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A B S T R A C T   

Meso-scale, multi-physics simulations of metal additive manufacturing (MAM) processes have so far proven their 
capability as a reliable tool for predicting potential defect formations. Nevertheless, there is a large number of 
uncertainty contributions involved with the input process parameters as well as the implemented material 
properties in these models. As expected, both the process-related and material-related uncertainties affect the 
outcome of these multi-physics simulations to a large degree. The present work is therefore intended to quantify 
the impacts of some of the important material/process-related uncertainties involved with meso-scale multi- 
physics models, on the heat transfer conditions within melt pool. In this respect, a meso-scale multi-physics 
model of the laser powder bed fusion process of stainless steel 316-L is developed in the commercial Finite 
Volume Method (FVM) based software Flow-3D and then validated against in-house experiments prior to the 
main investigation. In the first part of the study, the impact of recoil pressure at different laser linear energy 
densities (LED) and different laser beam sizes on the melt pool morphology are investigated. It is found that there 
is a specific threshold of LED below which the melt pool shape is not affected by the recoil pressure and the melt 
pool fluid dynamics is mostly governed by the Marangoni effect. This threshold increases from 80 J/mm to 280 
J/mm when the beam size is increased from 20 μm to 120 μm. Moreover, a parametric study using dimensionless 
numbers is carried out to understand the impact of different capillary forces on the melt pool shape and size. It is 
observed that for inverse Bond numbers below 4.105, the depth-to-width ratio of the melt pool is above 1 where 
the recoil pressure dominates the melt pool dynamics and a keyhole forms. In summary, this study specifies in 
essence the process window over which specific physics are unimportant so that a lower-fidelity meso-scale 
model could replace the higher-fidelity multi-physics models.   

1. Introduction 

Additive Manufacturing (AM) also known as 3D printing or Rapid 
prototyping is a type of advanced manufacturing process that can pro
duce parts from micro to macro scales. AM is classified into the seven 
groups of material extrusion, material jetting, powder bed fusion, binder 
jetting (BJ), material jetting, vat photo-polymerization and sheet lami
nation, according to ISO/ASTM 52900:2021 [1]. The mainstream MAM 
processes are laser powder bed fusion (L-PBF), electron-beam powder 
bed fusion (EB-PBF) and direct energy deposition (DED). L-PBF is a 
branch of MAM in which lasers are used as heating sources for fusing the 
material together [2]. L-PBF offers many advantages such as reduction 

in lead times, material waste, high geometric complexity, weight 
reduction and consolidation of assembly and as such it is becoming 
highly applicable in aerospace, automotive and bio-medical fields [3]. In 
addition, as L-PBF locally melts the powder bed the process parameters 
can be altered to tailor the mechanical and geometrical properties at 
certain locations hence improving the process efficiency and product 
quality [2]. 

In the L-PBF process, a laser is used as heat source and gas-atomized/ 
plasma-atomized powder particles are used as raw material. The basic 
working principle is that a high-energy laser beam scans a selected area 
of the powder bed using a sophisticated optical system. After scanning 
the layer of powder with the laser, a new powder layer is deposited by a 
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spreader and the process is repeated until the full part height is printed. 
The diameter of the laser heat source implemented in the process ranges 
from about 50 μm to over 300 μm [4] which depends on the type of laser, 
the optical setup used, and the resulting laser beam quality obtained at 
the focal plane [5]. As a micron-size laser source is used, high thermal 
gradients and high solidification and cooling rates are unavoidable [6]. 
The generation of high thermal gradients also leads to high residual 
stresses, plastic deformations and under some circumstances, fracture 
and cracks in the parts [7]. A unique and fine microstructure is created 
due to the high solidification and cooling rates which determines the 
mechanical properties of the part [8]. Parts produced by L-PBF can 
suffer from voids or porosities that are caused either by insufficient or 
excessive heat input [9]. All these types of defects ultimately deteriorate 
the mechanical properties of the part and thus additional processes like 
Hot Isostatic Pressing (HIP) are often needed, thus elongating the pro
cess chain [10]. 

In order to analyse how these defects form and to find a way to 
mitigate them, an understanding of the active physical mechanisms and 
their interactions is necessary which can be achieved via in-situ or ex- 
situ experimentation. In-situ monitoring systems need calibration 
before the use of the sensors and are expensive to implement [11–13], 
while using ex-situ tools just provide the outcome of the process for the 
selected parameters and are also time consuming [9]. To fill this 
knowledge gap, L-PBF process numerical modelling is a wise choice 
since it is quite cost-efficient as multiple hypothetical scenarios can be 
simulated in a short time. The L-PBF process occurs over multiple time 
and length scales, and hence depending on the type of defects captured, 
two models namely the part-scale model and meso-scale model [1] could 
be relevant. The part-scale model simulates the building process of the 
entire part and captures defects such as residual stresses, deformation, 
and warping. The meso-scale model simulates the melt pool formation 
and captures defects such as lack of fusion [14], keyhole induced pores 
[15] and powder bed denudation [16]. The published literature on 
meso-scale models of the L-PBF process entails a lot of differences in the 
assumptions made, frameworks of the models, physics involved, and the 
methods used for the implementation of the physical phenomena. Ac
cording to Bayat et al. [1], meso-scale models can be divided into four 
groups of pure thermal models, thermo-mechanical models, thermo- 
metallurgical models, and finally fluid-based (computational fluid dy
namics – CFD) models. Even the fluid-based meso-scale simulations are 
sub-divided into specific categories based on their fidelity level [1]. For 
instance, fluid-based models with flat free surfaces neither account for 
the recoil pressure nor capillary forces. As an example of this branch of 
models, Le and Lo [17] developed such a flat-surface CFD simulation for 
the L-PBF process of 316-L stainless steel where they only took the 
Marangoni (thermo-capillarity) effect into account, which does not call 
for any free-surface tracking. Mukherjee et al. [18,19] developed rela
tively similar CFD models for the L-PBF process of four different alloys 
and they also ignored the role of recoil pressure and capillarity. It is 
worth mentioning, that this class of CFD simulations consider the 
powder layer as a mass- or volume-averaged continuum rather than 
capturing the shape of every individual powder particles, which is 
typically done in high-fidelity multi-physics models [20,21]. On the 
positive side, lower-fidelity simulations such as the mentioned flat- 
surface CFD models run faster, because of neglecting some of the 
physics, hence solving for fewer unknown variables, compared to high- 
fidelity multi-physics simulations. Furthermore, it is computationally 
efficient to extend low-fidelity continuum simulation models from the 
meso-scale to part-scale due to reduced geometric complexity as the 
individual powders are not spatially resolved. 

