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ABSTRACT

The laser powder bed fusion (LPBF) process encompasses interactions between different material
states, including melt, gas, and powder. While observational techniques can capture specific states,
they cannot be combined to produce a comprehensive monitoring how they are mutually
interacted. Thus, an integrated modelling approach is a crucial solution for revealing their
interactions. This study investigates melt-gas-powder dynamics under varying laser scan speeds
through a coupled CFD-DEM multiphase model. Findings reveal that metal vapour consistently
transitions from an initialisation phase to a processing phase, exhibiting consistent behaviour in
the former but varied responses in the latter. A relationship is identified between scan speed
and vapour flow angle (VFA), with higher speeds broadening the VFA. Significantly, three
oscillatory behaviours are observed: first, the oscillation of locally intensified pressure (LIP) sites
on keyhole walls, where vapour ejection modes shift and may become periodic at intermediate
scan speeds; second, the oscillation of two induced argon vortex flows with opposite swirling
directions; and third, a simultaneously induced varying drag force on powder spatter. These
oscillations clarify various spatter mechanisms, offer insights for process optimisation, and
suggest implications for process stability. The study also proposes future research directions to
further elucidate these mechanisms.

ARTICLE HISTORY
Received 4 November 2024
Accepted 19 December 2024

KEYWORDS

Coupled CFD-DEM model;
vapour phase; locally
intensified pressure; vortex
flow; drage force

1. Introduction . , s
states simultaneously, nor fully identifying the melt-gas-

As one of the foremost additive manufacturing (AM)
technologies [1], laser powder bed fusion (LPBF)
process can fabricate metal parts with extremely
complex structure subject to human'’s imagination; this
empowers LPBF enormous potential to be applied in a
variety of sectors [2]. However, a major obstacle to the
widespread application of LPBF stems from the sophisti-
cated and uncontrollable physical phenomena. During
the LPBF process, three material states are involved:
liquid (melt), gas (metal vapour and shielding gas) and
solid (powder), all of which are interconnected. Explor-
ing the underlying interaction mechanisms can
enhance understandings of LPBF and offer valuable
insights for process optimisation.

wTo date, no experimental apparatus has been
capable of capturing all the aforementioned material

powder interaction during LPBF process. Alternatively,
researchers focus on individual or partial states through
in-situ or ex-situ observational techniques. One method
is using X-ray synchrotron imaging [3-10], by which Guo
et al. [3] identified powder spattering phenomenon, and
they quantified vapour-driven and argon-driven powder
dynamics. Qiu et al. [4] focused on the effects of spatter
defects, and correlated it with the process stability. They
proposed using nanoparticles which can create capillary
pressure barrier to increase the melt pool stability and
prevent the formation of large liquid agglomerated
spatter. With similar experimental instruments, the poros-
ity dynamics also receives substantial interests, which is
often related to the formation of a keyhole [5]. Hojjatza-
deh et al. [6] reported that thermal capillary force
induced by thermal gradient may help eliminate pores.
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To quantify the keyhole stability, Gan et al. [7] established
scaled laws by linking the melt pool aspect ratio with their
defined keyhole number, the latter involves processing
parameters and material properties. Similarly, Huang
et al. [8] investigated the relationship between the evol-
utions of keyhole and induced pores, and it is observed
that pores form predominantly at the rear keyhole wall.
Also, Zhao et al. [10] reported a new formation mechan-
ism and driving force for the keyhole induced pores.
Their study also demonstrated that few variations can
be observed whether laser impacts on powder bed or
bare plate. From a more general perspective, Cunning-
ham et al. [9] defined the threshold for the transitions
from conduction mode to keyhole model. However, one
limitation of using synchrotron X-ray imaging is the
inability to identify metal vapour. Additionally, the obser-
vation region is restricted to two dimensions due to the
transmission properties of X-rays. The absence of an iso-
metric view may reduce the credibility of the results to
some extent [11]. A case in point is the denudation
phenomenon [12,13], which can only be clearly inspected
from a top view.

Consequently, some studies were conducted shift-
ing the focus on top or isometric views of the LPBF
process. The research conducted by Matthews et al.
[13] is the pioneer for identifying denudation defect
via an in-situ characterisation experiment. Bidare
et al. [14] further identified three different patterns of
denudation dependent of different processing par-
ameters. They also proposed employing schlieren
imaging technique to characterise the laser plume/
vapour [15]. With similar instruments, Yin et al. [16],
reported that the backward liquid ejection is attributed
to vapour impacting on the melt pool and the back-
ward powder spatter is driven by metal vapour.
Further, Bitharas et al. [17] combined in-situ synchro-
tron X-ray with schlieren imaging to investigate the
interplay between metal vapour, liquid melt and
powder. They raised that the plume morphology can
be used as an indicator to evaluate the keyhole stab-
ility. Another approach to identify the powder spatter
and metal vapour is utilising a high-speed camera.
Instead of explicitly identifying the metal powder or
vapour, attentions are paid on the outlines of laser
plume and spatter, which derive from the reflected
light induced by laser-material interaction. For
example, Zheng et al. [18] captured laser plume and
reported that the plume behaviour is majorly domi-
nated by laser scan speed. They also observed that
powder particles incur the main source of spatter. A
similar in-situ monitoring apparatus was adopted in a
recent research by Wang et al. [19]. They correlated
the different melting mode with the evolutions of

plume and spatter. Zhang et al. [20] developed a
machine learning model to establish the relationship
between processing parameters and optical reflections
including the features of laser plume, spatter and melt
pool, to facilitate online quality monitoring. Liu et al.
[21] extracted the features of droplet spatter by an
image processing method and correlated it with shield-
ing gas flow parameters.

Unfortunately, it is virtually impossible to exper-
imentally identify the dynamic behaviours of the
three aforementioned material states, namely, the
melt pool, gas, and powder spatter, in a simultaneous
manner. Therefore, it is advisable to develop an
advanced high-fidelity physics-based model to realise
observation. A common approach is to employ compu-
tational fluid dynamics (CFD) to study melt pool
dynamics [22-33] and use discrete element method
(DEM) to investigate powder behaviours [34-36].
However, nearly all related studies treat these two
systems separately. As one of the consequences,
although the evaporation of the melt pool is con-
sidered, the resulting vapour does not influence
powder behaviours [37-39]. Many research have high-
lighted the challenge of modelling the complex inter-
actions among the melt pool, gas flow and powder
spatter [19,40]. To the best of our knowledge, only a
few studies have developed coupled models to
address these interconnected phenomena. Chen et al.
[41,42] were the first to build up a model involving
both powder spatter and metal vapour. Similar
research was conducted by Trong et al. [43], who
improved Chen’s model by incorporating the ‘powder
absorption’ effects. However, these studies relied on
artificially simulating vapour ejection based on an
empirical values rather than explicitty modelling
metal vapour through the CFD method. The model
developed by Li et al. [44,45] is able to identify the sim-
ultaneous evolution of the melt pool, metal vapour,
and powder under a stationary laser. However, real
LPBF processing conditions, such as laser scan speed
and laser power, were not incorporated. Yu et al. [46]
developed a CFD-DEM coupled model with a moving
laser. However, no correlations were disclosed among
melt-gas-powder interactions, as the attentions
remained primarily on melt pool behaviours. Also, the
effects of processing parameters on the melt-gas-
powder interactions were not explored. Another
concern is that both Li and Yu employed the immersed
boundary/fictitious domain [47] to resolve the powder-
liquid conversion. This may increase the difficulty of
model generalisation as their studies do not offer a
comprehensive view of the melt-gas-powder inter-
actions, although being more complicated in terms of



