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A B S T R A C T

Inconsistent product quality is one of the major bottlenecks hindering the widespread adoption of laser powder
bed fusion (LPBF) additive manufacturing technology in various industries. A vital source of the inconsistency is
the defect caused by the powder spattering and entrainment in the melting process. However, the mechanisms
of defect formation remain elusive due to the highly-dynamic nature of multiphase flow. Here we develop
a multi-physics simulation model, together with experiment validations, to simultaneously elucidate the gas,
melt pool and particle dynamics in the melting process. The high-fidelity simulations successfully uncover the
mechanisms of defect formation. In particular, the large agglomeration induced by the hot spatter coalescence
can probably induce lack-of-fusion and porosity defects. The powder entrainment can probably cause particle
inclusion defects in multi-material LPBF. Moreover, the momentum of entrained particles can alter the flow
field at the melt pool tail. Under the guidance of simulation, we propose the criterion of defect generation in
the melting process, which is beneficial to the real-time detection and mitigation of defects. The deep insights
into the defects caused by powder spattering and entrainment provide valuable guidance for improving the
consistency of LPBF parts.
1. Introduction

The recent decade has witnessed the remarkable development of
metal additive manufacturing (AM) toward a manufacturing technol-
ogy for end-use components [1–3]. As a prevalent AM technique, laser
powder bed fusion (LPBF) offers a promising pathway to produce
bespoke parts with complex structures and multiple functionalities [4–
6]. However, a longstanding issue for LPBF is the inconsistent product
quality. Despite enormous efforts of optimizing primary processing
parameters (e.g., laser power, scan speed and hatching pattern), LPBF
parts still exhibit inconsistent qualities under the optimized primary
processing parameters, which hinders the widespread adoption of LPBF
in various industries such as the automotive, aviation and nuclear
energy industries [7,8].

A vital source of inconsistent product quality is the defect caused
by powder spattering and entrainment in the melting process [9,10].
As the laser irradiates on the surface of metallic material, the localized
laser heating triggers intensive metal evaporation and produces a high-
speed vapor jet. The powder particles near the vapor jet are rapidly
blown up to form spatters. Meanwhile, the ambient gas is pushed
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toward the vapor jet region and causes powder entrainment [11,12].
Previous studies have found the re-deposition of spatters on the powder
bed can significantly increase the lack-of-fusion and porosity defects
in the LPBF parts [13–16]. These defects are difficult to eliminate by
optimizing the primary processing parameters. Moreover, the specific
positions of these defects are hard to predict due to the highly dynamic
nature of powder flow. This is quite different with the defects that are
determined by the primary processing parameters, such as the lack-of-
fusion defects caused by the large hatch spacing [9]. The complexity
of defects caused by powder spattering and entrainment poses sig-
nificant challenges to investigating the defect formation mechanisms
with experimental techniques. The state-of-the-art in-situ monitoring
techniques, such as the high-speed optical and X-ray imaging tech-
niques, have achieved great success in observing the vapor, particle
and melt pool dynamics in the melting process [11,17–21]. However,
the formation process of defects caused by powder spattering and
entrainment is still difficult to capture due to limitations of imaging
systems.
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On the other hand, numerical simulation is becoming a powerful
ool to reveal the multiphase dynamics in the melting process. Previous

studies mainly applied the Discrete Element Method (DEM) to simulate
the powder spreading process [22] and the generated powder bed
was transferred to the Computational Fluid Dynamic (CFD) model to
simulate the melt pool dynamics. A wide range of physical phenomena
have been reproduced by CFD models, such as balling effect [23],
keyhole pore generation [24,25], vapor ejection [26] and liquid spat-
ering [27]. However, due to the decoupling of CFD and DEM models,
hese simulation models cannot reproduce the motion of powder parti-
les in the melting process. Recently, a few researchers have developed
FD–DEM coupling models to simultaneously reproduce the gas, melt
ool and particle dynamics, which provide important insights into the

multiphase flow at the beginning of melt track [28–30]. Nevertheless,
the lack of some fluid–particle interactions (e.g., wetting effect) causes
bnormal particle motion in these CFD–DEM models, making them
ifficult to elucidate the defects caused by powder spattering and
ntrainment.

In the present work, we develop a CFD–DEM-CALPHAD coupling
odel to simultaneously reveal the gas, melt pool and particle dynam-

cs in single- and multi-material LPBF process. Our model is validated
gainst the in-situ and post-processing experiments with different mate-
ials and processing parameters. Through high-fidelity simulations, we

clearly elucidate formation mechanisms of defects induced by powder
spattering and entrainment. Under the guidance of simulations, we
propose the criterion of defect generation in the melting process, which
is beneficial to the real-time detection and mitigation of defects caused
by powder spattering and entrainment. Our work provides valuable
guidance for improving the consistency of LPBF parts.

2. Methodology

2.1. CFD model: fluid dynamics

In this study, the mixture fluid model is employed to model the
transport of different elements in liquid and gas phases [31]. The basic
ssumptions of the CFD model are listed as follows:

(I) The liquid and gas are assumed to be incompressible Newtonian
fluid.
(II) The mass diffusion of chemical elements in the melt pool is minor
and thus ignored.
(III) The influence of vapor plume on laser propagation is not consid-
red in the present work. These assumptions are justified and discussed
n the supplementary materials.

The mass equation of element 𝑘 is:
𝜕 𝐶𝑘
𝜕 𝑡 + ∇ ⋅ (𝐶𝑘𝑈⃗ ) = 𝑚̇𝑘 (1)

where 𝑈⃗ = (𝑈1, 𝑈2, 𝑈3) is the fluid velocity. 𝐶𝑘 is the mass concentra-
tion of element 𝑘 (unit: kg/m3). 𝑚̇𝑘 is the mass source of element 𝑘
e.g., vapor ejection due to evaporation). The momentum equation is:
𝜕(𝜌𝑈⃗ )
𝜕 𝑡 + ∇ ⋅ (𝜌𝑈⃗𝑈⃗ ) = ∇ ⋅ 𝑺 + 𝜌 ⃗𝑔 +

∑

𝑘 𝑚̇𝑘𝑢𝑘 (2)

where 𝜌 =
∑

𝑘 𝐶𝑘 is the density of fluid. 𝑔 is gravitational acceleration
nd 𝑢𝑘 is the velocity of mass source of element 𝑘. 𝑺 is the stress tensor
f fluid, which is given as:

𝑆𝑖𝑗 = −
(

𝑝 + 2
3
𝜇∇ ⋅ 𝑈⃗

)

𝛿𝑖𝑗 + 𝜇
(

𝜕 𝑈𝑖
𝜕 𝑥𝑗

+
𝜕 𝑈𝑗

𝜕 𝑥𝑖

)

𝑖, 𝑗 ∈ 1, 2, 3 (3)

where 𝑝 is the pressure, 𝛿𝑖𝑗 is the Kronecker delta function and 𝜇 is the
dynamic viscosity of fluid. In the present work, 𝜇 is calculated based
n the mole fraction average of those of the elements. To model the
ffect of solidification on fluidity, a constant finite viscosity much larger
2 
than that of the liquid phase is assigned to the solid phase. The thermal
energy equation is:
𝜕(𝜌𝐼𝑓 )
𝜕 𝑡 + ∇ ⋅ (𝜌𝐼𝑓 𝑈⃗ ) = −𝑝(∇ ⋅ 𝑈⃗ ) + ∇ ⋅ (𝐾∇𝑇 ) +

∑

𝑘
𝑚̇𝑘𝐼𝑘 +𝑄𝑓 (4)

where 𝐼𝑓 is the internal energy of fluid and 𝐼𝑘 is the internal energy
f the element 𝑘 from mass source. 𝑇 and 𝐾 are the temperature
nd thermal conductivity of fluid, respectively. 𝑄𝑓 is the heat source
nergy absorbed by fluid. In the present study, the ray tracing model
s implemented to trace the laser propagation [32]. The laser beam is

subdivided into a series of rays, and the absorptivity of each ray at
each reflection is calculated by the Fresnel equation. The equivalent
refractive index of material containing multiple elements is calculated
by Maxwell–Garnett mixing formula [33]. The volume of fluid (VoF)
method is applied to track the free surface of melt pool [34]:
𝜕 𝐹
𝜕 𝑡 + ∇ ⋅ (𝐹𝑈⃗ ) =

∑

𝑘

𝑚̇𝑘
𝜌𝑘

(5)

where 𝐹 is the volume fraction of liquid, and 𝜌𝑘 is the bulk density of
element 𝑘.