In conduction based meso-scale modelling works like [22–25], the 
flow of the liquid metal in the melt pool is ignored and the model only 
solves for the temperature field of the powder bed. By ignoring the fluid 
flow, the computational time and cost are even further reduced, but the 
obtained temperature fields are inaccurate, as heat losses due to melt 
fluid flow convection are ignored [26]. These types of models are only 

accurate when the melting mode is conduction dominated, hence they 
fail to capture the well-known keyhole phenomenon, unless very specific 
calibrated deep heat sources are used [27]. On the other hand, in high- 
fidelity multi-physics simulation works [28–33], individual powder 
particles are modelled using the discrete element method (DEM), where 
the powder particles are spread on a substrate using a roller or a 
scrapper. This approach is more accurate for modelling the L-PBF pro
cess compared to the flat-surface model, since as mentioned earlier, the 
multi-physics models account for the recoil pressure as well as capil
larity. These two mentioned forces play a major role in deciding the 
shape of the melt pool during the formation and collapse of a keyhole, as 
noted in welding literature [34–36]. Furthermore, works such as [37] 
also simulated the gas phase dynamics above the powder bed, while 
many authors like [16] do not explicitly solve for this, which is also 
stated in a review paper on meso-scale models of L-PBF [38]. 

The primary goal of the present paper is to find the ranges of selected 
material properties and process parameters, where the cheaper, lower- 
fidelity, flat-surface, thermo-fluid model gives almost the same results 
as the ones predicted by the high-fidelity multi-physics CFD model. In 
this work, we quantify the impact of the different interfacial physical 
phenomena that occur during L-PBF, on the melt pool morphology, and 
thermal conditions. Therefore, as a first step, a multi-physics numerical 
model based on the Finite Volume Method (FVM) is developed in the 
commercial software package Flow-3D using the Weld module for 
simulating the L-PBF process. The model validation is carried out by 
comparing the predicted melt pool shape with the ones from in-house 
single-track experiments. Then we run two sets of simulations with 
and without consideration of the recoil pressure at different linear en
ergy densities (LED) and at three different beam sizes. This parametric 
study is carried out to find the LED value below which the recoil pressure 
can be safely disregarded in such a way that a lower-fidelity flat-surface 
CFD model gives similar results. This is followed by another parametric 
study to investigate how different magnitudes of capillary forces affect 
the melt pool shape and its thermo-fluid conditions. Here the aim is to 
find the threshold value of surface tension above which the impact of the 
recoil pressure is negligible. In this part of the investigation, the Mar
angoni effect is ignored to allow for precise analysis of the opposing 
interfacial forces of capillarity and the recoil pressure. While doing so, 
we use the inverse Bond number as the dimensionless variable for 
quantifying the capillary forces. 

2. Model description and L-PBF single-track experiments 

2.1. Modelling approach 

This section describes the governing equations that are discretized to 
solve for the various physics involved in the model such as solidifica
tion/melting, fluid flow, heat transfer, surface tension, thermo-capillary 
effects, and evaporation. Below is a list of assumptions made in the 
model:  

• The solver only does calculations for the metal (solid and fluid phase) 
and does not calculate pressure, velocity, and temperature etc. of the 
air in the computational domain. Hence, it is a one-phase simulation.  

• The metal flow is assumed to be laminar, and the fluid is Newtonian.  
• The flow is incompressible and viscous.  
• The laser absorptivity is kept constant and does not have a spatial 

and temporal variation.  
• Powder denudation and laser spattering is not captured by the 

model.  
• The laser has a Gaussian planar distribution.  
• The powder is spherical in shape and is placed on the substrate by 

using the rainfall method rather than a physical spreader distributing 
it.  

• The surface tension variation with temperature is linear. 
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2.1.1. Fluid flow and heat transfer model 
The numerical model solves for the temperature and fluid velocity of 

the metal induced by the heat coming from the laser. Here the equations 
of continuity and momentum are solved to obtain the velocity and 
pressure of the molten metal as shown in Eqs. (1) and (2) respectively 
[14]. 
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Here V (m/s) is the velocity vector and p (Pa) the pressure field. The 
second term on the right-hand side of Eq. (2) represents the forces 
caused by viscous stresses and the third term is the solidification drag 
force due to the formation of a mushy zone. KC (kg/m3s) and Ck (− ) are 
the constants used for solidification drag forces and they are typically in 
the order of 106 and 10− 4, respectively. 

The fluid flow is coupled with the heat transfer via Eq. (3) 

ρ
[

∂
∂t
(h)+ V→⋅∇(h)

]

= ∇⋅[kbulk(∇T) ] (3)  

h = href + cp,bulk
(
T − Tref

)
+ flΔHsl (4)  

fl=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T < Ts

T − Ts

Tl − Ts
Ts ≤ T < Tl

1 T ≥ Tl

(5)  

where h (kJ/kg) is the specific enthalpy of the metallic phase, and the 
subscript ‘ref’ stands for the reference state from which the enthalpy is 
evaluated. fl (− ) is the liquid fraction function defined in Eq. (5), which 
for simplicity is approximated by a linear function of temperature and 
ΔHsl (kJ/kg) in Eq. (4) is the latent heat of fusion. Here the liquid fraction 
varies linearly between the solidus and liquidus temperatures. 

For the material properties such as density, thermal conductivity and 
specific heat capacity in the mushy zone, the values are calculated by 
using linear volumetric-averaging, i.e.: 

ρ = fsρs + flρl (6)  

kbulk = fsks + flkl (7)  

Cp,bulk =
fsρscp,s + flρlcp,l

fsρs + flρl
(8)  

where the subscript ‘s’ refers to solid and ‘l’ refers to liquid. 
In this model, the Volume of Fluid (VOF) method is used to track the 

free surface of the metal phase. The advantage of using VOF is that the 
metal-void interface is tracked more accurately as compared to other 
methods like the Level set method. To calculate the VOF and to capture 
the interface, the following is used: 

∂
∂t
(F)+∇.

(
FV→
)
= 0 (9)  

where the scalar F (− ) is equal to zero and one inside the gaseous and 
metallic phases respectively. Intermediate values of F indicate an 
interface between these two immiscible phases. In this work, the 
calculation for the gas phase is not included because an assumption is 
made that the gas flow has an insignificant impact on the melt flow 
characteristics. Hence, the gas phase is treated as a void with no fluid 

and thermal properties. 