modelling procedure. Therefore, it would be valuable
that an coupled model can be developed, capable of
identifying the melt-gas-powder interactions while
considering a wide range of LPBF process conditions.
As will be demonstrated, many of the phenomena
that are to be produced are documented for the first
time and can establish explanatory connections with
existing literatures.

The rest of this paper is structured as follows: Section
2 details the modelling framework. Section 3 displays
simulation results at different laser scan speeds, focusing
on vapour and powder behaviours, assisted by exper-
imental observations. Section 4 investigates three
dynamic relationships within the melt-gas-powder
system, linking the observed oscillatory nature to
process stability and suggesting future research direc-
tions. Section 5 concludes the study.

2. Modelling
2.1. CFD system

It is emphasised here that it is the positive net element
flux ("¢") from the gas-liquid interface that induces the
‘recoil pressure’ effect [48], and is described by Hertz-
Knudsen formula [49] as:

mp

= (M

inet __ .
J o ¢ Ps 2 kBT

where my, kg and T represent atomic mass, Boltzmann
constant and surface temperature, respectively. ¢ rep-
resents evaporation coefficient [50], and p; is the satu-
rated vapour pressure. The latter can be derived from
Clausius—Clapeyron equation, which correlates saturated
pressure with surface Based on constant evaporation
latent heat, the saturated pressure is expressed as:

LVmA 1 1
ps = Po €Xp |:k—3 (T_v — ?>:| (2)

where p,, L, and T, represent atmospheric pressure,
evaporation latent heat and boiling point. In this way,
the mass transfer rate due to the melt evaporation can
be expressed as [7]:

me = ¢

' exp[LvMF1 (l _ l>:| Mg V| 2p¢
0 Re \T. T/]|V2mR.,T Pr1 + P
3)

where pg, pgp, and pg, represent averaged fluid density,
liquid density and gas density. Mg; and R, denote
metal molar mass and universal gas constant.

To use Hertz-Knudsen formula, the gas should follow
ideal gas state equation. Also note that the commonly
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used expression for ‘recoil pressure’ [51] should be
deprecated, as will be seen in Eq. (7). By integrating
the mass transfer rate with the VOF model [52], the con-
tinuity equation can be obtained:

8 —
N Ly, (apug) = M
gt PF1
(075] mig
T2 LV (apaltp) =
ot Pr2 @
P PMg2

PR = RT T ReT

where ug, afy, and ap; represent fluid velocity, volume
fraction of liquid and gas; Mg, p, and R represent gas
molar mass, transient pressure, and universal gas con-
stant, respectively.

To account for the evolution of the produced metal
vapour as well as shielding gas, gas phase is modelled
composed of argon and vapour constituent, represented
by mass fraction B; (i = 1, 2) [14,41]. Thus, the thermo-
physical properties of gas, including viscosity, molar
mass, specific heat and thermal conductivity are aver-
aged by mass fraction. The governing equation for gas
component concentration is expressed by Eqg. (5),
where Dg; denotes gas diffusivity [7]. In the mixture
gas phase, vapour phase is defined here subject to its
mass fraction over 0.5.

0
pT: (Peaar2B) + V - (UEppy a2 B))

= V- (pr0r2Dr2 VB) + My (5)

The traditional VOF model where liquid and gas share
the velocity at the interface may not apply to where
the vapour velocity can reach 100 times that of the
liquid. Thus, Knudsen layer is proposed and can be
approximated by slip velocity boundary, expressed as
[45]:

Wi Bep | W
an pe, | 2RT

V/t - Vgt = (6)

where the left side of the equation is the slip velocity. V};
and V,; are the tangential velocity on the liquid and
gaseous side of the interface. dVj;/dn represents the
derivative of the gas tangential velocity with respect to
the normal direction of the liquid-gas interface. The
second term denotes the mean free path, where u,
and R, denote the gas dynamic viscosity and specific
gas constant, respectively.
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The governing equations for momentum and energy
conservations are expressed as:

B
&(pFuF) + V- (prur ® uf)

2
=—-Vp+V. [MF(VUF + vul) — §,U«F(V . UF)|:| +fr_p + SF

&(PFH) + V. (uFPFH) = V- (ke VT) 4+ Gr—p + Glaser — Gloss
(7)

where fr_p and gr_p denote the amount of momentum
and heat, which are transferred from particle to fluid,
and will be clarified later in Eq. (14). H, kr and | are
the specific enthalpy, fluid thermal conductivity and
unit matrix; guser and gioss represent laser heat and
heat loss; these are expressed in Eq. (8). S denote
other source terms induced by fluid and will be illus-
trated via Eq. (9);
;
H= [ cdT +(1 - )L

Tref
2A.0P —r? 2p:C
laser = ap2 exp (T) |V(1|:1 | L
o w Pr1CF1 + PraCr2
11+0 - £cosf)? €2 — 2ecosH + 2cos26
2|14+ (1 +ecosf)? &2+ 2ecosh+ 2cos26
Gioss = Gc + Gr + Gevp = he(T — Trer) + ose(T — T,if) + mygly
(8)

Awp =1

where T, ¢¢ and L, denote reference temperature
(300 K), fluid specific heat and latent heat of melting;
Asp denotes the transient laser absorptivity, which is cor-
related with laser incident angle 6 and a material-specific
coefficient related to electrical conductance, € [53-55].
The solid volume fraction within the liquid-solid
mixture is defined as f; = (T, — T)/(T. — Ts), where T,
and Ts are liquidus and solidus temperature. hc
denotes heat convection coefficient. The initial tempera-
ture for the CFD system is set to 300 K, with all other vari-
ables initialised to zero. The top boundary is defined as a
pressure outlet at 1 atm, while the remaining boundary
conditions for the computational domain are set to a
constant temperature of 300 K.
The term Sr in the Eq. (7) is expressed as [28]:

Sk = Pr9 + fo + fMarangoni + fMushy
fst:()'st~Vn-n

dog 2p¢
f = 2N9T —n(n- V| Vag | —PF
Marangoni dr [ n(n ]| aF1|PF1 ¥ rey 9)
Frushy = W [7Ammhf52 }UF
R (AL

where fi and fuarangoni represent surface tension and
Marangoni force; g, n and Aysh are surface tension
coefficient, gas-liquid interface normal vector and
Mushy zone number. Carman-Kozeny model [56] is
used for the flow resistance (Fumushy) induced by the

Mushy Zone. Note that Ash used here is a converted
version of shaper factor with unit [m™? based on
Carman-Kozeny model, and C; is a small number to
prevent division by zero. Besides, the liquid flow is sup-
pressed on the condition of f; > 0.27, which is based on
the modified Metzner model [57].

