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a b s t r a c t 

Prediction of meltpool features in Laser-Based Powder Bed Fusion (LB-PBF) is a complex non-linear mul- 

tiple phase dynamic problem. In this investigation, numerical simulations and analytical models are of- 

fered to predict meltpool temperature and to provide a methodology to estimate melt track quality. By 

determining the meltpool temperature, different rheological phenomena including recoil pressure can be 

controlled. Recoil pressure is known to drive the keyhole and conduction modes in LB-PBF which is an 

important factor to qualify the melt track. A numerical simulation was carried out using Discrete Ele- 

ment Method (DEM) with a range of process parameters and absorptivity ratios; allowing observation 

of the variation of meltpool temperature and free surface morphology, as calculated by the volume-of- 

fluid (VOF) method. A spatially thermophysical-based analytical model is developed to estimate meltpool 

temperature, based on LB-PBF process parameters and thermophysical properties of the material. These 

results are compared with experimentally observed meltpool depth for IN718 specimens and found to 

have a good accuracy. The numerical and analytic results show good agreement in the conduction mode 

to estimate the meltpool temperature and related phenomena such as recoil pressure to control the melt 

track and layering quality. The analytical model does not accurately predict the keyhole mode which may 

be explained by evaporation of chemical elements in the examined material. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Laser-Based Powder Bed Fusion (LB-PBF) is one of seven pro- 

esses of Additive Manufacturing (AM) described by Gibson et al. 

n 2014 [1] and classified by ASTM/ISO 52,900 in the following year 

2] . In LB-PBF, understanding the complexity of the meltpool dy- 

amic is one of the main challenges for accurate result prediction. 

n this complex process, a process parameter set that is optimised 
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or a specific material might not necessarily be suitable for other 

aterials. 

The dynamic meltpool behaviour in LB-PBF is a complex phe- 

omenon that is very sensitive to the associated process parame- 

ers. As energy density exceeds a certain threshold material is va- 

orized and a high recoil pressure is produced that increases the 

endency for keyhole formation [3-5] . On the other hand, insuf- 

cient energy density results in lack of fusion and porous, low- 

ensity components. Shrestha et al. [6] numerically simulated key- 

ole formation in LB-PBF by the Discrete Element Method (DEM) 

nd showed that the keyhole size increases with higher energy 

ensity and local temperature. They [7] also investigated the com- 

ination of experimental and numerical methods by 3D power 

cale model using the Volume of Fluid (VOF) in single tracks. Re- 

ults showed that this method has a good agreement with experi- 

ental outcomes. 
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A thermal-mechanical-fluid model was used by Wang and Zou 

8] to analyse the micro-scale dynamic evolution of Ti-6Al-4 V. 

hey suggested that the temperature distribution of the meltpool 

an be controlled by adjusting the laser power, scan speed and 

atch spacing. Queva et al. [9] used a Finite Element Method (FEM) 

evel-set model at mesoscopic scale to examine meltpool evolution 

nd track development in LB-PBF of Inconel 718 and Ti-6Al-4 V. 

hey utilized volumetric and surface models for laser/powder and 

aser/substrate interactions. This study showed both recoil pressure 

nd vaporisation drive capillarity and affect temperature field evo- 

ution and meltpool features. The model also showed good flex- 

bility for describing both Inconel 718 and Ti-6Al-4V. Wu et al. 

10] developed a numerical model to discuss the relationship be- 

ween surface morphology and process parameters. They found 

hat the volume fraction of the meltpool and associated lifetime 

the time that liquid phase is presented) directly drives the surface 

orphology. The optimum values of these two factors produce the 

est surface quality in LB-PBF of Ti-6Al-4 V. Another model that is 

sed for simulating heat transfer and meltpool fluid dynamic be- 

aviour is a 3D VoF. This model is coupled with a sequential pow- 

er addition algorithm to obtain random powder distribution. The 

olten metal flow and free surface formation were simulated by 

his method and found good agreement with the experimental re- 

ults [11] . King et al. [12] studied the effect of recoil pressure and

arangoni’s convection in LB-PBF with a high fidelity powder-scale 

odel. They introduced pore formation mechanisms at the edge of 

can tracks and suggest a series of solutions to pore mitigation. 

ing et al. [13] also studied the keyhole and conduction modes 

n LB-PBF of metals by simulating the meltpool and powder in- 

eraction. They showed that the laser power, scan speed and beam 

iameter drive the threshold transition from conduction mode to 

eyhole mode. The threshold can be used to identify the optimum 

ange of laser power, speed and beam size. A thermomechanical 

odel was presented by King’s group [14] to simulate the LB-PBF 

f Ti-6Al-4V to analyse the residual elastic strain. The results of the 

imulation were validated by synchrotron X-ray diffraction with 

ood accuracy. The investigation showed the modest strain hap- 

ened in island scans compared to continuous scan patterns. The 

ethod also showed the difference between the simulation and 

xperimental results. This can be related to material properties, ef- 

ective absorptivity and layer and beam agglomeration method. 