2.1.2. The thermo-capillary phenomenon (Marangoni effect) 
One of the reasons for the thermo-capillary effect in fluids is the 

variation of the surface tension with temperature also known as the 
Marangoni effect, which occurs on the surface of a fluid. Another source 
is the presence of surface-active elements like oxygen and sulfur, which 
however is out of the scope of this study but was analyzed by e.g. [39]. 
The Marangoni effect is accounted for in the model as a shear stress 
acting on the surface of the molten metal, which causes the molten pool 
to widen with increasing temperature in the case of a negative surface 
tension gradient and deepen when the gradient is positive. The change 
of surface tension with temperature for 316L stainless steel is shown in 
Table 2. Here the surface tension gradient is active between the liquidus 
and boiling/evaporation temperature, where the metal is in the fluid 
state. 

2.1.3. Recoil pressure 
During processing in L-PBF, a localized laser heat source is used to 

melt the powder and hence very high temperatures – above 3200 K can 
be achieved. This high temperature is above the boiling point of the 
metal and can hence cause local evaporation letting the metal change its 
phase from liquid to vapor. This vapor phase of metal in turn generates a 
pressure on the surface of the molten metal, creating a depression zone. 
By creating this concave depression zone, the laser-material surface area 
is increased which in turn increases the absolute absorptivity. This 
pressure is denoted the recoil pressure and is accounted for in the model 
as a pressure acting perpendicularly to the free surface without implic
itly modelling the liquid to vapor phase transition. In summary, the 
recoil pressure, Marangoni shear force, and surface tension are all acting 
on the free surface interface and are expressed by 

FV/F(Pa) = [Precoil +σ.κ] n→+[∇T − n→(∇T. n→) ]
dσ
dT

. (10) 

The second expression on the right-hand side of Eq. (10) is the 
Marangoni shear stress and –dσ/dT (kg.s2.K− 1) represents the de
pendency of surface tension on temperature and acts tangential to the 
free surface of the fluid. Precoil (Pa) is the pressure acting normal to the 
free surface of the melt pool when it is overheated above the boiling 
point of the metal and κ (m− 1) is the curvature of the free surface of the 
fluid, whereas ‘n’ denotes the normal direction to the interface. 

The recoil pressure in the first term Eq. (10) can be expressed by 

Precoil(T) = 0.54Patme

[
ΔHlv

Cv (γ− 1)

(

1
Tg −

1
T

)]

(11) 

This is further simplified by compounding constants together as 
shown in Eqs. (12), (13) and (14). 

Precoil(T) = Ae

{

B

(

1− Tv
T

)}

, (12)  

wherein 

A = 0.54Patm (13)  

B =
ΔHv

(γ − 1)cvTv
(14)  

2.1.4. Ray tracing with multiple reflections 
The heat source in the model is a laser spot with a predefined 

diameter that traverses along the powder bed with a particular scanning 
speed. This laser spot generates an input heat flux into the computa
tional domain and varies spatially from the center axis of the laser ac
cording to Eq. (15). 
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(15)  

where P (W), R (m), xlas (m) and ylas (m) are laser power, laser beam spot 
radius, x coordinate and y coordinate of the initial laser position. When 
the laser is traversing in a straight line in the x direction, y is equal to 
0 and x is equal to v .t, where v is the laser scanning speed and t is time. 
The laser spot has a planar Gaussian distribution of heat flux into the 
domain and is discretized according to the mesh size used. The dis
cretized heat flux i.e., the heat source used in the numerical solution 
when compared with the analytical model can be graphically explained 
in Fig. 1(b). 

The choice of cell size determines the discretization of the laser heat 
flux as well as the number of rays being generated. As depicted in Fig. 1 
(a), the incident ray ri,j from the laser undergoes multiple reflections in 
the vapor depression zone and upon every interaction of the ray with the 
molten metal, the energy of the ray is reduced. The surface normal 
vector ‘n’ is defined with respect to the fluid's surface. More details on 
the ray tracing algorithm applied in L-PBF can be found in the previous 
works by the author group [14]. 

2.1.5. Powder bed model 
In order to obtain the geometry of the powder layer which will be 

treated as a fluid region in the thermal-CFD simulations, the Discrete 
Element Method (DEM) is used. The basic framework of how DEM works 
is shown in Fig. 1(c) with an example of collision between two particles. 
As DEM is formulated in a Lagrangian framework, each powder particle 
is modelled as a sphere and the powder motion is governed by Newton's 
second law. The location and velocity of the individual particles are 
tracked as they move through a pre-defined numerical domain. The 
Hertz-Mindlin contact model is used to define the mechanics when the 
particle encounters another particle or a wall. In this contact model, the 
sphere is treated as a spring and damper system, which is used to 
calculate the resulting forces Fa,N, Fa,T, Fb,N and Fb,T for particles A and B, 
when they collide into each another. The doverlap distance is an input to 

the model and is generally a factor less than one times the diameter. To 
model the rotational and translational frictional forces, a frictional 
contact is modelled, which links the two spring and damper systems of 
both the particles in the mathematical model. The value of the coeffi
cient of friction μ (− ) is calibrated by experimental tests such as the 
dynamic and static angle of repose test as well as the Hall flow test. The 
above mentioned DEM methodology and simulation framework of 
powder spreading on a substrate with different spreader speeds [40], 
shape of spreader [41] and the type of the spreader was thoroughly 
worked upon in literature [42–45]. 

When this numerical method is applied in L-PBF, spherical powder 
particles are dropped from the top of the domain which is usually 
denoted as the ‘rain-drop’ method. The approach was e.g. used for 
modelling of additive manufacturing by [46] where a Latti
ce–Boltzmann method was applied to model the melting and solidifi
cation of a multi-layer L-PBF process. The bottom and the side faces of 
the domain are treated as walls. However, as the ‘rain-drop’ method is 
used for powder deposition, the model does not need calibration from 
experimental tests unlike the models where a scrapper or roller is used to 
deposit a powder layer [47]. This method of powder deposition is 
extremely computationally efficient, as compared to modelling the 
actual scrapping of a powder bed using a roller or a spreader. The 
powder generation is stopped as soon as the pre-determined powder 
layer thickness of 45 μm is obtained. The particle size distribution (PSD) 

Fig. 1. a) Multiple reflections of laser rays in vapor depression b) discretization of Gaussian laser intensity c) Mechanics in the Discrete Element Method (DEM).  

Table 1 
Powder size distribution of SS 316L gas-atomized powder.  