2.2. DEM system

Each particle in terms of translation, rotation and energy
are tracked in the computational domain via discrete
element method (DEM). The governing equations are
expressed as:

du
mp —dt” = EE Fq+ (Fg+Fo)
(10)
d? 6,
IPF: E (re x F)

€

where up, Fq,. Fy, and F. denote particle velocity, drag
force, gravity, and contact force; Ip, 6p, and r. denote
particle rotational inertia, angular displacement and pos-
ition vector (from the particle centre of gravity to the
particle contact point). The contact of two particles is
modelled based on the Hertz-Mindlin theory [58]:

Fo=>) (F,+F)
Fn - Kndn + Nnvn
Ft = min(tht + Ntvt ’ CfS |Fn|)
2 E anARB
Ky, =—- :
3 \1-o0? Ra + Rg
: (1)
5mamg Ki 2.
N: = . =n,t
I |:mA +mg 1+ q-rZ/InZCJ i=n0
K — 2E anARB
T 2=0)140)VRa+Rs

where the drag force comprises normal and tangential
components, denoted by F, and F;, respectively; K,,
N,, K;, and N; are particle normal stiffness, normal
damping, tangential stiffness and tangential damping,
respectively; d, and d; are normal and tangential displa-
cement; v, and v, are normal and tangential velocity; E,
o, G and C, are used for particle Young's’ modulus,
Poisson ratio, static friction coefficient, and restitution
coefficient, respectively.

It is highlighted that since the mass transfer from
powder to liquid is not considered. In this way, the
damping effect brought by fyushy in Eq. (9) does not
influence powder behaviour. Besides, laser heat source
is applied on powder particles, which is combined with
linear heat conduction from particle-particle [59] and



particle-fluid to account for energy conservation. The
energy equation can be expressed as [60]:

dTe =0Qp_L+ Z Qp—p + Z Vegp—¢

PP
3F,rt\ /3
Qpr_p = 2kp< ) (Ta —Ts) (12)

4E
. 2P [—1i?
Qpr_L =) f(rp, D) = Z%QXP( w; )

e mU;

where Qp_(, Qp_p, Vp and gp_r represent laser-induced
heat, powder heat conduction, particle volume and
fluid-induced heat rate, respectively; kp and r* represent
particle thermal conductivity and geometric mean; r} is
the distance between the i particle centre of gravity
and laser spot centre. € denotes the particle domain;
D; is the it" particle diameter. C; = 0.4 is an approxi-
mated laser absorptivity.

2.3. CFD-DEM coupling

Since particle phase is added to the Eulerian system, the
realistic volume fraction for the fluid phase, arp, is
defined as the ratio of volume which is occupied by
fluid phase to the specific cell volume. Thus, the particle
volume fraction is 1 — ag_p [61]. This study employs two-
way coupling between fluid and particle phase, which
implies that the transfer of momentum and heat are
bi-directional between the two phases.

(1) From fluid to particle phase:

1
Fg = 5 Capp Ry’ ur — up|(ur — up)
qP—F = hP_FAP(TF - TP) (13)
k(2 + 0.6Rep/*Pr'/3)
2Rp

hp_¢ =

where Cy is drag coefficient, and is approximated by
C4 = 24/Rep; Rep is Reynold number of particle,
denoted as 2Rppr|ur — up|/ g Rp is particle radius;
hp_f is heat convective coefficient based on Ranz-
Marshall ~ correction [62]; Pr=cppe/ke and
Ap = 4mRp? are the Prandtl number of fluid phase
and particle surface area.
(2) From particle phase to fluid phase:

1 t+Ate
frp=— At Z Jr jv, 8(r — ron FqdVdt

1 t+Ate
Qrp = _A_I'Z<J Jvc o(r — rone(ge—r + Fd)dth>

€ t

(14)

where At and At, is the time-step for the CFD and
DEM solver, respectively; the Dirac delta function
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Table 1. Thermophysical properties of Ti-6Al-4F employed in
the CFD model (symbols in parentheses represent mass
fraction averaged variable).

Properties Symbol value [unit]
Density (TC,) [46] o 4420 [kg/m?] (T < 1268)
4420 — 0.154 x (T — 300) [kg/m?]
(T <= 1923)
3920 — 0.68 x (T — 1923) [kg/m?]
(T > 1923)
Solidus line [46] Ts 1878 [K]
Liquidus line [46] T 1923 [K]
Evaporation line T, 3133 [K]
Latent heat of fusion Lm 2.88 x 10° [J/kg]
Latent heat of evaporation L, 9.7 x 10° [J/kg]
[63]
Thermal conductivity (TC,) ke1 16 [J/(m-K)] (T <= 1923)
[46] 32 [J/(m-K)] (T > 1923)
Thermal conductivity (Ar) (kr2) 0.015 [J/(m-K)]
[41]
Thermal conductivity 0.05 [J/(m-K)]
(Vapour) [46]
Specific heat (TC,) [63] fa3] 570 [J/(Kkg)] (T <= 1923)
831 [J/(K-kg)] (T > 1923)
Specific heat (Ar) [7] (cr2) 520 [J/(K-kg)]
Specific heat (Vapour) [7] 717 [J/(K-kg)]
Dynamic viscosity (TC,) [64] gy 0.005 [Pa-s]
Dynamic viscosity (Ar) [65] (ue,) 2.1e-5 [Pa-s]
Dynamic viscosity (Vapour) 2.4e-4 [Pa-s]

[46]

Surface tension coefficient OF1 1.5 — 0.00026 (T — 1923)

(kg/(sK)]

Coefficient related to the e 0.2

electrical [55]
Molar mass (TC,4) Mg 0.446 [kg/mol]
Molar mass (Ar) Mg, 0.0399 [kg/mol]
Gas diffusivity coefficient [7]  Dp, 2 x 1075 [m?%/s]
Mushy zone number [66] Amush 1.8 x 108 [m™?
Heat convection coefficient he 20 [W/m?]