The accurate modeling of vapor ejection during evaporation is
ssential to reproduce the multiphase dynamics in the melting process.
n the present work, the evaporation model developed in our previous
tudy is incorporated to quantitatively reproduce the mass, momentum
nd energy fluxes of vapor jet [35]. The flow structure near the liquid–
as interface are shown in Fig. 1. The mass, momentum and energy
ources carried by evaporated element 𝑘 are given as:
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑚̇𝑘 =
𝐴𝑙
𝑉𝑔

𝜌3,𝑘𝑢3,𝑘

𝑚̇𝑘𝑢𝑘 =
𝐴𝑙
𝑉𝑔

(𝜌3,𝑘𝑢23,𝑘 + 𝜌3,𝑘𝑅3,𝑘𝑇3,𝑘)𝑛

𝑚̇𝑘𝐼𝑘 =
𝐴𝑙
2𝑉𝑔

𝜌3,𝑘𝑢3,𝑘(𝑢23,𝑘 + 5𝑅3,𝑘𝑇3,𝑘)

(6)

where 𝐴𝑙 is the area of local melt pool surface and 𝑉𝑔 is the volume
f gas phase in the mesh cell. The term 𝐴𝑙∕𝑉𝑔 in Eq. (6) is to convert
he surface flux to the volumetric source. 𝑛 is the unit normal vector
utward the liquid surface. 𝜌3,𝑘, 𝑢3,𝑘, 𝑅3,𝑘 and 𝑇3,𝑘 are the density,

velocity, gas constant and temperature of vapor at region III shown in
Fig. 1 respectively, which are calculated based on the temperature of
local melt pool surface and pressure/temperature of ambient gas.

For the force boundary conditions on the free surface of melt pool,
the recoil pressure (𝑓𝑟𝑒𝑐), Laplace pressure (𝑓𝑙), Marangoni force (𝑓𝑡)
and wetting force (𝑓𝑤) are considered, which are given as:
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑓𝑟𝑒𝑐 = −∑

𝑘(𝜌3,𝑘𝑢
2
3,𝑘 + 𝜌3,𝑘𝑅3,𝑘𝑇3,𝑘)𝑛

𝑓𝑙 = 𝛾 𝜅 ⃗𝑛
𝑓𝑡 = − d𝛾

d𝑇
[▿𝑇 − (▿𝑇 ⋅ 𝑛)𝑛]

𝑓𝑤 = 𝛾𝑙 𝑔(cos𝜃 − cos𝜃𝑒)𝑡⃗

(7)

𝑓𝑟𝑒𝑐 is essentially the anti-momentum flux caused by the vapor ejec-
tion [35]. 𝑓𝑙 is induced by the local interface curvature (𝜅). In the
present work, the parabolic fitting plus the height function method
is applied to calculate 𝜅 [36]. 𝛾 = 𝛾0 − d𝛾

d𝑇 (𝑇 − 𝑇0) is the interface
energy, where 𝛾0 is interface energy at temperature 𝑇0 and d𝛾

d𝑇 is
he temperature sensitivity [37]. The wetting force model is used to
eproduce the wetting effect at the three-phase interface [38]. 𝑡⃗ is the
nit vector normal to the local contact line within the tangential plane

of powder particle. 𝜃 and 𝜃𝑒 are the current and equilibrium contact
angle on the gas-liquid–solid interface, given as:
⎧

⎪

⎨

⎪

cos𝜃𝑒 =
𝛾𝑠𝑔 − 𝛾𝑠𝑙

𝛾𝑙 𝑔
cos𝜃 = −𝑛 ⋅ 𝑛𝑝

(8)
⎩
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Fig. 1. Schematic diagram of gas flow structure in the evaporation model [35]. The red box on the left shows the detailed structure of the Knudsen layer above the melt pool
surface (region IV). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
where 𝑛𝑝 is the unit normal vector outward the surface of solid particle.
𝛾𝑠𝑔 , 𝛾𝑠𝑙 and 𝛾𝑙 𝑔 are the solid–gas, solid–liquid and liquid–gas interface
energy, respectively. In the present work, the influence of surface
texture of powder particle on the wettability is not incorporated. The
thermal boundary condition is given as:

−𝐾▿𝑇 ⋅ 𝑛 = ℎ𝑙 𝑔(𝑇 − 𝑇𝑎) + 𝜖 𝛿𝑠(𝑇 4 − 𝑇 4
𝑎 ) +

∑

𝑘
𝑚̇𝑘𝐿𝑣,𝑘 (9)

where ℎ𝑙 𝑔 is the convective heat transfer coefficient between liquid and
gas phases, 𝛿𝑠 is the Stefan–Boltzmann constant, 𝜖 is the emissivity
factor and 𝑇𝑎 is the ambient temperature. 𝐿𝑣,𝑘 is the latent heat of
evaporation of the element 𝑘. In the present work, the oxidation of melt
is not incorporated in the simulation model.

2.2. DEM model: powder dynamics

The DEM model is employed to reproduce the dynamics of powder
particle in the melting process. To save the computational cost, the
rotation of particle is not incorporated in the model, as it does not make
much difference in the particle trajectory. The governing equation of
particle translation is:
𝑚𝑝𝑎𝑝 = 𝐹𝑔 + 𝐹𝑓 + 𝐹𝑤 +

∑

𝐹𝑐 (10)

where 𝑚𝑝 and 𝑎𝑝 are the mass and acceleration of the particle. 𝐹𝑔 , 𝐹𝑤,
𝐹𝑓 and ∑

𝐹𝑐 are the gravity, wetting force, fluid drag force and contact
forces, respectively. The wetting force on the particle is given as:

𝐹𝑤 = −∮𝐿
𝑓𝑤𝑑 𝐿 = −∮𝐿

𝛾𝑙 𝑔(cos𝜃 − cos𝜃𝑒)𝑡⃗𝑑 𝐿 (11)

where 𝐿 is the rim of contact line. 𝐹𝑓 contains the undisturbed fluid
force (𝐹𝑢), steady-state drag force (𝐹𝑑) and apparent mass force (𝐹𝑎),
given as [39,40]:
⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝐹𝑢 =
1
𝑁

𝑁
∑

𝑖=1

𝑚𝑝

𝜌𝑝
∇ ⋅ 𝑺

𝐹𝑑 = 1
𝑁

𝑁
∑

𝑖=1

𝐶𝑑𝜌𝜋 𝑟2𝑝
2

|𝑈⃗ − 𝑢𝑝|(𝑈⃗ − 𝑢𝑝)

𝐹𝑎 =
1
𝑁

𝑁
∑

𝑖=1

𝑚𝑝

2

(

d𝑈⃗
d𝑡

−
d𝑢𝑝
d𝑡

)

(12)

where 𝜌𝑝, 𝑟𝑝 and 𝑢𝑝 are the density, radius and translational velocity of
the particle, respectively. 𝑁 is the number of mesh cells occupied by
the particle. 𝐶𝑑 is the drag force coefficient, which is given as:

𝐶𝑑 = 24 + 6
√

+ 0.4, 𝑅𝑒𝑝 =
2𝜌𝑟𝑝|𝑈⃗ − 𝑢𝑝| (13)
𝑅𝑒𝑝 1 + 𝑅𝑒𝑝 𝜇

3 
The value of 𝐶𝑑 in Eq. (13) matches well with experiment results when
the Reynolds number of fluid is smaller than 3 × 105 [39]. The anti-
force −𝐹𝑓 is added in corresponding CFD mesh cells to represent the
influence of powder particle on fluid flow. For the particles in contact
(i.e., the distance between the centers of two particles are smaller
than the summation of their radius), the linear spring-damping contact
model is applied to calculate ∑

𝐹𝑐 on the particle. The details about the
contact forces can be found in our previous study [41].