Powder size (μm) < Average powder size (μm) Cumulative %  

20  15  3.77  
25  23  15.54  
30  27  35.18  
35  33  56.47  
40  37  75.48  
45  43  90.14  
50  47  100.00  
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to be used in the model is obtained from the powder manufacturer and is 
shown in Table 1, where also an average particle size for each powder 
size range is assumed. This average powder size is used in the DEM 
model and is also displayed in Fig. 2, where both the variation of volume 
% and the cumulative % are plotted. 

The above-mentioned PSD along with the Young's Modulus and 
Poisson's ratio for 316L powders are imported into the Hertz-Mindlin 
contact model. The number of particles added to the domain also 
known as the powder generation rate was varied to achieve a packed 
powder layer thickness of 45 μm. Fig. 3 shows the variation of particle 
generation rate to powder layer thickness. It is found that using a 
powder generation rate of 720 particles per second (marked with the 
blue circle), a dense powder bed is achieved with a powder layer 
thickness of 45 μm, which is very close to the nominal layer thickness. 
Once the powder bed is created, the powder bed geometry is imported 
into the FVM based thermal-CFD simulation setup as part of the fluid 
region, however initially in solid state. 

2.1.6. Numerical domain and boundary conditions 
The numerical domain size is 1100 μm × 500 μm × 350 μm for the 

single-track models. The substrate is 200 μm thick and has a powder 
layer thickness of 45 μm as shown in Fig. 3. The material assigned to the 
powder bed and substrate is 316L stainless steel. The numerical domain 
used in the simulations is shown in Fig. 4 along with the direction of the 
linear laser motion. The computational domain, contains a void region 
which is 150 μm in height from the top surface of the bulk region so the 
movement of the free surface interface must be tracked. Fig. 4(a) shows 
the computational domain with boundaries and (b) shows the same 
computational domain discretized with a mesh cell size of 5 μm. This cell 
size is selected based on a mesh independency study and is conducted for 
the single-track process condition in Section 3. 

The Marangoni shear force, recoil pressure and all other forces as 
described in Eq. (10) are applied on the free surface of the melt pool. The 
thermal boundary condition applied on the exposed surface of the metal 
is given as 

− k
∂T
∂ n→

= εσrad
(
T4

amb − T4)+ hamb(Tamb − T) − q”
laser + q”

evap (16)  

where, ε (− ) and σrad (W/m2/K4) represent the emissivity and Stephan- 
Boltzmann constants respectively, hamb (W/m2/K) represents convective 
heat transfer coefficient, q′′

laser (W.m− 2) is the input heat flux from the 
laser and qvap is the heat loss due to vaporization. More information 
about the thermal boundary conditions on the free surface can be found 
in the previous works by the author group [15]. 

The side, bottom and top walls of the numerical domain were set as 
an adiabatic, continuative and pressure outlet condition respectively. 
The domain is set sufficiently wide, such that the effects of the side wall 
conditions have minimal impact on the temperature values. 

2.2. Experiments 

To ensure a proper calibration of the multi-physics numerical model, 
individual single line-track test-samples were printed with a SISMA 
Mysint100 (Sisma S.p.A, Italy) L-PBF machine equipped with a fiber 
laser producing a maximum power of 200 W. Gas atomized stainless 
steel 316L powder was used to create the powder bedon a small sub
strate cube of 6 mm × 3 mm × 5 mm. The printing parameters were the 
default parameters by the L-PBF machine manufacturer for 316L pow
der, with a scanning speed of 1.5 m/s, a power of 120 W, a layer height 
of 30 μm and a laser spot radius of 15 μm. The parameters of the single 
track were kept fixed to the default parameters, where only the scanning 
speed and laser power were changed to 0.5 m/s and 80 W. After the 
build, the test-sample was removed from the base plate, sonicated and 
dried with pressurised air to remove residual powder particles. Prior to 
the optical microscope measurement to obtain the key melt-pool pa
rameters (height and width), the sample was immersed in resin to allow 
for proper polishing. The side of the cube perpendicular to the line tracks 
was polished to remove the end section of the tracks. Subsequently, the 
polished side was etched for 5 min with 5 % Nital solution to visualize 
the edges of the melt pools. 

The melt pool geometry from the single-track experiment was 
captured by a 3D optical profiler (Sensofar Plu Neox, Sensofar, Spain) 
operating in confocal mode with a 20× magnification objective [48]. 
More specifically, the provided operation software was used to measure 
the melt-pool dimensions of a single line track to obtain the melt-pool- 
depth and -width and the result is shown in Table 3. In this study for 
validating the numerical model only the first track results are used. 

3. Validation 

In order to check that the numerical model replicates the process 
conditions and the resulting geometry of the melt pool, a validation step 
is necessary before conducting the parametric analysis. In the validation, 
the simulated melt pool shape as well as its dimensions from the cali
brated numerical model is compared to the experiment, see. 

Table 3. The numerical model is run with the same process param
eters as the experiments given in Table 2 and a 2D melt pool contour was 
taken at a location where the melt pool had reached a pseudo-steady 
state, i.e. the variation in melt pool depth does not vary with further 
laser travel. The cross-section/lateral plane location in the validation 
case for the model is taken 500 μm (x-direction as shown in Fig. 4(a)) 
from the laser starting position and this position can change depending 
on the chosen laser process parameters. A cubic mesh is used to dis
cretize the computational domain as shown in Fig. 4(b) and the size of 
the cells is decided through a mesh independency test. In this test, a set 
of numerical calculation cases were solved with the same process pa
rameters except the mesh cell size was varied from 8 μm to 4 μm and the 
simulation output i.e., melt pool depth and width were reported. More 
details about this test can be found in [49]. A cell size of 5 μm was 
chosen, since it provided a computationally efficient and converged 
result. 

As seen in Fig. 5, the simulated melt pool matches very well with the 
experiments and the reason for this should be found in the fact that the 
numerical model accounts for all three major physical phenomena 
occurring in the melt pool during the L-PBF process. The error in the 
melt pool depth and width is roughly two times the mesh cell size and 
can be attributed to the assumptions made in the model in Section 2.1. 
For example, the melt pool height was not used as a measure to validate 
the model, due to powder spattering effects during the laser processing 
which were not accounted by the numerical model. Moreover, also the 

Fig. 2. Powder size distribution (PSD) of stainless-steel gas-atomized 316L 
powder used in the DEM numerical model. 
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stochastic nature of the powder bed morphology shows some effect, 
since it is impossible to obtain the same particle diameter-distribution 
that was present in the experiment. The powder spattering is caused 
by the development of a vapor plume from the melt pool surface when a 
temperature above the boiling point is achieved. The vapor plume in
teracts with the surrounding atmosphere to create an entrained gas flow 
that drags the surrounding powder particles into the laser-material 
interaction zone [50]. 