[67]

(6) filters out particles which are not in the cell V;
n. indicates the number of particle; Qr_p represents
the accumulated particle energy in the cell V..

The strongest simplification in the current CFD-DEM
coupling scheme is the ignorance of the conversion
from powder to liquid. In order to approximate the
melting process, powder is manually removed from
the computational domain when its temperature
exceeds liquidus line. Besides, only the powder below
the layer thickness can be removed, and those powder

Table 2. Thermophysical properties of Ti-6Al-4F employed in
the DEM model.

Properties Symbol value [unit]

Density Pp 4420 [kg/m’]

Thermal conductivity kp 17 [J/(m-K)]

Specific heat p 570 [J/(Kkg)] (T <= 1878)
6970 [J/(K-kg)] (1878 <= T <= 1923)
831 [J/(Kkg)] (T > 1923)

Poisson’s ratio o 0.34

Young's Modulus E 107 [GPa]

Static friction coefficient Cg 0.61

Restitution coefficient C 0.5
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above the bed has a capped temperature of 5000 K. Due
to this simplification, the specific heat for the powder
(cp) is formulated by:

Lm
15
TL—Ts 1)

Cp=Cph +

The adopted values for the thermophysical properties
of the materials in the CFD system and DEM system are
listed in Tables 1 and 2, respectively.

2.4. Simulation setup and simplification

The computational domain is 0.5 x 0.5 x T mm?3, with
500 um baseplate. The initial powder configuration is
established through a standalone DEM simulation,
where the powder particle is assumed spherical with a
normally distributed diameter range from 15um to
50pum and a mean value of 30 um. The obtained layer
thickness is 60 um. Four different laser scan speeds
with constant laser power 270 W are the simulation
cases for the current study to investigate the role of
laser scan speed, as Table 3 shows.

The adaptive meshing grid is applied near the gas-
metal interface in addition to the slip velocity boundary,
to prevent non-physical phenomena. This approach has
been found more effective by the authors than using
the slip velocity boundary alone. Given various grid
size that have been used in literatures, including 8um
[68], 6 um [69], 5 um [64,70,71], 2.5 pm [28,72], 2 um
[71, and 1.5 um [73], four levels of mesh refinement is
employed in the present study, with the maximum of
20 um for basic size and minimum of 1.25 pm near
the gas-metal interface. Besides, 5 um is for vapour
region, and 10 pm for transition. The adaptive
meshing is depicted in Figure 1(a).

It should be noted that the current model builds
upon three key simplifications: (1) The conversion from
particle to fluid is ignored; (2) The laser heat source
applies to both the particle and fluid; (3) The ‘powder-
cohesion” is not considered. Figure 1(b) schematically
illustrates the implementation of laser heat source. The
amount of heat applied on the i" and k' particle are
f(rip, D;) and f(r';, Dy), respectively. Note that particle
heat source in Eq. (9) only applies within the laser spot
range, thus two particles P; and Py are affected. On the
other way, the laser heat source applied to the fluid
phase still follows Eq. (5). The volume fraction gradient
of the fluid is used to derive the components of the

Table 3. Four simulation cases employed in the current study.
- case 1
0.3 m/s

case 4
0.9 m/s

case 3
0.7 m/s

case 2
0.5m/s

Laser scan speed

normal vector at the gas-metal interface, expressed by
n = n, +ny,. Thus, the incident angle could be rep-
resented by cos~'(—£). The computational framework
is built upon the commercial software StarCCM+ solver
[66], and the workflow chart between the CFD system
and DEM system is schematically illustrated in Figure
1(c). The computation for the 0.3 m/s case, in which
the laser scans for 1 ms takes approximately 100 h on
a personal computer equipped with an Intel i9-10900 K
CPU. It is also worth mentioned that a mesh conver-
gence test was conducted to ensure the model is not
sensitive to mesh variations.

3. Results
3.1. Vapour variation phases

A randomly captured snapshot of the vapour profile
typically falls into two distinct phases, as shown in
Figure 2, which occur consecutively, referred to as the
‘initialization phase’ and ‘processing phase’. The
vapour profile from the simulation is visualised using
three velocity iso-surfaces, represented by 20 m/s
(pink), 50 m/s (yellow), and 100 m/s (grey), respectively.
The characteristics of these two phases are as follows:

(1) Initialisation phase:

At the onset of vapour ejection, different laser scan
speeds exhibit a similar pattern, as shown in Figure
2(a)—-(d). Metal vapour is triggered at approximately 10
ps due to evaporation, flowing continuously upwards.
The vapour velocity reaches its maximum at the centre
of laser spot, exceeding 100 m/s.

(2) Processing phase:

After the laser has scanned a certain distance, vapour
enters the ‘processing state’, which represents the
normal state during LPBF process. As displayed in
Figure 2(a’)-(d’), the vapour profile inclines. A clear
relationship can be observed between laser scan speed
and the vapour flow direction, where the latter is
described as the vapour flow angle (VFA). Specifically,
VFA is the angle between the laser scan direction and
the vapour ejection direction, denoted as, 8;, 6, 65
and 6, respectively. With an elevation in laser scan
speed, the VFA also increases, shifting from an acute
angle to an obtuse one.

Three different vapour patterns can be observed in
‘processing phase’, including suppression, interruption
and continuity, which are dependent on the laser scan
speed. These three patterns agree well with the
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Figure 1. (a) Four levels of adaptive meshing grids used in the simulation with 20 um for the maximum grid size and 1.25 pm for the
minimum grid size. (b) Implementation of laser heat source. (c) Workflow diagram for the CFD-DEM coupled model.

experimental observations by Bitharas et al. [17], as
shown in Figure 2(e), (f) and (g). They reported that
vapour could consecutively transition through three
stages, i.e. stage |, Il, and lll, subject to exceeding
specific energy input threshold, which is met by 0.3 m/
s case in the present study (entering stage Ill). At laser
scan speeds of 0.5 and 0.7 m/s, the 50 m/s iso-surface
is momentarily disrupted, while the 20 m/s iso-surface
remains unaffected (entering stage ll). In contrast, the
vapour profile at 0.9 m/s always keeps continuous

(staying at stage l). The two phases of metal vapour
can be validated via the experiments by Zheng et al.
[74], and is shown in Figure 2(i). It demonstrates that
regardless of the processing parameters, vapour initially
ejects vertically from the powder bed and inclines as the
process continues. Besides, they noted that vapour
could oscillate and may exhibit a periodical pattern.
Figure 2(j) was the experiments conducted by Wang
et al. [19], where the relationship between scan speed
and VFA can be validated. The supplementary video
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Figure 2. Two vapour phases at different laser scan speeds, including (a)-(d) Initialisation phase, where vapour flows continuously
upwards, and (a')-(d’) processing phase, where vapour flow angle (VFA) changes positively with laser scan speed; Experimental obser-
vations of three vapour patterns in the processing phase [17], including (e) suppression, (f) interruption and (g) continuation; (h)
Vapour convection front captured by Schlieren imaging [14]; (i) Experimental validation of two phases [74]; (j) Experimental validation

of correlation between the VFA and laser scan speed.

details the complete process of four cases in terms of the
evolutions of vapour profile.