The thermal energy equation for each powder particle is:
d𝐼𝑝
d𝑡

= 𝑄𝑝𝑓 +𝑄𝑙 (14)

where 𝐼𝑝 is the internal energy of particle. 𝑄𝑝𝑓 is the convective heat
transfer between fluid and solid particle:

𝑄𝑝𝑓 = 4𝜋 𝑟2𝑝ℎ𝑝𝑓 (𝑇 − 𝑇𝑝) (15)

where 𝑇𝑝 is the temperature of particle. ℎ𝑝𝑓 is convective heat transfer
coefficient between fluid and particle, which is evaluated based on
the Nusselt number correlations for solid sphere at the external fluid
flow (different for gas and liquid flow) [42]. −𝑄𝑝𝑓 is added in corre-
sponding CFD mesh cells to represent the heat transfer from particle
to fluid. 𝑄𝑙 is the laser energy absorbed by particle. To accurately
model the interactions between particle and fluid/laser, the volume
fraction of each particle in CFD mesh is calculated to reconstruct the
surface of particle [43]. If the temperature of particle is above the
liquidus temperature, the particle is replaced by a liquid droplet in the
computational domain with the same mass, momentum and internal
energy.

2.3. CALPHAD model: metallurgical reaction

The calculation of phase diagrams (CALPHAD) model is established
to incorporate the metallurgical reactions among different feedstocks
during the multi-material metal AM process. The basic assumptions are
listed below and justified in the supplementary materials:

(I) The direction of local metallurgical reaction is toward the local
equilibrium state.
(II) The characteristic time of local metallurgical reaction is close to or
smaller than that of fluid convection.
(III) The material properties in each CFD mesh represent the average
material properties of all phases within the mesh.

Under the above assumptions, the liquidus temperature of met-
allurgical products are identical with that in equilibrium state. The
heat release caused by enthalpy of mixing (𝛥𝐻) is incorporated in the
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simulation by the following method. In the present work, we choose
he standard state (𝑇𝑠𝑡𝑎 = 273.15 K, 𝑃𝑠𝑡𝑎 = 105 Pa) as reference state.
he relationship between temperature 𝑇 and internal energy 𝐼𝑓 (𝑋⃗ , 𝑇 )
re:
{

𝐼𝑓 (𝑋⃗ , 𝑇 ) = 𝜌𝐻(𝑋⃗ , 𝑇 )∕𝑀𝑓 (𝑋⃗)

𝐻(𝑋⃗ , 𝑇 ) = 𝐻(𝑋⃗ , 𝑇𝑠𝑡𝑎) + ∫ 𝑇
𝑇𝑠𝑡𝑎

𝐶𝑝(𝑋⃗ , 𝑇 )𝑑 𝑇 + 𝑓𝑙(𝑋⃗ , 𝑇 )𝐿𝑚(𝑋⃗)
(16)

where 𝑀𝑓 (𝑋⃗) and 𝐻(𝑋⃗ , 𝑇 ) are the molar mass and specific enthalpy of
material with chemical composition of 𝑋⃗, respectively. 𝑋⃗ = (𝑋1, 𝑋2,… ,
𝑋𝑛) is the mole fraction vector, where 𝑋𝑘 is the mole fraction of element
𝑘. Since we choose the standard state as reference state, 𝐻(𝑋⃗ , 𝑇𝑠𝑡𝑎)
equals to the standard enthalpy of formation. 𝐶𝑝(𝑋⃗ , 𝑇 ) is the specific
heat capacity and 𝐿𝑚(𝑋⃗) is the latent heat of fusion. 𝑓𝑙(𝑋⃗ , 𝑇 ) is the
liquid phase fraction, which is zero when 𝑇 is below the solidus
temperature 𝑇𝑠(𝑋⃗) and unit when 𝑇 is above the liquidus temperature
𝑇𝑙(𝑋⃗).

At the beginning of each computational time step, the temperature
of material after the reaction is calculated based on the internal energy
of material and the enthalpy of reactants/products. From Eq. (16),
the temperature of material increases when the overall enthalpy of
roducts is smaller than that of reactants. In this way, the temperature
ncrease due to 𝛥𝐻 is incorporated in the simulation without additional
omputational cost. The method ensures that the internal energy of
luid is conservative before and after the reaction. Note that the reac-
ions occurring in solidified region is not considered in present work,
ince the reaction rate in solid state is much lower than that in the melt

pool.
In this study, 𝐻(𝑋⃗ , 𝑇 ), 𝑇𝑠(𝑋⃗), 𝑇𝑙(𝑋⃗) and other thermophysical prop-

erties of materials with various chemical compositions are obtained
through the CALPHAD method with the thermodynamic database of the
corresponding alloy system. Generally, the thermodynamic database
comprises the Gibbs energy 𝐺 of all phases in the alloy system and other
thermodynamic quantities can be evaluated from 𝐺. For example, the
relationship between 𝐺(𝑋⃗ , 𝑇 ) and 𝐶𝑝(𝑋⃗ , 𝑇 ) is:

𝐶𝑝(𝑋⃗ , 𝑇 ) = −𝑇
(

𝜕2𝐺(𝑋⃗ , 𝑇 )
𝜕 𝑇 2

)

𝑃
(17)

Here we take Ni-Ti system for example to illustrate the procedure
f calculating the thermodynamic quantities. The Gibbs energy data
s obtained from NIMS thermodynamic database, where 𝛾-Ni, Ni3Ti,
iTi, NiTi2, 𝛼-Ti, 𝛽-Ti and liquid phases are included [44]. The Gibbs
nergy of solid solution and liquid phase are modeled with the random

substitutional solution model [45]:

𝐺𝜙
𝑚 =

2
∑

𝑖=1
𝑋𝑖

𝑜𝐺𝜙
𝑖 + 𝑅𝑇

2
∑

𝑖=1
𝑋𝑖ln𝑋𝑖 +𝑋1𝑋2𝐿

𝜙
12 (18)

where 𝑋1 and 𝑋2 represent the mole fractions of Ni and Ti, respectively.
𝐺𝜙
𝑖 is the Gibbs energy of the element 𝑖 in the structural state 𝜙. 𝐿𝜙

12
ccounts for the contribution of chemical composition on Gibbs energy,
hich is usually fitted with Redlich–Kister polynomial:

𝐿𝜙
12 =

𝑛
∑

𝑘=1

𝑘𝐿𝜙
12(𝑋1 −𝑋2)𝑘 (19)

The temperature dependence of 𝑘𝐿𝜙
12 is written as:

𝑘𝐿𝜙
12 =

𝑘𝐴𝜙
12 +

𝑘𝐵𝜙
12𝑇 (20)

where 𝑘𝐴𝜙
12 and 𝑘𝐵𝜙

12 are the coefficients related to the material prop-
rties.