4. Results and discussion 

The validated model is subsequently used for parametric study cases 
of the recoil pressure and the surface tension at different melt pool re
gimes by implementing different laser energy densities. These sensitivity 
studies provide in turn a window of possible process parameters where 
one could replace a lower fidelity, low-cost, flat surface model instead of 
a multi-physics model within that specific window. 

Fig. 3. Variation in powder bed layer thickness with number of particles present in the numerical domain generated using the Rainfall method. When the number of 
particles is 720, a powder bed layer thickness of 45 μm is created and this data point is marked by a blue circle. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Framework for single laser track simulation model including powder bed and substrate (a) computational domain with boundaries (b) discretization of the 
domain with uniform quad mesh. 
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4.1. Sensitivity of recoil pressure 

As mentioned in Section 2.1.3, the recoil pressure is the vapor 
pressure generated on the melt pool due to overheating of the melt pool 
above the boiling temperature. This makes the melt pool deeper and 
increases the absorption in the laser-material interaction zone due to the 
ray trapping as a result of the multiple reflection effect as explained in 
Section 2.1.4. The presence of recoil pressure adds momentum to the 
fluid flow by depressing the free surface of the melt pool. 

In the first part of the parametric study, the LED as a condensed 
process parameter is used, which basically condenses the two important 
laser parameters of power and scanning speed into one parameter. The 
LED is varied from 80 to 400 J/m while the laser beam spot diameter is 
varied from 20 μm to 120 μm. Two scenarios are considered, where the 
first will account for the recoil pressure while the other will not. The 
main aim of this sensitivity study is to obtain a threshold value of the 
LED for each beam size, below which the presence of recoil pressure can 
be ignored. This can be beneficial for MAM users who would like to 
define a process window for new potential alloys that can be manufac
tured by MAM using numerical simulation tools due to their advantages 
as discussed in Section 1. 

The values of the laser process parameters are shown in Table 4, 
wherein a total of 24 simulations were carried out (12 cases with the 
absence of Recoil pressure and 12 cases with the presence of recoil 
pressure), and the respective thermo-fluid data such as temperature, 
velocity etc. were post-processed after the single-track was solidified. 
The melt pool shape and size were analyzed at a fixed location where the 

size of the melt pool attained a pseudo-steady state. The measured melt 
pool depth and the LED values are plotted in Fig. 6 for the beam di
ameters 20 μm, 60 μm and 120 μm considered in this study. When 
ignoring recoil pressure from the calculation, the predicted melt pool 
dimensions are for certain parameters similar to the cases where the 
recoil pressure was taken into account. More specifically, this highly 
depends on the laser beam size and the LED values used in the single- 
track process. For a laser beam size of 20 μm, the predicted melt pool 
depth is nearly identical for the ‘No recoil’ and ‘recoil’ cases when the 
LED is 80 J/m or lower. For a laser beam size of 60 μm and 120 μm this 
threshold LED is 160 and 280 J/m respectively. These threshold LED 
values are circled in Fig. 6 and a trend can be noted that as the laser 
beam size increases, the threshold LED shifts towards a higher value. 
This indicates that for all the laser beam sizes in the range of 20 μm to 
120 μm, there is a specific LED value, below which the recoil pressure is 
insignificant and can be ignored from the model. This suggests that a 
lower-fidelity model, ignoring the recoil pressure, can replace multi- 
physics models in these ranges. Furthermore, the no-recoil assumption 
holds for a wider range at bigger beam sizes and only slightly diverges at 
higher LED values from the with-recoil case prediction. This is mainly 
because, as expected, the laser intensity is higher for smaller beam sizes, 
thus larger heat fluxes form which consequently lead to bigger and 
deeper depressions that the no-recoil cases fail to predict. 

To compare the melt pool shape and size, 2D melt pool contours are 
displayed in Fig. 7 for four LED values, where laser beam diameters of 
20 μm, 60 μm and 120 μm were used in the simulations with and without 
applying recoil pressure in the model. The contour plane is perpendic
ular to the laser traveling direction, i.e. being the y-z plane. The green 
region is the melt pool profile which is obtained when the recoil pressure 
is absent, and the red region is where the recoil pressure is present. The 
green and red color regions represent the regions of the substrate and 
powder bed that have undergone melting and subsequent solidification 
during the single-track L-PBF. The blue region is the non-melted zone of 
the computational domain for both cases. 

It can instantly be observed that for all cases where recoil pressure is 
absent, the melt pool depth is lower than the cases in which it is present. 
The difference in melt pool dimension and the significance of recoil in 
the model reduces significantly with the increase in laser beam size. This 
is because by using larger beam sizes, the irradiation area on the powder 
bed is increased, but the laser radiation intensity is reduced, since the 
overall heat input is preserved. Laser radiation intensity is the ratio of 
laser power and irradiation area. Thus, by increasing the LED value by 
increasing the power at a fixed laser scanning speed, the melt pool 
volume increases. In this study, for smaller beam sizes like 20 μm, the 
recoil pressure is quite significant because the laser intensity is higher at 
this beam size and the heat input superheats the melt pool above the 
boiling point of the material. The evaporation of the metal creates a 
depression zone at the laser beam melt pool interface and dynamically 
increases the absorptivity of the laser heat flux into the material due to 
the multiple reflection effect. If this depression zone is not accounted for 
in the model, it can lead to underestimation of the melt pool temperature 
due to higher laser radiation being reflected out of the domain as the 
keyhole is not sufficiently deep to trap the laser rays. Hence, the 
threshold LED must be calculated for a laser beam size in order to pre
vent incorrect predictions. The error in melt pool size is bigger when the 
laser beam size is small. For comparison, when a laser beam size of 20 
μm is used at an LED value of 280 J/m, which is greater than the 
threshold value of 80 J/m, the error in the predicted depth is increases 
when ignoring the recoil pressure in the calculation . But if the laser 
beam size is increased to 60 μm and an LED value of 400 J/m is used, 
which is 240 J/m higher than the actual LED threshold, the error in melt 
pool depth prediction is lower. Therefore, as the laser beam size is 
increased, the degree of under-prediction of the melt pool depth in recoil 
pressure absent cases decreases as well. 