Tapia et al. [15] worked on a Gaussian Process-based Surro- 

ate (GPS) model of a metal LB-PBF process that predicts melt- 

ool depth in a single track. The GPS model was validated by ten 

ross-validations and the results showed a high degree of confi- 

ence in meltpool depth. This study also showed faster process 

ime to obtain the results compared to the existing models. King 

t al. [16] also offered the Diablo code-based model to demonstrate 

 mitigation strategy for dross formation in the overhang area in 

B-PBF. The proposed model showed that the surface tension binds 

elted particles and increases the contact with the build plate to 

roduce smooth melt tracks and better heat transfer. Cook and 

urphy [17] provided a comprehensive review on meltpool sim- 

lation and presented the overall status of the meltpool simula- 

ion in the literature. They reported that due to the complexity of 

he physics of the meltpool, several important problems need to 

e solved to provide a more accurate simulation process. These 

nclude the absorption of heat source and powder, the sensitiv- 

ty of the predictions, validation, in-situ time resolve measurement 

f meltpool temperature and linking the presented simulation to 

esidual stress and mechanical properties. 

Most of the presented literature are related to the meltpool ge- 

metry and mechanical properties of the manufactured specimens. 

any current simulations are neglecting the effect of convection 

etween shielding gas and the meltpool or simulate the LB-PBF 

rocess on a solid bed rather than a powder bed. Therefore, a pow- 
2 
er bed and real simulation is useful to correctly verify the analyt- 

cal developed model based on thermophysical properties of the 

aterial to estimate meltpool temperature and subsequentl rheo- 

ogical aspects of the meltpool. 

In the current study, the analytical model, which works based 

n thermophysical properties of the feedstock is developed to pre- 

ict the meltpool temperature. Different process parameters and 

bsorptivity ratios were applied to both analytical and numeri- 

al models to simulate the conduction and keyhole modes in LB- 

BF. The presented model was verified with the numerical simula- 

ion and different phenomena that occur in different temperature 

anges were discussed and governing mechanisms explained. 

. Limitations of in-situ meltpool temperature measurement 

There are a number of limitations for in-situ meltpool tem- 

erature measurement. For meltpool temperature below 10 0 0 °C 

he emitted light energy from the meltpool is relatively low, and 

s challenging to capture with conventional silicon-based image 

ensors. Non-silicon sensors such as Indium Gallium Arsenide (In- 

aAs) have been proposed as a technology to resolve this prob- 

em; however, these sensors may have a lower associated frame 

ate. Another potential limitation of thermal cameras is the high 

umber of photons that result from higher temperature of melt- 

ool due to Planck’s law. These scenarios can produce measure- 

ent errors, especially when quantifying the transition from con- 

uction mode to keyhole mode. In thermal cameras, the received 

hotons are converted to electrons and then stored in memory. 

he penetration depth of the sensor limits the number of stored 

lectrons and potentially causes error in measurement. If a rela- 

ively short exposure time is selected then sensor noise is domi- 

ant and these measurement errors increase. Generally, for high- 

peed cameras, the maximum and minimum detectable signals are 

n the range of 60 dB, which can only detect the temperature in 

he range of 150 0–50 0 0 K. The acquired high-speed camera data 

s initially stored in short-term memory which is then transferred 

o permanent computer storage. Consequently, the continuous data 

hat can be acquired is limited by the associated storage capacity 

nd data transfer rates. 

In keyhole mode, the meltpool can be obscured by the plume, 

nd ejected particles. The plume is invisible inside of the meltpool 

nd attenuates the heat signals and can therefore cause an incor- 

ect reading. In addition, the meniscus on the surface of the melt- 

ool deviates the reflected light from the surface that increases the 

hance of error. These limitations make analytical and numerical 

odels necessary to estimate meltpool temperature which is more 

ost-effective and faster for research and development with accept- 

ble accuracy. 