3.2. Vapour ejection and oscillation

Vapour can eject from different sides of keyhole wall
(referred to as KW hereafter), including front KW, rear
KW and bottom KW. These are termed as different
vapour ejection modes, clarified as follows:

(1) Front KW mode (F-mode): Vapour predominantly
ejects from the front wall of the depression or

keyhole, whereas the insignificant amount of
vapour emerging from the rear and bottom KW do
not affect vapour flow direction.

(2) Rear KW mode (R-mode): The amount of vapour that
ejects from the rear KW of the depression or keyhole
determines or changes the vapour flow direction.

(3) Combined mode (C-mode): Approximately similar
amount of vapour ejects from the rear, bottom
and front KW.

Figure 3 shows the transition mechanism of vapour
ejection modes at laser scan speed of 0.3 m/s from
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Figure 3. Transition mechanism of vapour ejection mode leads to vapour oscillation behaviours. Viewing from (a) to (e), vapour

experiences R-C-F-C-R ejection mode in sequence.

longitudinal section, where a keyhole is formed. The flow
conditions of the melt, vapour and powder are com-
binedly displayed. It is noticeable that vapour does not
eject uniformly from the entire KWs, but one or several
specific sites on the KWs. At t0, vapour primarily ejects
from the rear KW, manifesting R-mode, and the VFA
(81) exhibits less than 90 degrees. Subsequently, a tran-
sition from R-mode to C-mode occurs at t0+4 ps with 6,
approximately vertical. The C-F transition follows and is
observed at t0+6 ps, where 6, exhibits slight larger
than 90 degrees. With laser progressing, C-mode and
R-mode could restore at t0+10 ps and t0+12 s, respect-
ively. In a results, the vapour ejection loops through R-C-
F-C-R chain. It should be highlighted here the role of
melt flow during the transition. The surface melt tends
to flow towards the tail due to the Marangoni force,
which competes with the recoil pressure to retain a
dynamic balance of keyhole shape. However, the down-
ward melt flow near the KWs could change the vapour
ejection site, which repeatedly occurs and vanishes at
different locations of the KW. In consequence, the
vapour then exhibit oscillation behaviours from a
zoom-in view.

As laser scan speed increases, the transition of
vapour ejection mode can also be observed, as illus-
trated in Figure 4. Under these circumstance, F-mode
predominates the vapour ejection during laser scan-
ning. For the scan speed of 0.5 and 0.7 m/s (see the
first and second rows in Figure 4), R-mode could
come into effect, as shown in Figure 4(a2) and (b1).
Similar to the case of 0.3 m/s, the transition of vapour
ejection mode changes the vapour flow direction, and
may lead to vapour interruption, as shown in Figure

4(a3) and (b2). An exception is for 0.9 m/s (see the
third row in Figure 4), where no transition occurs.
However, as the vapour ejection site can still vary due
to melt flow, vapour exhibits oscillation as well. There
are supplementary videos provided, showcasing the
complete laser scanning process for the four cases.
The variations of the vapour ejection site aligns with
the swing behaviour monitored during laser welding
process [75,76].

3.3. Powder trajectories

The variation in vapour ejection mode leads to vapour
oscillation, which can incurs various powder beha-
viours. The first three rows in Figure 5 illustrates
powder trajectories at different laser scan speeds
from transverse, longitudinal and top view, respect-
ively. Figure 5(f) delineates the powder and its flow
direction at the same time. The selected snapshots
are captured when laser stays at the same position.
Four types of powder trajectories (spatter) can be cate-
gorised into follows:

(1) Main trajectory: Driven towards and then moving
alongside vapour flow direction, encircled by green
dotted line; this is commonly known as powder
entrainment pattern [77].

(2) Type I: Powder that flows laterally, marked by blue
dotted rectangles;

(3) Type ll: Powder that deviates from the main trajec-
tories, marked by blue dotted circles;

(4) Type lll: Powder that flows against the main powder
trajectories, marked by blue arrows;
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Figure 4. Vapour oscillation at different laser scan speeds: (a1)-(d1) 0.5 m/s, (b

is displayed for better visualisation).

At scan speed of 0.3 m/s, the most chaotic powder
trajectories are produced, and all types of spatters can
be observed, as depicted in Figure 5(a3). With scan
speed increasing to 0.5 m/s, the chaotic extent of
powder trajectory improves whereas Type | (lateral)
spatter can be commonly seen, as Figure 5(b1)-(b3) illus-
trate. With laser scan speed further increased to 0.7 m/s,
vapour constrains powder movement largely towards

0 >5(m/s)

l 4

% '"fn\‘
L pterruptlon
L

—

W Powder vel. T_>X Scan direction

1)-(b4) 0.7 m/s, and (c1)-(c4) 0.9 m/s (Partial baseplate

the vapour flow direction (see Figure 5(c1)-(c3)). In this
case, type lll spatter may re-occur, exhibiting opposite
to the main trajectory. With scan speed elevated to
0.9 m/s (see Figure 5(d1)-(d3)), both the number of
type Il and type lll spatter increase, as shown in Figure
5(d2). It can also be seen from Figure 5(f) that as laser
scan increases, the number of spatter decreases.
However, powder coalescent may occur as the constrain
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Figure 5. Powder trajectories generated at different laser scan speeds from (a1) to (d1) Transverse view and (a2)-(d2) Longitudinal
view. (c2’) Magnified display of the entrained shielding gas for (c2). (a3)—(d3) Top view of powder trajectories. (e) Synchrotron x-ray
imaging capturing escape powder [17]. (f) Powder spatter condition from a iso-metric view.

effect of vapour increases due to the increased laser scan elevated scan speed, as shown in 0.7 m/ and 0.9 m/s,
speed, shown in 0.5 m/s. This may results in the ten- inversely decrease the agglomerate tendency.

dency for agglomerate formation since powder spatter The resistance effect against the constrain of metal
becomes less dispersed. On the other hand, the further  vapour is represented by type Il and type Il powder.
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This is attributed to the decreased energy input as scan
speed increases, preventing powder from merging with
the melt pool timely. Nonetheless, type Il powder is
expected to be driven toward the vapour flow direction
when the laser passes nearby. Both of these two spatter
types can be inspected using synchrotron x-ray imaging
[17], as shown in Figure 5(e). It is noted in Figure 5(c2’)
that a counter-clockwise vortex flow composed of
shielding gas, i.e. argon, forms on the left side of the
metal vapour. This is a long-standing recognised entrain-
ment pattern based on the Bernoulli effect [21,78,79], and
is often schematically shown in literatures. While this rec-
ognition is generally true, it is hard to explain the occur-
rence of type Il and type lll spatter (see Figure 5(e)).
Affected by both metal vapour and shielding gas, which
are closely linked with the melt pool evolution, the
powder trajectories should also be interconnected with
these factors.