A 3D temperature contour for the four LED values 80, 160, 280 and 
400 J/m at the laser beam size of 120 μm with and without recoil 

Table 2 
Thermo-physical properties of 316L stainless steel and L-PBF process parame
ters. * shows laser process parameters namely the laser power and scanning 
speed which were used to print the bulk material.  

Parameter Symbol Value Units 

Density at room temperature ρ 7900 kg/m3 

Viscosity μ 0.6 kg/m/s 
Liquidus temperature Tl 1733 K 
Solidus temperature Ts 1693 K 
Boiling temperature Tb 3200 K 
Latent heat of fusion ΔHsl 0.272.106 J/kg 
Latent heat of evaporation ΔHlv 6.46.106 J/kg 
Ambient convective heat transfer hamb 80 W/m2.K 
Surface tension gradient [49] γ − 0.0008 kg/s2/K 
Surface tension at liquidus temperature σ 0.3282 kg/s2 

Thermal conductivity in solid state ks 13.96 W/m.K 
Thermal conductivity in liquid state kl 35.95 W/m.K 
Specific heat capacity in solid state cp,s 434 J/kg.K 
Specific heat capacity in liquid state cp,l 965 J/kg.K 
Surface emissivity ε 0.4 – 
Laser power P 120*/80 W 
Scanning speed v 1500*/500 mm/s 
Layer thickness t 45 μm 
Beam spot size rb 15 μm  

Table 3 
Experimental melt pool dimensions in a lateral cross-section to the laser scan
ning direction measured through microscope images.  

Track no. Melt pool width (μm) Melt pool depth (μm)  

1  110.4  114.6  
2  120.3  113.9  

Table 4 
Process parameters used in the recoil pressure sensitivity study.  

Laser power (W) 40 80 140 200 
Scanning speed (m/s) 0.5 
LED (J/m) 80 160 280 400 
Beam diameter (μm) 20 60 120   
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pressure is shown in Fig. 8. 
From Fig. 8 it can be observed that the significance of recoil pressure 

on the temperature distribution is negligible for the LED values 80, 160 
and 280 J/m, when a laser beam size of 120 μm is used. This indicates 
that at higher laser beam sizes, evaporation from the melt pool is very 
small and therefore the recoil pressure has less impact on the thermo- 
fluid conditions. Therefore, ignoring the recoil pressure generating 
this depression, does not affect the melt pool size and shape prediction 
and this allows for using lower fidelity models without recoil pressure, 

while still obtaining equally accurate results as if using a multi-physics 
model including the recoil pressure. 

There is a depression on the melt pool surface at the laser-material 
interaction irrespective of the inclusion of recoil pressure in the calcu
lation. The volume of fluid (VOF) method is used for free surface 
tracking and is expressed by Eq. (9), in which the surface tension forces, 
Marangoni shear stress, and recoil pressure are acting. In Fig. 8, Mar
angoni convection and atmospheric pressure, cause the depression and 
have higher influence on the melt pool dynamics, when large beam 

Fig. 5. Experimental melt pool (left) compared to the simulated melt pool (right) along with the melt pool dimensions for (a) Track-01 and (b) Track-02, where the 
process parameters mentioned in Table 2 were used. 
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Fig. 6. Melt pool depth for laser beam diameters of 20 μm, 60 μm and 120 μm each for LED values of 80 J/m, 160 J/m, 280 J/m and 400 J/m with and 
without recoil. 

Fig. 7. 2D melt pool contours for three laser beam diameters which are 20 μm, 60 μm, and 120 μm and four LED values a1–a3) 80, b1–b3) 160, c1–c3) 280 and 
d1–d3) 400 J/m when the melt pool reaches a pseudo-steady state. The colors red and green indicate the melted regions when recoil is present and absent in the 
numerical model, respectively while the non-melted region is indicated by blue color. The increase in melt pool depth with the LED values for both recoil absent and 
recoil present cases is also shown for laser beam diameter of 60 μm with a yellow dotted line. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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diameters are used. When the LED is increased more heat is absorbed by 
the metal increasing its temperature of the molten metal and thus 
reducing the surface tension. As there is a gradient of temperature on the 
melt pool surface due to a moving heat source a gradient in surface 
tension is also created on the top surface of the melt pool. This leads to 
fluid flowing from the center of the melt pool where the temperature is 
the highest, to the sides and the tail of the melt pool where it is colder. 
For the atmospheric pressure on top the melt pool, the decrease of 
surface tension with increase in temperature as explained in Section 
2.1.2, leads to the direct irradiated zone of the melt pool to have a lower 
surface tension. The atmospheric pressure and surface tension force 
oppose each other on the surface of the melt pool. As the surface tension 
is reduced in the melt pool due to temperature rise, the result is a 
depression zone ensuring equilibrium between the two opposite acting 
forces. Thus, a further increase of an already large beam will reduce the 
relative influence of recoil pressure and correspondingly increase the 
effect of surface tension and Marangoni shear stress on the melt pool 
dynamics. 

4.2. Surface tension (the capillary force) 

In general, the Marangoni shear stress acts on the melt pool surface 
due to the surface tension gradient caused by temperature changes. In 
the present case, this shear stress creates a convection current in the melt 
pool, where the molten metal from the high temperature region near the 
laser-material interaction zone is transported to the colder regions. 

In order to investigate the independent role of capillarity on the melt 
pool shape and its thermo-fluid conditions, the Marangoni effect is 
ignored here, and therefore a constant surface tension value is used over 
the melting temperature range. Hence the third term in Eq. (10) is set to 
zero. Ten different surface tension values are used ranging from 0.005 
kg/s2 to 10 kg/s2, while applying the nominal process parameters used 
earlier in the validation study. The constant surface tension values are 
0.005, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 7.5 and 10 kg/s2 in this parametric 
study. 

Two dimensionless numbers are introduced in this sensitivity study 
for the purpose of elucidating which phenomenon is dominant under 
different surface tension conditions. The first one is the Bond number Bo 
(− ) which is the ratio of gravitational to surface tension forces. 

Bo =
ρ g→l2

σ , (17)  

where ρ (kg/m3) is the density of the fluid, g (m/s2) is the gravitation 
constant, σ (kg/s2) is the surface tension, and l (m) is the characteristic 

length of the melt pool. The details of the characteristic length mea
surement can be found in [49]. 

The second number introduced is the Nusselt number Nu (− ) and it is 
defined as follows 

Nu =
hl
kf
, (18)  

where h (W/m2K) is the melt pool's convective heat transfer coefficient, 
kf (W/m K) is thermal conductivity in the fluid and l (m) is the charac
teristic length, in this case the length of the melt pool [49]. 