The compound-energy formalism (CEF) is applied to calculate the
Gibbs energy of compound phases [45]. For Ni-Ti system, two-
sublattice model (𝐴, 𝐵)𝑠1 (𝐶 , 𝐷)𝑠2 is applied for NiTi, Ni3Ti and NiTi2
phases, where the subscripts 𝑠1 and 𝑠2 are the site numbers of two
sublattices, 𝐴 and 𝐵 are the compositions (e.g. metal element or
acancy) on the first sublattice and 𝐶 and 𝐷 are the compositions on the
second sublattice. The Gibbs energy for the compound phase is given c

4 
as:
𝐺𝜙
𝑚 = 𝑦1𝐴𝑦

2
𝐶
𝑜𝐺𝜙

𝐴∶𝐶 + 𝑦1𝐴𝑦
2
𝐷
𝑜𝐺𝜙

𝐴∶𝐷 + 𝑦1𝐵𝑦
2
𝐶
𝑜𝐺𝜙

𝐵∶𝐶 + 𝑦1𝐵𝑦
2
𝐷
𝑜𝐺𝜙

𝐵∶𝐷

+𝑅𝑇 [𝑠1(𝑦1𝐴ln𝑦
1
𝐴 + 𝑦1𝐵 ln𝑦

1
𝐵) + 𝑠2(𝑦2𝐶 ln𝑦

2
𝐶 + 𝑦2𝐷ln𝑦

2
𝐷)]

𝑦1𝐴𝑦
1
𝐵(𝑦

2
𝐶𝐿

𝜙
𝐴,𝐵∶𝐶 + 𝑦2𝐷𝐿

𝜙
𝐴,𝐵∶𝐷) + 𝑦2𝐶𝑦

2
𝐷(𝑦

1
𝐴𝐿

𝜙
𝐴∶𝐶 ,𝐷 + 𝑦2𝐷𝐿

𝜙
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(21)

where 𝑜𝐺𝜙
𝐴∶𝐶 is the Gibbs energy of the compound 𝐴𝑠1𝐶𝑠2 in the

tructural state 𝜙. 𝑦1𝐴 is the site fraction of 𝐴 on the first sublattice.
𝜙
𝐴,𝐵∶𝐶 is the excess Gibbs energy arising from interactions between 𝐴
nd 𝐵 on the first sublattice when the second sublattice is only occupied
y 𝐶. The meanings of other variables in Eq. (21) are similar to those

explained above. In this study, Ni3Ti, NiTi and NiTi2 are modeled
as (Ni,Ti)0.75(Ni,Ti)0.25, (Ni,Va)0.5(Ni,Ti)0.5 and (Ni)0.33(Ti)0.67 respec-
tively, where Va represents the vaccancy defect. The phase fraction
nd 𝐺(𝑋⃗ , 𝑇 ) are then calculated based on the minimal Gibbs energy

principle, and other thermophysical properties, such as 𝐻(𝑋1, 𝑇 ), can
e calculated based on the phase fraction and 𝐺(𝑋⃗ , 𝑇 ).

2.4. Experiment and simulation setup

The NiTi powder (from Avimetal Powder Metallurgy Technology
td) and Ti powder (from Jiangsu Weilali New Material Technology

Ltd) are produced with gas atomization technique. The diameters of
both powders range from 20 μm (D10) to 50 μm (D90) with the median
diameter around 35 μm (D50). The LPBF samples are built with a BLT-
A160 LPBF machine. The wavelength of the Gaussian profile beam is
around 1060 nm. To ensure that the single-track results can represent
the actual processing condition, the powder layer thickness is set as 70
μm, which is around twice of the nominal powder layer thickness in
typical LPBF process (suppose the apparent densities of powder layers
are around 50% of their bulk densities). The element distribution in
he melt tracks is characterized by energy-dispersive X-ray spectroscopy
Oxford X-Max) and electron probe microanalysis (JXA8230, JEOL).

The powder layer in the simulation is generated by modeling a
rake being pushed over a powder bed using the DEM method [22].
The mesh cells in the computational domain is shown in Fig. 2. The
tructural Eulerian meshes with the sizes of 6 μm are adopted in the
ine mesh region to capture the major physical phenomena, where X, Y
nd Z represent the scan, transverse and build directions respectively.
oarse meshes are extended from the fine-mesh region along X, Y,
nd Z directions to ensure that the vapor jet can smoothly flow out
f the computational domain without abnormal wave reflection. The
omputation time for a simulation case with 4 million meshes and 2 ms
hysical time is about 7 days on a desktop with an Intel i9-12900K
PU. The material properties and numerical schemes of simulations
re provided in supplementary materials.

In the practical manufacturing process, a laminar inert gas flow over
he build plate (i.e., cross-flow) is usually applied to remove the by-
roducts. The speed of cross-flow is usually around 1–2 m/s, which is
uch smaller than the velocity of gas flow in the fine mesh region of

imulation domain (Fig. 3a1–a2). Therefore, the particle motion near
he melt pool is barely influenced by the cross-flow. The experimental
tudies also demonstrated that the powder spattering and entrainment
ear the melt pool are quite similar under different flow rates of cross-

flow [17,46]. The cross-flow plays an important role only when the
spatters re-entry the cross-flow stream in the free-falling stage [17,46,
47]. In other words, the cross-flow mainly determines the positions
of redeposited spatters on the building plate. Since the present work
mainly focuses on mechanisms of defect formation, here we ignore
the cross-flow in the simulations. Future studies can incorporate the
ross-flow in the simulation without additional technique issue.
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Fig. 2. Schematic diagram of computational domain and mesh. (a) Fine mesh region with the mesh size of 6 μm. (b) Entire computational domain, including the fine meshes and
surrounding coarse meshes. The mesh lines are marked by blue lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
3. Result and discussion

3.1. Gas and particle dynamics in the melting process

Fig. 3a series show the melt pool, gas and particle dynamics during
LPBF of 316L stainless steel. The vaporized metals form a high-speed
and high-temperature vapor jet. Meanwhile, the pressure drop inside
the vapor jet pushes the ambient gas to move toward the vapor jet
region (Fig. 3a1–a2). The difference of gas flow fields under different
processing parameters is mainly determined by the geometry and tem-
perature distribution of depression zone (i.e., the cavity in the melt pool
induced by the recoil pressure). For example, the laser beam is incident
on the front wall of depression zone under the scan speed of 1.0 m/s, as
shown in Fig. 3b1. This causes the laser energy to accumulate on the
front wall of depression zone and thus produces the backward vapor
ejection. As the scan speed decreases to 0.1 m/s, the laser beam is
incident on the bottom and rear walls of the depression zone, causing
the forward ejection of vapor shown in Fig. 3b2. The change of vapor
jet direction and energy accumulation position with scan speed is also
observed by the in-situ optical imaging and melt pool simulations in the
previous studies [11,12]. We should note that the vapor jet direction
described above is the statistical average over a time period (around
1 ms), but not the transient behavior. The gas flow field in multi-track
scanning is similar with that in single-track scanning, except that the
vapor jet is deviated from XZ plane due to the overlap between adjacent
melt tracks.