4. Discussion
4.1. Locally intensified pressure

In a previous study where the stationary laser was
adopted [80], the fluctuations of metal vapour occurs
alongside the augmentation of the melt pool
depression, and becomes pronounced with the for-
mation of a keyhole. This is because that the laser
absorptivity is highly dependent of the laser incident
angle. Laser absorptivity can abruptly increases at the
perturbed gas-melt interface. As a result, both keyhole
necking (see Figure 6(a)-(a’)) under stationary laser,

@ om— @

necking
4_

|

stationary laser

(b)

keyhole
moving laser

and keyhole protrusion [81] (see Figure 6(b)-(b")
under moving laser facilitate metal evaporation.

Because of instant metal evaporation occurring on
the keyhole protrusion, the produced metal vapour
exerts a large locally intensified pressured (termed as
LIP thereafter) on the KW. Vapour predominately
ejects from the LIP site regardless of the laser intensity
distribution, as shown in Figure 6(c). Here, the melt
pool surface (walls of depression or keyhole) can be
half divided by laser beam axis, as the vertical dotted
line indicate. In the case of LIP site appearing on the
rear KW in Figure 6(c), the average recoil pressure
incurred by the vapour on the rear KW, denoted as
RP, can transiently elevates. On the other hand, the
average recoil pressure on the front KW, denoted as
front pressure (FP), remains unaffected. Several
studies have also underscored that melt evaporation
could be confined to localised sites on the KW. Pang
et al. [76] reported that ‘complex multiple directions
vapor’ could be produced by local evaporation. Zhao
et al. [82] observed that such local evaporation could
induce ‘bulk explosion’ on the KWs. The LIP can signifi-
cantly exceeds the atmospheric pressure (101,325 Pa)
and can force the protrusion to merge back into the
melt pool.

4.2. Melt-vapour correlation

Figure 7 illustrates the absolute pressure that the melt
pool surface receives at scan speed of 0.5 m/s and its
transient variation within 50 ps. A red dotted vertical
line in each sub-figure represents the position of laser

Laser

Vapor

Figure 6. Keyhole necking monitored by (a) simulation [80] and (a’) experiment [17] under stationary laser, and keyhole protrusion
monitored by (b) simulation [28] and (b’) experiment [81] under moving laser. (c) Schematic of the production of locally intensified

pressure (LIP) site.
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Figure 7. Evolutions of vapour ejection mode indicated by the absolute pressure on the KWs. Snapshots are captured with 2 ps inter-

val, and only the values over 1 atm are displayed.

beam axis. The magnitude of the rear pressure and front
pressure are denoted by blue and green triangle marker,
respectively. The left and right horizontal solid lines rep-
resent the percentage of the magnitude of the averaged
rear and front pressure, expressed as:

RP/FP
RP + FP

Pr/Pr = [Percentage of RP/FP] =

Where RP and FP represent the averaged rear pressure
and front pressure, respectively. The value for each
absolute pressure is interpolated based on 5 pm grid res-
olution, and only the value larger than Tatm is counted.

It is defined that the R-mode or F-mode of vapour
ejection is obtained when RP is 0.5% larger or smaller
than FP, respectively. Otherwise, the C-mode is estab-
lished. In this way, each timeframe in Figure 7 corre-
sponds to a specific vapour ejection mode. At 450 ps
(Figure 7(2)), the first R-mode occurs. The first R-F
mode transition is observed between 452 ps and 454
ps (Figure 7(3)-(4)). Before the second R-mode recovers
at 474 ps (Figure 7(14)), vapour ejection mode is domi-
nated by F-mode, albeit the C-mode could be occasion-
ally probed. The third R-mode recovers at 494 ps (Figure

7(24)). It is noteworthy that vapour repeatedly under-
goes R-F(C)-R mode transition, and the duration
between two non-consecutive R modes is approximately
20 ps. This also implies an 50 KHz oscillation frequency of
the absolute pressure. In a study by Khairallah et al. [83],
almost the same oscillation frequency was monitored,
and they ascribed the periodicity to the varied laser
absorptivity.

It should be stressed that the production of metal
vapour is the basic engine to induce transient recoil
pressure on the melt surface. The periodicity revealed
in the case of 0.5 m/s can also find analogies in other
processing conditions. Figure 8 illustrates the variation
of percentage of RP during the entire laser scanning
process at four different scan speeds. Each plot includes
an inset displaying a curve fragment of 100 us at vapour
processing phase, and the value for the ‘percentage of
RP’ is shown on the left axis. As the inset indicates, an
obvious periodicity can be probed at scan speed of 0.5
and 0.7 m/s after an incubation period. In addition, a
‘scan speed-frequency’ trend emerges, indicating that
higher scan speed results in lower frequency (or higher
periodicity). Five peaks are observed at a scan speed of
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Figure 8. Variation of percentage of averaged absolute pressure on the real KW during the entire laser scan process at scan speed of

(@) 0.3 m/s, (b) 0.5 m/s, (c) 0.7 m/s and (d) 0.9 m/s.

0.5 m/s, while four peaks are noted at 0.7 m/s. This
trends also applies to 0.3 m/s although with less
evident periodicity. The ‘scan speed-frequency’ trend
is ascribed to the fact that the increased laser speed
leads to more heat input consumed to drill and
create new front KW, thus reducing the occurrence
rate for R-mode. On the other hand, the oscillation fre-
quency, i.e. number of peaks, at 0.9 m/s is abnormally
high during the entire laser path. Owing to that no R-
model comes into play, LIP sites under this circum-
stance are exclusively generated on the front KW. The
LIP sites varies (flows) along the front KW, leading to
the fluctuations of the percentage curve (Figure 8(d)).
Also note that while the R-mode in the other three
cases (0.3 m/s, 0.5 m/s, and 0.7 m/s) is primarily respon-
sible for producing periodicity, the flowing melt of LIP
sites manifest as minor fluctuations between consecu-
tive peaks, as the black dotted circle indicates in
Figure 8(b) and (c).