. Analytical model to calculate the meltpool temperature 

In LB-PBF, the induced energy, E d ,and meltpool temperature is a 

unction of process parameters. Eq. (1) quantifies the induced en- 

rgy density is related to absorption coefficient, η, laser power, L p , 

can speed, S s , and beam area, B a [1] . 

 d = 

ηL p 

S s B a 
(1) 

The absorption coefficient, η, is one of the physical properties of 

he material. The energy density is consumed to increase the tem- 

erature and enthalpy to melt the powder particles and to form 

he melt region. The enthalpy of Inconel 718 is a function of tem- 

erature in a solid phase, solid-liquid and the liquid phases (melt- 

ng). 

Thus, Eq. (2) quantifies the relationship between meltpool peak 

emperature versus thermophysical material properties, including: 
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Table 1 

Material properties of Inconel 718. 

Property Symbol Value Unit Ref 

Reflection coefficient R 0.7 [18] 

Solidus temperature T s 1493 K [19] 

Liquidous temperature T m 1609 K [19] 

Boiling temperature T v 3186 K [19] 

Heat capacity of solid phase C ps Fig. 1 kg. m 

− 3 [19] 

Heat capacity of liquid phase C pm Fig. 1 kg. m 

− 3 [19] 

Density of solid phase ρs Fig. 2 J.kg −1 . K − 1 [19] 

Density of liquid phase ρm Fig. 2 J.kg −1 . K − 1 [19] 

Latent heat of fusion L f 270 kJ.kg −1 [19] 

Latent heat of vaporisation L V 6300 kJ.kg −1 [19] 

Surface tension coefficient γ 1.89 N. m 

− 1 [19] 

Marangoni coefficient ∂ γ/∂ T −1.1 × 10 −4 N. m 

− 1 . K − 1 [19] 

Fig. 1. Specific heat capacity versus temperature for Inconel 718 [19] . 

i

a

i

t

a

p

E

p

p

E )

) 

C

�

s

f

Fig. 2. density versus temperature relationship for Inconel 718 [19] . 

o

b

ρ

ρ

t

nitial temperature, T 0 , solidus temperature, T s , liquidous temper- 

ture, T m 

, phase transformation enthalpy, �H m 

, and heat capac- 

ty in solid-state, C ps , and liquid state, C pm 

, respectively. These fac- 

ors are independent parameters and meltpool temperature, T mp , is 

 dependant parameter that needs to be calculated. The thermo- 

hysical properties of Inconel 718 are shown in Table 1 . 

 d = 

T s ∫ 
T 0 

C p s dT + �H m 

+ 

T mp 

∫ 
T m 

C p m dT (2) 

Fig. 1 shows the specific heat has a different trend in different 

hases so to obtain the relation of the specific heat versus tem- 

erature, the polynomial regression was applied that is shown in 

q. (3) . 

C ps = 0 . 21624 + 1 . 24323 × 10 

−3 × T −
(
2 . 26424 × 10 

−6 T 2 

+ 

(
2 . 00584 × 10 

−9 × T 3 
)

− (6 . 16396 × 10 

−13 × T 4 ) , 

f or T = 298 K − 1493 K (3

 pm 

= 0 . 72 

J 

g ◦K 

f or T ≥ 1609 K 

H m 

= 270 

J 

g 

Eq. (2) reports the gravimetric energy density; therefore, den- 

ity must be multiplied by enthalpy. The density of the metal is a 

unction of temperature as identified in Fig. 2 for Inconel 718. To 
3 
btain the value of density in each phase a regression analysis has 

een carried out and is quantified in Eq. 4(a) and 4(b): 

s = 

(
8 . 19 × 10 

−3 
)

+ 

[(
−3 . 93 × 10 

−7 
)

× ( T − 298 ) 
]

(4a) 

m 

= 

(
7 . 40 × 10 

−3 
)

+ 

[(
−9 . 09 × 10 

−7 
)

× ( T − 1609 ) 
]

(4b) 

When heating Inconel 718 in the range of 1493–1609 K, the ma- 

erial undergoes an endothermic phase transformation with the as- 
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Table 2 

Process parameters for Test Cases 1 to 10. 