For all temperature independent surface tension cases in the sensi
tivity study, 3D temperature contours including fluid flow velocity 
vectors are displayed in Fig. 9 at 1.2 μs, which is a point in time where 
the melt pool has reached its quasi-steady state. A 2D inset image for 
each case is also included, which shows the created melt pool indicted 
by the red color region in the red-blue color contour plot, while the blue 
color indicates the un-melted regions. The inspection plane A-A' is at a 
location where the melt pool has attained a pseudo-steady state along 
the laser scanning direction as well. When the surface tension is below 
2.5 kg/s2, the deep and narrow melt pools are predicted as shown in 
Fig. 9(a–f), indicating that the melt pool dynamics are dominated by 
recoil pressure, where the high density of velocity vectors provides an 
initial indication that convection could be the dominating heat transfer 
mechanism. 

In the extreme case where the lowest surface tension 0.005 kg/s2 is 
used, spatter is created due to the increase in wettability of the molten 
material with reduced surface tension. This phenomenon, coupled with 
the high recoil pressure, causes the molten material with a high mo
mentum to break into droplets, whenever the momentum is high enough 
to overcome the cohesive surface tension force. In addition, spattering 
also leads to instability and fluctuations in the penetration depth of the 
melt pool due to sudden mass and energy loss from the melt pool. The 
sudden variation in the shape and size of the depression zone also leads 
to a variation in the efficiency of the energy coupling in the laser ma
terial interaction, which can be explained by the multiple reflection 
phenomenon described in Section 2.1.4. Thus, the energy absorbed by 
the material is not constant and this leads to melt pool instability. 
Increasing the surface tension to 0.05 kg/s2 suppresses the spatter for
mation and the formed vapor depression becomes stable along the 
length of the scanned track. The volume of the melt pool is also 
increased with a surface tension from 0.05 kg/s2 to 1 kg/s2, wherein a 
stable keyhole depression is formed indicated by the 1750 K tempera
ture isocontour in Fig. 9(b–e). The angle between the keyhole front and 
back wall also reduces with an increase in surface tension from 0.005 

Fig. 8. 3D temperature plots at time = 1.2 μs during the single-track formation on the powder bed with four energy densities values a1–a2) 80 J/m, b1–b2) 160 J/m, 
c1–c2) 280 J/m and d1–d2) 400 J/m with and without recoil pressure in the model. A laser beam diameter of 120 um was used for the single-track numeri
cal simulation. 
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kg/s2 to 1 kg/s2 and a further increase in surface tension eliminates the 
depression zone. As the surface tension increases from 0.05 kg/s2 to 1 
kg/s2 the molten material at the back wall of the depression zone ac
cumulates and a hump forms reducing the angle between the keyhole 
walls [51]. This indirectly increases the absorption of the laser radiation 
through ray trapping and more heat is added to the melt pool, thus 
raising the temperature as seen when comparing the temperature plots 
from Fig. 9(b–e) in which a small amount of the isocontour in the 
temperature range of 1750 K to 2475 K is present for a surface tension of 

0.05 kg/s2. 
A decreasing trend in the predicted melt pool velocity is shown in 

Fig. 9(b–f), where the average velocity decreases with increasing the 
surface tension from 0.005 kg/s2 to 1 kg/s2. Due to the increase in the 
molten material region behind the laser heating zone, the directly laser 
irradiated molten material could form vortices and dissipate heat 
through convection. With an increase in surface tension there is a 
retardation of the fluid flow motion, increasing the resistance to flow 
and thus decreasing the average fluid flow velocity. This lack of fluid 

Fig. 9. 3D temperature contour plots of half the 
computational domain at t = 1.2 μs of cases with 
temperature independent surface tension values a) 
0.005 kg/s2 b) 0.05 kg/s2 c) 0.1 kg/s2 d) 0.25 kg/s2 

e) 0.5 kg/s2 f) 1 kg/s2 g) 2.5 kg/s2 h) 5 kg/s2 i) 7.5 
kg/s2 j) 10 kg/s2. For each case, the melt pool 
morphology is displayed at a pseudo-steady state in 
the inset images. The red regions in these images 
indicate the melt pool, while the blue region in
dicates un-melted zones. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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motion in the melt pool changes the mechanism of heat transfer towards 
conduction accompanied with heat accumulation. This could also alter 
the solidification parameters like solidification temperature gradients 
(K. m− 1) and cooling rates (K.s− 1), which ultimately affects the micro
structure characteristics like grain size and morphology [52]. 

From Fig. 10 a global trend is clearly observed that as the inverse of 
Bo increases, the depth/width ratio of the melt pool decreases. In low 
surface tension cases where the melt pool depth/width ratio is high, a 
keyhole melting mode is established and in this mode the melt pool 
dynamic is governed by the recoil pressure. Hence this recoil pressure 
dominant region is marked by red color in Fig. 10 and the surface ten
sion values that are included in this region are 0.005, 0.05, 0.1, 0.25, 0.5 
and 1 kg/s2. The melt pool morphology and thermo-fluid conditions for 
these recoil dominant cases can be seen in Fig. 9(a–f), where the melt 
pool depth/width ratio is greater than 1. Recoil pressure and surface 
tension are opposing forces acting perpendicularly to the melt pool 
surface. When a higher surface tension is used such as 2.5, 5, 7.5 and kg/ 
s2, the melt pool dynamic is governed by surface tension or in essence 
conduction and this melt pool regime is marked by the blue region in 
Fig. 10. In these cases, the surface tension is high, and the opposing 
recoil pressure due to evaporation is insufficient to create a vapor 
depression eventually leading to a shallower and wider melt pool. The 
melt pool morphology and thermo-fluid conditions for these surface 
tension dominant cases are visualized in Fig. 9(g–j), where the melt pool 
with depth/width ratio is less than 1. Wider melt pools are generally 
attributed to the Marangoni phenomenon in melt pool dynamics, but in 
this section this mechanism is ignored, as the surface tension is tem
perature independent and therefore surface tension is accountable for 
melt pool widening. The transition of the governing mechanism from 
recoil pressure to surface tension in the melt pool dynamics occurs be
tween inverse Bond numbers of 1.6 .105 and 5.4.105. By using linear 
interpolation, a threshold Bo− 1 of 4.105 is calculated, which should 
theoretically form a melt pool with a depth/width ratio equal to 1 and 
hence the influence of recoil pressure and surface tension phenomena in 
the melt dynamics is theoretically equal. In real cases where surface 
tension varies with temperature i.e., when Marangoni convection is 
present, average surface tension can be used in Eq. (17), which can be 
calculated as the average surface tension between boiling and liquidus 

temperatures. The change of surface tension in this liquid phase interval 
from 1733 K to 3200 K is − 0.0008 kg/s2/K as stated in Table 2. 
Therefore, a surface tension value of 0.2766 kg/s2 which is a charac
teristic value for 316L stainless steel can be used in Eq. (17), to evaluate 
the dimensionless Bo number. 