The particle flow field is similar with the gas flow field. As shown in
Fig. 3a3, the particles close to the vapor jet are rapidly blown away to
form spatters, while those far from the vapor jet tend to be entrained
to the vapor jet region. For multi-track scanning, the particle flow is
similar with that in single-track scanning, except that the particles can
only be entrained from one side of the melt track. The vapor and
particle dynamics in simulations are consistent with the high-speed
schlieren imaging results under the same processing conditions (no
cross-flow), as shown in Fig. 3b and c series, which demonstrate the
accuracy of our simulation model. More details about the simulation
results are show in the supplementary videos. The velocities of spatters
and entrained particles are around 4–12 m/s and 0–2 m/s respectively,
which also agrees well with in-situ experiment measurements [12].
5 
3.2. Defects induced by powder spattering

The large agglomeration induced by hot spatter coalescence can
probably induce lack-of-fusion and porosity defects. Hot spatters (i.e.,
spatter with temperature higher than liquidus temperature) mainly
originate from the melted powder particles during the melting process.
As shown by the dashed circles in Fig. 4a series, when the powder
particles are entrained to the vapor jet region, they are rapidly heated
up from around 500 K to the liquidus temperature within 100 μs. The
melted particles are then blown up by the high-speed vapor jet and
become hot spatters (Type I). Some of the melted particles (particle 1
and 2 in Fig. 4b1–b2) merge with the head of melt pool and form a
liquid protrusion. The liquid protrusion then breaks up into several hot
spatters by the impact of high-speed vapor flow, as shown in Fig. 4b3–
b5 (Type II). In addition, the melt pool fluctuation can produce hot
spatters. As marked by the red circles in Fig. 4c series, the vapor jet
blows up the liquid at the rear wall of the depression zone to form
liquid protrusion. When the kinetic energy of liquid protrusion is large
enough to overcome the surface tension force, the liquid protrusion
can escape the melt pool and become hot spatters (Type III). Such
kind of hot spatter is also observed in the high-speed X-ray imaging
experiments [48]. According to the simulation results, around 70% of
hot spatters belongs to Type I, 20% of hot spatters belongs to Type II
and 10% of hot spatters belongs to Type III.

The hot spatters can further coalesce to form large agglomerations.
As marked by the black dashed circles in Fig. 5a1–a2, the hot spatter
at the top is pushed downward by recoil pressure to merge with an
upward hot spatter and form a hot agglomeration. The hot agglomer-
ation is then blown up and coalesce with other airborne hot spatters,
which increases the size to around 100 μm (Fig. 5a3–a5). The ultra-
fast X-ray images also captured the hot agglomeration induced by the
coalescence of hot spatters (Fig. 5d1–d3). The size of hot agglomeration
further increases after it falls on the powder bed. As shown in Fig. 5b
series, when the hot agglomeration falls on the powder bed, several
powder particles are bound with the hot agglomeration through the
wetting effect, causing a deposited agglomeration with satellite shape.
The high-speed optical images shown in Fig. 5e1–e2 also capture the
formation of deposited agglomeration when the hot agglomeration
falls on the powder bed. In subsequent melting process, the deposited
agglomeration can be remelted and blown away to become hot spatters
again, as shown in Fig. 5c series. The continuous coalescence of hot
spatters can produce the agglomeration tens of times larger than the
raw powder. For example, the diameter of agglomeration shown in
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Fig. 3. Multiphase flow in the melting process. (a) Gas, melt pool and particle flow. The laser power is 150 W, scan speed is 0.3 m/s and laser diameter is 80 μm. (a1–a2) show
the top and side views of gas and melt pool flow, respectively. The powder particles are hidden for better visualization. (a3) shows the temperature and velocity fields of powder
particle. (b) Multiphase flow in simulations under different processing parameters. (b1) The laser power is 200 W, scan speed is 1.0 m/s and laser diameter is 50 μm. (b2) The
laser power is 50 W, scan speed is 0.1 m/s and laser diameter is 50 μm. The pictures in the black dashed boxes show the temperature profiles of depression zones, where the black
dashed lines mark the melt pool boundaries. The orange boxes mark the laser beam. (c) High-speed schlieren imaging results. The processing conditions are identical with those
in (b). Pictures are reprinted with permission from [17], Copyright Elsevier (2018). The material is 316L stainless steel in all cases. In all the simulation results, the gas phase is
set as transparent and only represented by velocity vectors for better visualization. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 5e2 is around 20 times larger than the mean diameter of raw
powder. Although the cross-flow system in current LPBF equipment
helps to remove the airborne spatters and vapor plume, the hot spatters
and resultant large agglomeration cannot be fully avoided during the
melting process [46].

The number of hot spatters and large agglomerations formed in
the melting process is influenced by the processing parameters. For
example, increasing the input energy can generate a stronger vapor jet
and heat the powder particles more rapidly, thus producing more hot
spatters and large agglomerations. Reducing the scan speed increases
the number of hot spatters generated per unit scanning length, which
facilitates the formation of large agglomerations. The properties of
powder bed also play important roles. Powder particles with smaller
sizes and lower density are more easily melted and blown away to form
hot spatters. This is also demonstrated by the in-situ X-ray experiments
with Al6061 and TC4 powders under similar processing conditions [19,
21]. Increasing the thickness of powder bed increases the number of hot
spatters and thus produces more large agglomerations.

The defect appears when the large agglomeration enters the range
of laser beam. As shown in Fig. 6a series, the airborne agglomeration
above the depression zone produces a shadowed region on the rear
wall and part of the front wall of the depression zone (black box in
Fig. 6a2). The temperature of shadowed region drastically falls below
the boiling temperature, making the recoil pressure decrease to zero.
6 
The fluid at the rear wall of depression zone then moves forward and
forms a forward protrusion, as marked by the black arrow in Fig. 6a2–
a3. Meanwhile, a mini depression zone forms in the unshadowed region
at the front wall of the depression zone (orange box in Fig. 6a2). The
deepening of mini depression zone produces a backward protrusion
at its left side, as marked by orange arrow in Fig. 6a2. The forward
and backward protrusions continuously elongate and eventually merge
to form a temporary gas pore (Fig. 6a3–a4). Due to the decrease of
recoil pressure, the liquid velocity in the shadowed region is lower
than that in the normal state. Moreover, the temperature drop at
the surface of shadowed region decreases the thermocapillary force
on the gas pore [49]. Therefore, unlike the keyhole pore caused by
the overheating [18], the temporary gas pore mainly oscillates at its
position of generation. After the airborne agglomeration exits the range
of laser beam, the depression zone gradually recovers to the normal
state (Fig. 6a5–a6). However, the temporary gas pore is captured by
the solidification front and becomes a gas pore defect in the melt track
(Fig. 6a6).

Similar phenomena occur when the large agglomeration is de-
posited on the powder bed. As shown in Fig. 6b1–b3, as the laser
irradiates on the deposited agglomeration, a forward protrusion at the
rear wall of depression merges with the front wall of depression and
generates a large gas pore. The depression zone remains in an abnormal
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Fig. 4. Formation of hot spatters. (a) Hot spatters caused by the ejection of melted powder particles (Type I). The powder particles marked by blue, red and purple dashed circles
are first entrained to the vapor jet region, then melted by laser irradiation, and finally blown away to form hot spatters. (b) Hot spatters caused by the breakage of the liquid
protrusion (Type II). The melted powder particle (particle 1 and 2) merges with the head of melt pool and forms a liquid protrusion. The liquid protrusion then breaks into
several hot spatters by the impact of high-speed vapor flow. (c) Hot spatters induced by the melt pool fluctuation (Type III). The liquid at the rear wall of the depression zone
is blown up and ripped by the vapor flow, causing hot spatters. (d1) Schematic diagram of three types of hot spatters. The black dashed lines mark the formation trajectories of
hot spatters. (d2) The proportions of three types of hot spatters. The powder particles in (b2–b5) and (c) series are hidden for better visualization. The laser power is 150 W,
scan speed is 0.3 m/s, laser diameter is 80 μm and material is 316L stainless steel in all simulation cases. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
state when the liquid around the gas pore solidifies, causing a gas pore
defect in the melt track (Fig. 6b4–b5).