Test Case Laser Power [W] Scan Speed [mm/s] Absorption ratio 

1, 6 225 1060 0.16, 0.32 

2, 7 255 960 0.16, 0.32 

3, 8 255 860 0.16,0.32 

4, 9 285 760 0.16,0.32 

5, 10 315 760 0.16,0.32 
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ociated energy density being defined by Eq. (5) . 

 d = 

T s =1493 

∫ 
T 0 

C p s dT + �H m 

+ 

T mp 

∫ 
T m =1609 

C p m dT (5) 

Eq. (5) may then be solved in terms of meltpool temperature, 

 mp : 

 mp = 

E d −
(
∫ 1493 

T 0 
C p s dT + �H m 

)
+ ( C p m × 1609) 

C p m 
(6) 

In LB-PBF, laser power, scanning speed, beam area and preheat- 

ng temperature, ( T 0 ) , are adjustable process parameters while ab- 

orption ratio, specific heat capacity, latent heat of fusion, and crit- 

cal temperature are the thermophysical properties of the material. 

Decreasing laser power and preheat temperature decrease the 

eltpool peak temperature while scanning speed and beam diam- 

ter have a reverse relationship with meltpool temperature. Differ- 

nt ranges of laser power, scan speed and two levels for absorp- 

ivity were selected for this experiment to simulate both conduc- 

ion and keyhole modes. These process parameters were selected 

n such a way that produces different meltpool temperature based 

n the presented analytical model. Table 2 shows the process pa- 

ameters for each identified Test Case. 

. Numerical model to calculate the meltpool peak 

emperature 

The numerical simulation of meltpool temperature is compu- 

ationally and technically challenging and is subject to consid- 

rable uncertainty in fundamental meltpool dynamics, stability 

nd related defects. In response to this complexity, and to ro- 

ust simulation outcomes, state-of-the-art Computational Fluid Dy- 

amics (CFD) tools 1 were applied that model free-surface fluid 

ow and multiphase heat transfer with solidification morphol- 

gy; simulations accommodate multiphysics interactions in micro 

nd mesoscale. The computational tool has LB-PBF relevant as- 

ects such as transient heat source; dynamic powder spreading 

nd packing and the related equations are presented in the Ap- 

endix ( Tables A1 to A7 ). The other items considered in the sim-

lation are, laser and particle interactions; transient meltpool dy- 

amics and nonlinear material response. These simulation capabil- 

ties enable best-practice research outcomes as validated for LB- 

BF applications [20-24] . The following sections describe the sim- 

lation attributes associated with: heat source modelling; powder 

article distribution; model geometry and boundary conditions; 

he discrete element method; and, material properties. 

.1. The heat source model 

Various heating models are presented in the literature to ac- 

ommodate the laser beam heating and melting of the LB-PBF 

owder bed [ 1 , 25-27 ]. When the energy density of the laser beam

xceeds a certain value, the material in the region of the centre of 

he meltpool is evaporated, resulting in keyhole mode, where the 
1 Flow Science, Inc., Santa Fe, NM, USA. FLOW-3D Version 11.2 (2019). 

m

t

c

4 
aser energy penetrates deeply through a keyhole/cone shape into 

he material [28] . The energy of the heat source in keyhole mode 

s absorbed by both the lateral surfaces and bottom of the melt- 

ool. Conversely, if the LB-PBF energy density is at a relatively low 

evel, the powder particles are melted, but no evaporation occurs. 

n this situation the laser energy is absorbed by the upper surface 

f the powdered material, referred to as conduction mode [29] . 

In this research a Gaussian distribution model is used to charac- 

erise the heat dispersion for both conduction and keyhole modes. 

For the conduction mode, a surface heat source model applied 

hat has heat flow into the upper powder bed surface. For keyhole 

ode, a body heat source model with volumetric energy density 

s used [ 1 , 30 ] for the numerical simulation. Eqs. (7) and 8 define

he surface, q s , and body, q b , heat source models in terms of laser

ower, P , absorptivity by the upper surface, e 1 , and body, e 2 , laser

eam parameters: radius of the beam at the upper surface of the 

owder, r 1 , radius of the laser at the end of the meltpool, r 2 , and

he depth of heat source, h . In this experiment r 1 is set to beam

iameter ( r 1 = 50 μm) and r 2 is estimated by the numerical model 

ased on the calculated depth of the penetration and r 1 . 

 s ( x, y ) = 

3 P e 1 

π r 2 
1 

e 

[
−3 ( x 2 + y 2 ) 

r 2 
1 

]
(7) 

 b ( x, y, z ) = 

3 P e 2 

π
(
1 − e −3 

)
hr 2 

2 

e 

[
−3 ( x 2 + y 2 ) 

r 2 
2 

]
(8) 

