greater powder denuda-
tion. Together, less spatters are generated in helium. (D)
The changes in vapor plume flow, vapor-induced gas flow,
spattering, and denudation from 1 atm helium to 0.05 atm
helium are similar to those from 1 atm argon to 0.05 atm

Shielding gas
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experimental observations. Whereas, the discussions of powder
entrainment are not directly obtained from modeling, but hypothesis
mechanisms supported by the fact that powder spattering, and denu-
dation are significantly driven by vapor plume flow and vapor-induced
gas flow, respectively, though the experimental results could also help
illustrate. The direct observations in Fig. 7 confirms the modeling
findings versues abmbient pressure, and the discussions in term of gas
tepy, i.e., argon and helium, are supported by the experimental obser-
vation through in-situ technologies [21-23]. For example, the more
rapid expansion of the vapor plume and the reduction of powder spat-
tering have been observed by X-ray diffraction observation in pure he-
lium or He-containing atmosphere [22,23].

Under lower ambient pressure, as shown in Fig. 8B and Fig. 8D, the
vapor plume is easily diluted with a wider head and higher velocity. As a
result, more spatters are generated with a larger divergence angle, as
illustrated by 6, in Fig. 8B and 04 in Fig. 8D. The number of spatters
increases with the decrease of ambient pressure, which is adjustable in
experiment and modeling. Conversely, vapor-induced gas flow is
stronger, and more powders will be denudated towards the melt pool
under higher pressure. In contrast, when the ambient pressure is con-
stant, the vapor plume travels a longer distance while the number of
spatters decreases in helium, as illustrated in Fig. 8A and C. The change
in divergence angle is not significant, however, powder denudation is
recorded to be greater in helium as the drag force is stronger in helium.
Based on the study, it is suggested that the modulation of ambient
pressure and the right choice of ambient gas could help mitigate powder
spattering and denudation. Therefore the controlled spattering and
denudation will help reducing the defects in PBF-LB including lack of
fusion, melting/solidified spatters, and unexpected pores; subsequently
improving the quality of additively manufactured parts.

4. Conclusion

An improved transient Thermal-Fluid-Evaporation model coupling
melt pool dynamics and gas kinetics is developed to analyze the vapor-
induced flow and the resulting powder entrainment during PBF-LB. In-
situ observations including X-ray and Schlieren imaging in the current
study are reused from the literatur to assist the investigation. Funda-
mental conclusions could be summarized as follows.

(1) In1 atm argon, a vapor plume is directly generated from the melt
pool. The velocity magnitude is up to ~ 200 m/s with mushroom
head and conical-structure core area (plume concentration >60
%). Vapor-induced gas flow is driven by the shear stress between
the vapor plume and shielding gas, and its velocity magnitude is
about 10 m/s.

In 1 atm helium, the peak velocity of vapor plume is around
200 m/s with the same structure as that in 1 atm argon, but it
travels a much longer distance and is diluted faster. The peak
velocity of vapor-induced gas flow increases to 30 mm/sin 1 atm
helium as its relative atomic mass is much smaller.
Vapor-plume flow acts within ~ one milimeter directly above the
melt pool, while the vapor-induced gas flow acts at the areas
away from melt pool and flows towards melt pool. The drag force
for powder entrainment generated by vapor-plume flow is much
greater than that from vapor-induced gas flow. The spatters are
found around plume head but the denudation is observed at the
region where vapor-inudced gas flow occurs. It is further
concluded that vapor plume flow significantly results in powder
spattering with much higher speed , while the vapor-induced gas
flow is the main contributor to powder denudation with lower
speed.

In 1 atm argon, more spatters are observed because the drag force
for spattering is 2.72 times larger in 1 atm argon, but the powder
denudation is greater in 1 atm helium as the ratio of drag force for
denudation in 1 atm argon to that in 1 atm helium is only 0.582.
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(5) The vapor plume induces more spatters in 0.05 atm argon as the
plume is diluted faster with a twofold wider plume head and the
two times higher peak velocity as a result of the pressure drop-
induced significant reduction of viscosity restriction. The di-
vergency angle in 0.05 atm argon is larger than that in 1 atm
argon for the weaker restriction and faster dilution. Therefore,
higher ambient pressure and helium as the shielding gas are po-
tential approaches to mitigate spattering and denudation in PBF-
LB.
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