4.3. Vapour-argon correlation

As the direct cause of recoil pressure, the involved gases,
i.e. vapour and argon, are expected to display oscillatory
behaviours as well. This may challenge the traditionally

acknowledged Bernoulli induced gas pattern [21].
Figure 9 exhibits the vapour and argon flow conditions
at the same timeframes and scan speed to that shown
in Figure 7. Powder is manually hidden for a refined visu-
alisation. As cycle | starts, a vortex flow with counter-
clockwise swirling direction, labelled as vortex | and
marked by red dotted circle, is observed on the left
side of vapour. Note that vortex | at 450 ps derives
from a previous cycle (448 ps). Subsequently, vortex |
elevates and exits the boundary, as shown in Figure
9(2)-(3). Almost simultaneous to cycle | begins, vortex
Il forms on the right side of vapour with clockwise swir-
ling direction, marked by the black dotted circle. Vortex
Il also gradually ascends along the vapour-argon inter-
face, shown in Figure 9(2)-(5). Before the second R-
mode recovers at 474 ps (see Figure 9(14)), a new
vortex | forms at 466 ps (see Figure 9(10)), and a new
vortex Il also recovers at 474 ps. Due to repeat occur-
rence and absence of the two vortex flows, the
powder may experience different directions of drag
force at different times. As a consequence, the powder
could move against the vapour flow direction, leading
to the formation of type Il and Il trajectory (spatter) as
seen in Figure 5. According to a study by Nassar et al.
[84], the escaped spatter could evolve into residual
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Figure 9. Evolutions of vapour-argon flow pattern at 0.5 m/s, characterised by two vortex flows with opposite swirling directions.

Snapshots are captured at the same timeframes to Figure 7.

spatter waste on the scanned area, deteriorating the
quality of subsequent tracks.

To quantify the two vortex flows, Figure 10 exhibits
the x-component velocity (X-Velocity) versus the laser
scan direction from the longitudinal section at different
heights (Z-Position). Snapshots are also captured with
the same timeframes to that of Figure 9. At current
scan speed, where the VFA is equal or less than 90
degrees, vapour only exhibits non-positive x-component
velocity, whereas the argon velocity can be both positive
and negative. On the left side of laser axis, the maximum
positive x-velocity (see Z=550 pum), i.e. argon velocity,
coincides with the start of each cycle, (see Z=550 um
in Figure 10(2), (14) and (24)), and experiences decrease
and consecutively increase within one cycle. Simul-
taneously, the x-component velocity of vapour reaches
its minimum, as Z =550 um shows at the laser axis.

Since the line of Z=550 um is within the height of
powder layer, argon can directly impact powder bed.
As a result, the gas momentum can thus be continuously
transferred and accumulated in powder during laser
scans along the +x direction, allowing the powder to
overcome internal resistance and move in the direction
of the laser. This in turn triggers a powder entrainment
pattern, as shown in Figure 5(b2) and (c2). On the
other hand, all the curve fragments on the right side
of laser axis present argon velocity. These curve frag-
ments begin to oscillate at the onset of each cycle in
the form of vortex Il. However, the momentum gener-
ated by vortex Il is scarcely transferred to the powder
ahead due to the solid-liquid phase change (melting)
of the powder. This is also reflected by the rapid dimin-
ishment of positive x-velocity. As a consequence, the
subtle momentum transferred to the powder dissipates
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Figure 10. Variation of the distribution of X component gas velocity on the longitudinal section at different heights (Z position). Snap-

shots are captured at the same time frames to Figures 7 and 9.

in two ways: by forming a liquid micro-jet, as observed
by Sonny et al. [85] or by occasionally forming type Il
and type lll powder spatter (see Figure 5).

As for the case of 0.3 m/s, Figure 11 presents four
representative argon-vapour flow scenarios from a
longitudinal section. Under this circumstance, the
keyhole dimensions expend, particularly for its depth.
This boosts more frequent and provides broader areas
for the production of LIP sites. As a consequence, the
vapour ejection mode can shift among R-mode, C-
mode and F-modes with no determined sequence. The
resultant two vortex flows can occur and evolve either
simultaneously (Figure 11(a)), sequentially (Figure
11(b)), or separately (Figure 11(c,d)), leading to
complex momentum transfer from gas to powder. This
complexity is the major reason why powder trajectories
exhibit the most chaotic in Figure 5.

4.4. Gas-powder correlation

It can be anticipated that the powder should exhibit
analogous oscillatory behaviours to vapour and

argon since they directly contact with one another.
Although several studies have investigated the gas-
powder interaction around LPBF, none have exten-
sively explored their dynamic correlations. It has
been reported that powder-related by-products, such
as powder spatter [86] and the formation of agglomer-
ates [87], can adversely influence the quality of SLM
processed parts. Therefore, the gas-powder interaction
mechanisms should be considered a critical factor, yet
they remain poorly understood. Figure 12 displays iso-
metric view of the powder drag forces and directions
induced by gas oscillation at 0.5 m/s. During the
process that vapour swings forward within one cycle,
for instance from 450 ps to 456 ps in cycle | (see blue
arrow), most powder displays positive X-component
drag force, which is quantitatively illustrated in
Figure 13 at the same timeframes. Conversely, in the
process of vapour swinging back, as seen from 456
ps to 474 ps in cycle |, the powder drag force gradually
changes direction. A supplementary video is also pro-
vided for the four cases regarding the gas-powder
interaction.
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Figure 13 depicts the x-component drag force that all
the powder received versus the X direction at scan speed
of 0.5 m/s, with same timeframes to that in Figures 7, 9
and 10. On the left side of laser beam, the number of
powder with positive X-drag force gradually increases
from a moment in one prior cycle (such as 470 ps in
cycle 1) to the maximum in the next cycle (such as 478
s in cycle Il). This observation is consistent with the dis-
cussion in section 4.3. The momentum transferred from
vortex | to the powder from argon on the left side of
laser can accumulate during laser swings forward. In
contrast, the positive X-drag force on the right side of
laser beam quickly diminishes within one cycle and the
momentum transferred from vortex Il to the powder is
almost negligible.

In addition, the percentage of powder with positive X
drag force is plotted in Figure 14. The curves for the
other three laser scan speeds during the laser journey
are also displayed. Similar to Figure 8, the inset of each
subplot spans a 100 us period. A periodicity emerges
for the first three cases, with two key aspects to note:

(@) At the onset of the laser, the percentage of positive
X drag force is extremely high in all four cases. This
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indicates that powder experiences a strong, uni-
directional drag force during the vapour ‘initializa-
tion phase’.