The geometry of gas pore defect is affected by the processing
parameters. Fig. 6c series show the formation of an irregular gas pore
defect under the scan speed of 0.8 m/s. As the agglomeration enters the
range of laser beam, the front and back walls of depression zone start
to collapse (Fig. 6c1–c2). However, due to the higher solidification rate
under the large scan speed, the liquid near the depression zone starts to
solidify when the depth of depression zone decreases to around half of
the normal value (Fig. 6c3–c5). This causes an irregular V-shape pit at
the position where the depression zone collapses. The irregular V-shape
pit cannot be fully filled with liquid during the recovery of depression
zone, which finally causes an irregular gas pore defect (Fig. 6c6). When
the scan speed further increases to 1.2 m/s, as shown in Fig. 6d, the
7 
laser beam is mainly incident on the front wall of depression zone. As
the large agglomeration enters the laser beam, a mini depression zone
forms at the front wall of depression zone and produces a backward
protrusion, which is similar with the situation in Fig. 6a. As the depth
of mini depression increases, the protrusion merges with the back wall
of depression zone and causes an irregular gas pore (Fig. 6d2–d4).
Moreover, the tail of melt pool rapidly solidifies and forms a shallow
pit at the surface of melt track (Fig. 6d4), which increases the surface
roughness at the top surface.

However, not all agglomerations induce defects. Fig. 7a shows the
formation of defect-free melt track under the influence of large agglom-
eration. The processing parameters are identical with those in Fig. 6a,
except that the diameter of agglomeration decreases from 150 μm to
100 μm. The formation process of temporary gas pore (Fig. 7a1–a3) is
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Fig. 5. Large agglomeration formed by the coalescence of hot spatters. (a) Coalescence of airborne hot spatters to form hot agglomeration. The black arrows mark the velocities
of airborne hot spatters and hot agglomeration. (b) Coalescence of fallen hot agglomeration and powder particles to form deposited agglomeration. The white arrows mark the
velocities of hot agglomeration. (c) Melting and ejection of deposited agglomeration. The laser power is 150 W, scan speed is 0.3 m/s, laser diameter is 80 μm and material is 316L
stainless steel in all simulation cases. (d) Coalescence of airborne hot spatters during the melting of Al6061. The ultra-fast X-ray images are reprinted with permission from [19],
Copyright Nature Portfolio (2022). (e) Coalescence of fallen hot agglomeration and powder particles during the melting of 316L stainless steel. The high-speed optical images are
reprinted with permission from [17], Copyright Elsevier (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
similar with that in the case with 150 μm agglomeration (Fig. 6a1–
a3). However, the agglomeration is blown away from the range of
laser beam only 0.04 ms after the formation of temporary gas pore
(Fig. 7a4–a5), which is much faster than that in the case with 150 μm
agglomeration (Fig. 6a4–a5). This causes the position of temporary gas
pore to be closer to the position where the depression zone recovers.
During the recovery of depression zone, the depth of depression zone
keeps increasing, which gradually pushes away the liquid at the top
of temporary gas pore. Meanwhile, the temperature increase at the
surface of depression zone increases the thermocapillary force on the
gas pore, which pushes the gas pore to the surface of depression zone.
The two factors drives the temporary gas pore to contact and merge
with the depression zone, forming a depression zone with unstable
surface (Fig. 7a5). The laser rays are then incident on the bottom of
newly formed depression zone and rapidly increases the recoil pressure.
This helps to avoid the re-collapse of newly formed depression zone
and gradually shape it into the normal state (Fig. 7a6). In this way,
the temporary gas pore is fully eliminated by the timely recovery of
depression zone. Through analyzing the elimination of temporary gas
pore under different processing parameters, we find that criterion of
defect generation is:
𝐿 < 𝐿𝑐 (22)

where 𝐿 is the distance between the positions where the depression
zone collapses and where it recovers, as shown in Fig. 7b. Note that the
position of the temporary defect is very close to the position where the
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depression zone collapses. 𝐿𝑐 is the critical distance, which is constant
under specific processing parameters and material. When 𝐿 < 𝐿𝑐 , the
temporary gas pore is close enough to the position where the depression
zone recovers. That means the temporary gas pore can merge with the
depression zone during the recovery of depression zone and the newly
formed depression zone can be quickly stabilized by recoil pressure. In
this way, the temporary gas pore can be fully eliminated, as shown
in Fig. 7b1. When 𝐿 > 𝐿𝑐 , either the temporary gas pore fails to
merge with the depression zone or the newly formed depression zone
re-collapses, both of which lead to the gas pore defect in the solidified
region (Fig. 7b2). If the melting mode is stable keyhole mode (usually
regarded as the optimal melting mode [50]), 𝐿𝑐 is close to the size of
temporary gas pore:

𝐿𝑐 = min(𝐷𝑑 , 𝐷𝑙) (23)

where 𝐷𝑙 is the laser diameter and 𝐷𝑑 is the diameter of depression
zone at the half depth of depression zone, as shown in Fig. 7b. Eq. (22)
can be applied to identify the position of defect caused by large agglom-
eration. Since 𝐿 and 𝐿𝑐 are hard to measure by experimental methods,
here we define another two variables 𝜏 and 𝜏𝑐 that are relatively easy
to measure:

𝜏 = 𝐿
𝑉
, 𝜏𝑐 =

𝐿𝑐
𝑉

(24)

where 𝑉 is the scan speed. 𝜏 represents the time duration of large
agglomeration that causes the shadowed region in the depression zone,
which is very close to the time duration of large agglomeration inside
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Fig. 6. Defects induced by large agglomerations. (a) Gas pore defect caused by the airborne agglomeration. The black and orange boxes mark the shadowed and unshadowed
regions induced by the airborne agglomeration, respectively. The black and orange arrows mark the forward and backward protrusions at the rear and front walls of the depression
zone, respectively. The laser power is 150 W and scan speed is 0.3 m/s. (b) Gas pore defect caused by the deposited agglomeration. The black arrow marks the forward protrusion
at the rear wall of the depression. The laser power is 150 W and scan speed is 0.3 m/s. (c) Irregular gas pore defect caused by the airborne agglomeration. The laser power is
300 W and scan speed is 0.8 m/s. (d) Gas pore and pit caused by the airborne agglomeration. The laser power is 500 W and scan speed is 1.2 m/s. The laser diameter is 80 μm
and material is 316L stainless steel in all cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the range of laser beam. 𝜏𝑐 is constant under specific material and
processing parameters. In this way, Eq. (22) can be rewritten as:

𝜏 < 𝜏𝑐 (25)

By recording 𝜏 and comparing 𝜏 with 𝜏𝑐 , we can detect the position of
defects induced by the large agglomeration in the printed part.

To better understand the criterion of defect generation (Eq. (25)),
we further perform simulations with large agglomerations under differ-
ent processing parameters. The melting mode is stable keyhole mode
in all simulation cases. As shown in Fig. 7c1, 𝐷𝑑 is smaller than 𝐷𝑙
when the scan speed is smaller than 1.0 m/s. As the scan speed further
increases to 1.2 m/s, 𝐷𝑑 gradually increases above 𝐷𝑙. Fig. 7c2 show
the results of 𝜏𝑐 under different 𝑉 . As 𝑉 increases from 0.3 m/s to
1.2 m/s, 𝜏𝑐 decreases from 157 μs to 67 μs. This indicates that the
defect induced by large agglomeration is more likely to occur under
larger scan speed.

Fig. 7b3 shows the lowest size of agglomeration that can induce
defects. When 𝑉 increases from 0.3 m/s to 1.2 m/s, the critical size
of agglomeration decreases from 120 μm to 80 μs. This explains why
LPBF parts can still achieve high relative density (> 99.99%) when
numerous spatters are generated in the printing process, since the sizes
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of most spatters are close to the size of raw powder. We should note
that the results in Fig. 7c3 are obtained from simulations with only one
agglomeration in the range of laser beam. If multiple agglomerations
are simultaneously inside the range of laser beam, the lowest size of
agglomeration may further decrease. In this case, it is better to apply
Eq. (25) to judge the occurrence of defects.

In addition to the size of agglomeration, 𝜏 is also related to the
velocity of agglomeration. The simulation results show that the ag-
glomeration is more likely to induce defects when it enters the laser
beam along the scan direction with the speed around 1–2 m/s. Take
the simulation with 𝑉 = 0.3 m∕s for example, the agglomeration of 130
μm in diameter and 1.5 m/s in velocity can induce porosity defect in the
melt track, while the agglomeration of 160 μm in diameter and 0.3 m/s
in velocity is blown away by the vapor jet without causing defect.