To correlate the resulting temperature field to surface tension, a plot 
of Nu (− ) and average melt pool temperature against relative surface 
tension is shown in Fig. 11. The relative surface tension (σi/σT) is the 
ratio between σi, surface tension values used in this sensitivity study 
(0.005, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 7.5 and 10 kg/s2) and the reference 
surface tension at liquidus temperature 1733 K for 316-L stainless steel, 
σT = 0.3282 kg/s2. These material properties are also previously 
mentioned in Table 2. 

From Fig. 11, it becomes clear that as the relative surface tension 
increases, the Nu decreases very rapidly and is only stabilized when the 
relative surface tension is equal to or greater than 2.5, where the melt 
pool is in the surface tension dominated conduction mode. Nu calculates 
the ratio of convective heat transfer to conductive heat transfer, hence 
with a decrease in Nu the dominant heat transfer mechanism changes 
from convection to conduction due to the increase in relative surface 
tension. An increase in relative surface tension above 2.5 does not affect 
Nu, and thus the heat transfer mechanism is still dominated by con
duction and the change in the average melt pool temperature is also 
minimal. The change in the governing heat transfer mechanism with 
increasing surface tension was also noticed when comparing the melt 
pool shape and temperature gradient in Fig. 9, where the melt pool 
depth is reduced and heat is concentrated in a smaller molten pool. The 
increase in the average melt pool temperature is due to poor heat 
dissipation from the melt pool is displayed in Fig. 11. This proves that 
convection is highly efficient in heat dissipation, reducing the temper
ature gradient during the laser processing and therefore also lowering 
the residual stress. This can also have a direct effect on the melt pool 
microstructure, grain morphology and grain size as explained earlier 
[18]. Convection is a dominating heat transfer mechanism when recoil 
pressure is a governing force in the melt pool dynamics which can be 
confirmed by comparing Fig. 9, Figs. 10 and 11 at surface tension values 
below 2.5 kg/s2. This implies that recoil pressure adds a higher linear 
momentum to the melt pool fluid flow, which efficiently reduces the 
average temperature. 

The increase in the swelling of the back keyhole wall caused by 
humping for simulation cases with surface tension values between 0.005 
and 1 kg/s2 increases the temperature of the melt pool which is quan
titatively shown in Fig. 11. The multiple reflection phenomenon inside 
the narrow keyhole increases the absorptivity and increases the tem
perature. This sensitivity study shows how the temperature and velocity 
fields are closely coupled to each other and also to the governing forces 
in the melt pool like recoil pressure and surface tension. 

Reduced order models that ignore important phenomena like Mar
angoni convection and surface tension can lead to overestimation of 
melt pool temperatures as shown in Fig. 11, where the minimum fluid 
flow caused by using a high surface tension of 10 kg/s2 predicts the 
highest melt pool temperature. In this case, the heat loss from the melt 
pool is almost solely based on conduction, which is a slower mechanism 
and hence heat accumulates in the melt pool. The temperature pre
dictions of reduced order numerical models can be accurate only when a 
lower laser energy density is used for L-PBF processing either by 
selecting lower laser powers or faster scanning speeds. To reduce this 
error in prediction, the more fundamental work by Bayat et al. [49] 
included a calculation of an effective thermal conductivity derived from 
a high fidelity thermal-CFD numerical model. This updated material 
property can be used as an input to the reduced order model to 
compensate for the absent multi-physics and to predict accurate tem
perature fields. Therefore, computationally efficient reduced order 
models can be confidently used for predicting outcomes of L-PBF pro
cesses reducing time consumption. 

Fig. 10. Variation of melt pool depth to width ratio with the inverse of Bo. The 
recoil pressure and surface tension dominant zones are marked with red and 
blue color, along with the predicted melt pools from the extreme low surface 
tension 0.005 kg/s2 (left) and highest surface tension 10 kg/s2 (right) cases. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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5. Conclusion 

In this study, a meso-scale thermo-fluid numerical simulation using 
the FVM based software Flow-3D is presented for the L-PBF process of 
316-L stainless steel. The numerical model is validated against single- 
track experiments, in which single laser tracks are printed on a sub
strate produced by a L-PBF. The predicted melt pool shape and di
mensions match very well with the corresponding experimental results. 
Subsequently, two parametric studies are conducted to understand the 
role of recoil pressure as well as capillarity on the melt pool conditions. 

In the recoil pressure sensitivity analysis, two sets of simulations are 
carried out for a range of LEDs and laser beam diameters, where the 
recoil pressure is set to be active and inactive, respectively. It is observed 
that the recoil pressure plays a minor role at LED values below 80 J/m 
for 20 μm beam size, below 160 J/m for 60 μm beam size, and below 
280 J/m for a laser beam diameter of 120 μm. This underlines that with 
an increase in laser beam diameter the threshold LED value also 
increases. 

In the surface tension parametric study, it is noted that the melt pool 
depth increases with an increase in the Bond number (Bo). This is 
because at lower Bo values, the melt pool dynamics will be dominated 
by surface tension and thus the impact of the opposing recoil pressure is 
eliminated. At high Bo numbers, the melt pool dynamic is dominated by 
the recoil pressure leading to bigger depressions and consequently larger 
melt pool depths. Varying the surface tension also significantly affects 
the heat transfer mode in the melt pool, where a low surface tension 
promotes convective heat transfer, whereas for a high surface tension 
conduction is dominant. For simulation cases where Bo− 1 value is below 
4.105, the recoil pressure is the controlling mechanism in the melt pool 
dynamics, whereas for values above 4.105 surface tension is dominant. 

The results from the two parametric studies provide a process/ma
terial window elucidating which of the investigated mechanisms are 
important and which are not. Based on this, it can be determined when 
the high-fidelity multi-physics model can be replaced by a time efficient 
lower-fidelity reduced order model which ignores the non-significant 
physics. The future work will include validating the application of 
effective material properties in a low-fidelity, time-efficient reduced 
order model for a selected process window. 
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