(b) Although the peak height may vary, the periodicity
of the powder drag force is clear, particular for the
case of 0.5 and 0.7 m/s after an incubation period.
The periodicity displayed in Figure 14 is equal to
that shown in Figure 8, approximately 20 ps (50
KHz) and 25 us (40 KHz), respectively. The case of
0.3 m/s experiences the smallest periodicity,
ranging approximately 12.5 ps to 16.7 ps (60 KHz
to 80 KHz).

The oscillation in the melt-vapour interaction (Figure
8) is driven by the variations of LIP sites, which empha-
sises the critical role of LIP in affecting vapour beha-
viours, which in turn influences the melt pool stability
and morphology. On the other hand, the periodicity
inspected in Figure 14 arises from gas-induced powder
drag forces. These two oscillatory characteristics are
inherently connected, linking the dynamic behaviours
of the melt pool, gas, and powder spatter.

The variations in respect of the melt-gas-powder
oscillations at 0.5 and 0.7 m/s are shown in Figure 15.
A complete in-process evolutions are provided in the
supplementary videos. Under these circumstances, oscil-
lations could convert into periodic behaviours, where
the variations of LIP and drag force showcases a synchro-
nisation. This situation could establish highly connec-
tions with other studies. Huang et al. [88] also reported
a synchronisation behaviour between vapour velocity
and melt pool dynamics during laser welding process,
and attribute these variations to local evaporation. This
synchronisation highlights a critical feedback loop,
where vapour generated by local evaporation influences
melt pool behaviour, which in turn alters vapour charac-
teristics — a cycle that can significantly affect the process
stability and part quality. There are also several studies
reporting oscillatory behaviours concerning the melt
pool in the context of LPBF process [89]. While most of
these studies focus on the melt pool, the present one
extends these observations by providing a more com-
prehensive understanding and visualisation of the
underlying mechanisms correlating the melt-gas-
powder system with processing parameters.

4.5. Insight for process optimisation

As is widely recognised, excessively low or high energy
input is undesired in the LPBF process. In this study,
laser speeds of 0.5 and 0.7 m/s, which represent inter-
mediate settings, result in stable periodicity and may
therefore be more favourable for reducing defects.
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Figure 12. Evolutions of combined powder drag force, LIP on the keyhole wall and vapour mass fraction. For better visualisation, only

the powder above layer thickness (60 um) is displayed.

Support evidence can be found in Khairallah et al. [83],
who reported a tendency for pore generation when
stable periodicity was disrupted. Additionally, a regular
oscillation periodicity may decrease the likelihood of
forming agglomerate, as it allows spatter to move in a
more organised manner. This regularity aids in control-
ling the dispersal of spatter and reducing the accumu-
lation of defects, thereby enhancing the quality of the
finished products. Moreover, all types of spatter are det-
rimental to fabricating defect-lean LPBF parts, and are
expected to be removed by the cross-blow gas.
However, it has been reported that the cross-blow gas
can only affect the laser plume when it reaches a
sufficient height (on the centimetre scale) [90]. From
this perspective, a vertical vapour flow direction (VFA
approximately equals 90 degree), as seen with a laser
scan speed of 0.5 m/s, may be more advantageous for

spatter removal. It is also worth mentioning that within
the scope of the LPBF process, research has largely
focused on real-time monitoring techniques, such as
acoustic emission (AE) detection, with the hypothesis
that different metallurgical defects can generate
unique spectral of oscillation frequencies [91,92]. While
the sensor data may overlook the underlying mechan-
ism [93], the oscillatory behaviours identified in this
study through physics-based simulation provide a foun-
dation for using frequency-sensitive techniques in real-
time quality monitoring of process anomalies.

4.6. Future way

Although correlations have been established regarding
melt-vapour, vapour-argon and gas-powder, further
details should be explored as the current model might
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not fully represent realistic LPBF process. For instance,
no direct linkage is established between the melt pool
and powder spatter. A recent study [94] employs melt
velocity gradient and Marangoni intensity to evaluate
spatter intensity, suggesting a potential correlation
between these two components. The comprehensive
oscillatory nature observed in the melt-gas-powder
system also suggests that it may not be convincing
enough to assess process stability through a single indi-
cator, such as through a single melt pool model.
However, the melt pool behaviour remains crucial
because it intimately correlates other critical indicators,
including metal vapour, shielding gas, and powder
spatter. The follows provide two potential ways for
future study.

(1) It would be valuable to incorporate the effects of
powder deformation and adhesion between par-
ticles, which can further refine the categories of
spatter and account for the formation of agglomer-
ates during the LPBF process. Understanding these

interactions may help better control and reduction
of metallurgical defects in the final product.

Given the complexity and computational constraints
of physics-based model, surrogate model can offers
significant advantages. Such model should leverage
of the information provided by different levels of
physics, particularly the three relationships studied.
Thus, a multi-fidelity surrogate model can be a
choice, which is also a proper way for process optim-
isation. Several pioneer studies have been con-
ducted [95,96], but none have been integrated
with the correlations discussed in the current study.

5. Conclusion

Leveraging of the coupled CFD-DEM model, this study
reveals the oscillatory nature beneath the LPBF process
involving melt-gas-powder interactions. Many results
are reported for the first time and can establish connec-
tions with existing literatures. This study diverges from
conventional focus that primarily on the individual or



partial component, thus providing a much more com-
prehensive insight into the underlying mechanism of
LPBF. Key findings are summarised as follows:

(1) In the LPBF process, metal vapour typically under-
goes two distinct phases at varying laser scan
speeds. The first is the ‘initialization phase’, during
which vapour ejects vertically and continuously.
The second is the ‘processing phase’, where the
vapour flow angle (VFA) shows a positive correlation
with laser scan speed. Under this circumstance,
fluctuations on the walls of the depression or
keyhole create locally intensified pressure (LIP)
sites, from which the vapour predominantly ejects

(2) There are three types of oscillations in the LPBF
process. The first arises from the periodic variations
of LIP sites, which occur on the rear wall of the
depression or keyhole under specific processing con-
ditions. The second is simultaneously induced and
characterised by the repeated occurrence of two
argon vortex flows. The third stems from gas-powder
interactions, indicated by the proportion of the +X
component of the drag force exerted on the powder.

(3) Only under the intermediate scan speeds the oscil-
lation exhibits stable periodicity, implying a way of
assessing process stability via different types of oscil-
latory behaviours in LPBF. Future way of research
could consider establishing surrogate model via
integrating different sources of information from
different oscillatory behaviours.
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