The formation mechanism of lack-of-fusion defect is similar with
that of gas pore defect. Under the processing parameters in Fig. 6, the
melting mode of melt pool changes from stable keyhole mode to the
conduction mode when the large agglomeration is inside the range of
laser beam. If the size of agglomeration is larger than that in Fig. 6, the
energy absorbed by the powder bed and substrate is insufficient to form
conduction melting mode when the large agglomeration is in the range
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Fig. 7. Criterion of defect generation induced by large agglomeration. (a) Defect-free melt track under the influence of large agglomeration. The processing parameters are identical
with those in Fig. 6a, except that the size of agglomeration decreases to 100 μm. (b) Schematic diagrams of defect generation criterion. (b1) When 𝐿 < 𝐿𝑐 , the position of temporary
defect is close to the position where the depression zone recovers. In this way, the temporary defect can be eliminated by the recovery of depression zone. (b2) When 𝐿 > 𝐿𝑐 , the
position of temporary defect is far from the position where the depression zone recovers, leading to the defect in the solidified region. (c) Influence of scan speed and agglomeration
size on defect formation. The melting mode is stable keyhole mode, laser diameter is 80 μm and material is 316L stainless steel in all simulation cases. (c1) The morphology of
depression zone under different scan speeds. (c2) 𝜏𝑐 under different scan speeds. (c3) The lowest size of agglomeration that can induce defects under different scan speeds.
of laser beam. This leads to not only the gas pore defect at the position
where depression zone collapses, but also the lack-of-fusion defect at
the position where the melt pool is in abnormal state. Similarly, if the
energy input is smaller than that in Fig. 6, the powder bed on the
substrate may not be fully melted when the large agglomeration is in
the range of laser beam, causing lack-of-fusion defect. The size of lack-
of-fusion defect is close to 𝐿, which can be much larger than the size of
gas pore caused by the collapse of depression zone. Such lack-of-fusion
defects can also be found in the simulation with pre-sintered powder
bed [27].

The laser irradiation on the large agglomeration also increases
the probability of defect generation in other places of build plate,
causing the ‘‘chain reaction’’ of defects. As shown in Fig. 8a, the
10 
airborne agglomeration splits into several liquid droplets when the
recoil pressure on the agglomeration is large enough. These droplets
may further coalesce with other particles to form large agglomeration
and induce defects in subsequent melting process. In addition to the
split of agglomeration, the laser-agglomeration interactions can disturb
the surrounding powder bed, which increases the probability of de-
fect generation in adjacent melt tracks. As shown in Fig. 8b series,
during the laser-agglomeration interaction, the vapor is horizontally
ejected from the side of deposited agglomeration and sweeps away
the surrounding powder particles (red boxes in Fig. 8b2–b3). The
abnormal vapor jet decreases the layer thickness near the melt track
to zero, and increases the layer thickness away from the melt track.
This may not only increase the surface roughness of printed part but
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Fig. 8. ‘‘Chain reaction’’ of defects induced by large agglomerations. (a) Splitting of a large agglomeration into several liquid droplets under laser irradiation. (b) Degradation of
powder bed quality during the laser irradiation on agglomeration. The black large arrows mark the directions of horizontal vapor jets. The red boxes show the lack-particle region
induced by horizontal vapor ejection from the side of agglomeration. The laser power is 150 W, scan speed is 0.3 m/s, laser diameter is 60 μm and material is 316 stainless steel
in all simulation cases. (c) Splitting of large agglomerations and degradation of powder bed quality in high-speed optical images. Pictures are reprinted with permission from [17],
Copyright Elsevier (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
also cause defects in adjacent tracks. For example, when the laser beam
enters or exits the lack-particle/enrich-particle regions on the powder
bed, the laser irradiation on depression zone suddenly changes, which
can intensify the melt pool fluctuation and produce gas pore defects.
Moreover, the melting of rich-particle region can produce more hot
spatters and increase the probability of large agglomeration formation.
The high-speed optical images also validate the simulation prediction.
As shown in Fig. 8c1–c2, the large agglomeration splits into several hot
spatters during the laser irradiation process. Meanwhile, the horizontal
vapor jet pushes away the surrounding particles to form lack-particle
and enrich-particle regions on the powder bed (Fig. 8c2–c4).

3.3. Defects induced by powder entrainment

The entrainment of powder particles to the melt pool can also in-
troduce defects to the printed part. Fig. 9a series show the entrainment
of powder particles to the melt pool during LPBF of TC4 material.
When the entrained particles contact the melt pool surface, the melt
starts to wet the surfaces of particles and drag the particles into the
melt pool (𝜃𝑒 ≈ 20◦ [37,51]). Meanwhile, these particles are rapidly
heated by the surrounding melt. As shown by particle 2 in Fig. 9a1–
a3, the particle is fully melted when half of the particle is wetted by
the melt. The melted particle then dissolves in the melt pool through
the melt pool convection (Fig. 9a4–a5). Since some of the raw powder
particles contain inert gas pores (especially for powder produced by
11 
gas atomization), the dissolution of entrained particles can introduce
the inert gas pores to the melt pool. If the melt around the entrained
particle solidifies before the particle is fully melted, like particle 1 in
Fig. 9a series, the particle is decelerated by the solidifying melt and
finally adheres to the surface of the melt track. The results indicate
that the entrained particles cannot submerge in the melt pool without
melting in single-material LPBF. The speculation is also validated by
the single-track single-material LPBF experiments (Ni, Fe, Ti and Al
based alloys) [52–57]. This implies that the unmelted particles in the
bulk samples of single-material LPBF are probably induced by large
agglomerations, not particle entrainment.

However, the entrained solid particles can fully submerge in the
melt pool during multi-material LPBF, causing particle inclusion de-
fects. Fig. 9b shows the submergence of Ti particle (marked by the
white dashed circle) in the melt pool during LPBF of Ti powder on
a Ni substrate. The laser power is 90 W and scan speed is 0.1 m/s.
When the particle contacts the melt pool surface, the temperature of
particle rapidly increases to that of surrounding melt. However, since
the temperature of melt near the particle is lower than the liquidus
temperature of Ti (1928 K), the particle is still in solid state when it
fully submerges in the melt pool, causing particle inclusion defects after
the solidification of melt pool. Experiment results also provide evidence
of Ti particle inclusions in the melt track, as shown in Fig. 9c series.

The particle inclusion defect is mainly caused by the lower liquidus
temperature of metallurgical products formed by the metallurgical
reactions. During the melting process, the melted Ti and Ni react and
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Fig. 9. Particle inclusion defects induced by powder entrainment. (a) The entrainment of TC4 particles to the melt pool in single-material LPBF. Particle 1 is not fully melted when
the liquid around the particle solidifies. Particle 2 is fully melted when half of the particle is wetted by the melt pool liquid. (b) Formation of a Ti particle inclusion during the
melting of Ti powder on a Ni substrate. The laser power is 90 W and scan speed is 0.1 m/s. For better visualization, the transparency of particle is increased with the decrease of
temperature. (c) Experimental evidence of Ti particle inclusions in the melt track. The left and right pictures show the scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) results, respectively. (d) Formation mechanisms of particle inclusion defects. (d1) Phase diagram of Ni-Ti system. The liquidus line is marked by the red line.
(d2–d3) Ni element and temperature distributions of melt pool. The processing parameters are identical with those in (b). The white dashed lines mark the melt pool boundaries.
The particles are hidden for better visualization. (e) Decreasing the particle inclusion defects by increasing the scan speed. The laser power is 250 W and scan speed is 1.0 m/s.
The laser diameter is 60 μm in all simulation cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
form the metallurgical products with different compositions in the melt
pool (Fig. 9d2). Under the processing parameters in Fig. 9b, the Ni
mole fractions of these products are between 0.28 to 0.62 (Fig. 9d2).
According to the liquidus line in Ni-Ti phase diagram (Fig. 9d1), the
liquidus temperatures of these products are lower the liquidus tem-
peratures of Ti. That means these products can still flow in the melt
pool when their temperatures are below the liquidus temperatures of
Ti, as shown by the yellow and green regions in Fig. 9d3. When Ti
particles contact the metallurgical products with temperatures below
the liquidus temperature of Ti, Ti particles remain in solid state during
the submergence (Fig. 9b). This finally causes the particle inclusion
defect in the solidified region (Fig. 9d3). For single-material LPBF, the
temperature of melt is always larger than the liquidus temperature of
powder particles, so the particles can be fully melted before the submer-
gence in the melt pool. The results indicate that the particle inclusion
defect may occurs when the liquidus temperature of metallurgical
product is lower that of powder particle:

𝑇𝑙(𝑋⃗𝑚) ≤ 𝑇𝑙(𝑋⃗𝑝) (26)

where 𝑋⃗𝑚 and 𝑋⃗𝑝 are the mole fraction vectors of metallurgical product
and powder particle, respectively. Eq. (26) suggests that the particle
12 
inclusion defect may also occur in single-material LPBF when the ther-
mophysical properties of material at the particle surface (e.g., oxidation
layer) are quite different with those inside the particle.

The elimination of particle inclusion defects is mainly through the
convective heat transfer between particle and melt pool liquid in the
remelting process. If 𝑇𝑙(𝑋⃗𝑝) is slightly higher than 𝑇𝑙(𝑋⃗𝑚), the particle
inclusions in the current melt track can be melted during the melting of
adjacent melt tracks. However, if 𝑇𝑙(𝑋⃗𝑝) is much higher than 𝑇𝑙(𝑋⃗𝑚), the
particle inclusion defects are difficult to fully eliminate. Take LPBF of
Ti-Nb powder mixture for example, many Nb particle inclusion defects
exist in the as-print sample, even when the input energy is several times
larger than those for pure Nb and pre-alloyed TiNb powders [58–60]. A
possible solution to mitigate particle inclusion defects is to increase the
scan speed. The idea of the solution is to ensure that the melt around
the particle solidifies before the particle completely submerges in the
melt pool. Suppose the melting modes of melt pool are identical under
different scan speeds. The solidification rate of melt increases with the
increase of scan speed. On the other hand, for particles entrained to
the melt pool, the time duration from contacting the melt pool surface
to the complete submergence in the melt pool is relatively fixed under
different scan speeds. This is because the submergence of particle is
mainly governed by the wetting force, which is almost independent of
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Fig. 10. The influence of entrained particles on flow field and element distribution. (a) Flow field and Ni element distribution at the melt pool tail during the melting of pre-sintered
NiTi powder bed on a Ti substrate. The white arrows mark the liquid velocity. (b) Flow field and Ni element distribution at the melt pool tail during the melting of loose NiTi
powder bed on a Ti substrate. The black dashed contours mark the intensified vortex flow caused by entrained particles. (c) Streamlines of liquid flow at the melt pool tail. (c1)
With loose NiTi powder bed. The black dashed box marks the single vortex flow caused by the entrained particles. (c2) With pre-sintered NiTi powder bed. (d) Electron probe
micro-analyzer (EPMA) result of Ni distribution in the melt track with loose NiTi powder bed. The laser power is 200 W, scan speed is 0.3 m/s and laser spot size is 90 μm in
all simulation cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
scan speed. Therefore, entrained particles are more likely to adhere to
the surface of melt track under large scan speed, rather than submerge
in the melt pool (like particle 1 in Fig. 9a). The simulation results also
show that the number of particle inclusion defects decreases when the
scan speed increases to 1.0 m/s, as shown in Fig. 9e.

In addition to the particle inclusion defect, the entrained particle
also influences the flow field at the melt pool tail. As shown in Fig. 10a
series, when the pre-sintered NiTi powder bed is fused on a Ti substrate,
the flow field is the typical Marangoni flow. The liquid at the melt pool
surface is pushed to the edge of the melt pool while the liquid below the
surface is pushed to the center of the melt pool, causing the symmetrical
vortex flow shown in Fig. 10a1. However, if the powder bed is loose,
the momentum of entrained particle can destroy the symmetry of vortex
flow. As shown by the black boxes in Fig. 10b1–b2, when the particle
with velocity of 1 m/s impacts the left part of melt pool, the momentum
of particle intensifies the vortex flow at the left side. The influence
is more significant when the particle impacts the region close to the
solidification front. As shown in Fig. 10b3–b4, since the liquid velocity
at the melt pool tail is much smaller than the velocity of particle, the
flow field is changed from symmetrical vortex flow to single vortex flow
under the impact of particle. 3D streamlines in Fig. 10c1 also display
the single vortex flow caused by the impact of particle at the melt pool
tail.

The change of flow field directly influences the element distribution
at the top of melt track. When NiTi particle contacts the melt pool
tail (Fig. 10b3–b4), Ni element diffuses along the streamlines of single
vortex from the contact point (black dashed contour in Fig. 10b4). Since
the melt pool tail is close to the solidification front, the liquid near the
contact position solidifies 0.05 ms after the NiTi particle contacts the
melt pool tail (Fig. 10b3–b5). This causes the single-vortex distribution
of Ni element being retained at the top of the melt track (Fig. 10b5).
The single-vortex distribution of Ni element is also validated against the
13 
experiment result shown in Fig. 10d. In fact, the evaporation rate of one
element can be quite different at different positions of depression zones.
This leads to the heterogeneous distribution of elements in single-
material LPBF, especially for elements with low boiling points [61].
Therefore, the particle entrainment can also influence the element
distribution in single-material LPBF.

4. Conclusions

In the present work, we have developed a CFD–DEM-CALPHAD cou-
pling model to simultaneously elucidate the gas, melt pool and particle
dynamics in single- and multi-material LPBF process. Our model is val-
idated against the experiments with different materials and processing
parameters. Through the high-fidelity simulation, we successfully un-
cover the formation mechanisms of defect caused by powder spattering
and entrainment. The main conclusions are as follows:

(1) The large agglomeration formed by hot spatter coalescence can
probably induce lack-of-fusion and gas pore defects in LPBF parts. The
hot spatters mainly originate from the melted powder particles near the
vapor jet region. These hot spatters then coalesce with other particles
to form large agglomerations. As the large agglomeration enters the
range of laser beam, the depression zone collapses and forms gas pores.
Meanwhile, the powder bed on the substrate may not be fully melted
after the collapse of depression zone, causing lack-of-fusion. If the time
duration of agglomeration inside in the range of laser beam is larger
than a critical value, the temporary defect are retained in the melt track
and become defects.

(2) The powder entrainment can probably cause particle inclusion de-
fects in multi-material LPBF. In single-material LPBF, the temperature
of melt is larger than the liquidus temperature of powder particles, so
the entrained particles can be fully melted before the submergence in
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the melt pool. In multi-material LPBF, however, the temperature of melt
can be lower than the liquidus temperature of powder particles due to
he metallurgical reactions among different feedstocks. This enables the

powder particles to submerge in the melt pool without melting, causing
particle inclusion defects. In addition, the powder entrainment can alter
the flow field at the melt pool tail. When the powder entrainment is not
symmetrical at the melt pool tail, the momentum of entrained particles
may change the melt pool flow from symmetrical vortex flow to single
vortex flow. The change of flow field directly influences the transport
of metallic elements at the melt pool tail, which probably alters the
element distribution at the top of melt track.
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