To investigate both conduction and keyhole modes, a range of 

can speeds, laser powers and absorptivity ratios were selected 

 Table 2 ). In LB-PBF, estimating the appropriate value of absorp- 

ivity is a complex task and is dependant on various factors such 

s the thermophysical and electrical properties of the material; 

urface quality; and laser parameters, including power, speed and 

avelength. Therefore, it is a common practice to use an empirical 

bsorption coefficient. In this model, to verify the simulation re- 

ults each test was simulated by two values of an absorption ratio 

ncluding 0.16 and 0.32 [31] . This provides the possibility to simu- 

ate both conductive and keyhole modes. 

.2. Powder particle distribution 

Fig. 3 shows the geometry model and associated meshing. The 

eometry model consists of two sections including the base metal 

nd powder bed. The LB-PBF simulation tool was used to model 

he powder bed with a total number of mass particles of 50,0 0 0 

Based on the area of the substrate) with five different particle 

izes comprising 10, 12.5, 15, 17.5, 20 μm. 

.3. Geometry of the model and boundary condition 

The mesh size was selected at 5 μm to provide a balance be- 

ween simulation efficiency and resolution ratio of powder evolu- 

ion. The lateral powder boundary conditions (Y-coordinates and 

egative X-direction) was selected as “wall” to prevent powder 

ovement. In the positive X-direction the boundary condition al- 

ows powder movement in a single direction (along with laser 

ovement) to simulate an “outflow” environment. In this sim- 

lation, gravitational attraction is simulated in the negative Z- 

oordinate and powder particles are compactly distributed by the 

ecoater blade and the upper powder layers are free to move 

bove each sublayer with the same X- and Y-coordinates. Thus, this 

ethod simulates the actual powder bed distribution and enables 

he evolution of the powder distributions subject to a range of pro- 

ess parameter Test Cases ( Table 2 ). 
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Fig. 3. Geometry of the powder bed and meshing showing (A) isometric view of entire geometry model (B) side elevation of meshed geometry model (C) plan view of 

powder bed (D) side elevation of powder bed. 
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Heat exchange between the shielding environment and the sur- 

aces of the geometry is defined. In particle separation, two inter- 

ctions including particle-particle and particle-mesh walls are en- 

bled. As the powder particles settle in the solid bed, they accu- 

ulate in the positive Z-direction and the interaction of powder 

articles and build platform determines the powder packing den- 

ity. This factor is definable in the simulation tool that was selected 

roportional to the particle sizes. In real conditions, the powder 

acking density is associated with different factors such as recoater 

ype and solid bed size, shape and speed. In this simulation, a dis- 

ance of 30 μm was maintained between recoater and powder bed 

or the mentioned particle size and to obtain suitable separation 

2 

nd packing density. 

.4. Discrete element method 

The LB-PBF build procedure requires the simulation of the pow- 

er bed because the simulation condition is different com pared 

o printing on a fully solid substrate. In this simulation to obtain 

reater accuracy, powder particles must be considered as there 

re multiple reflections of the laser beam through the particles. 

low3D uses the Discrete Element Method (DEM) to numerically 

imulate the behaviour of discrete interacting bodies. Thus, it is an 

deal tool for simulation of powder bed systems. The distribution 

f the powder diameter was selected in the range of 10–30 μm and 

iscretised to the percentage of mass distribution. In this simula- 

ion, an explicit time integration for the small particles was used. A 

ime-step, �t, that satisfies the Rayleigh criteria may be defined by 

q. (9) ; based on the minimum radius of powder particles ( R min =
0 μm); Modulus of elasticity, E; scan speed, v; and, density of the 

owder, ρ [32] : 

t = 

πR min 

√ 

ρ/ E 
0 . 163 v + 0 . 877 

(9) 

In the current experiment, all particles are identified by the di- 

meter, mass, velocity and momentum; therefore, it is possible to 

rack individual powder particle trajectories. 

.5. Material properties 

The thermophysical properties of Inconel 718 ( Table 1 , 

igs. 1 and 2 ) required to simulate meltpool phenomena include 

aterial density, viscosity, specific heat, and thermal conductivity. 

hese properties are a function of temperature as required. 
2 Where separation is defined as powder distribution on the substrate. 

h

l

b

5 
. Results and discussion 

.1. Single-Layer simulation 

In LB-PBF when the laser irradiates the powder bed, the tem- 

erature of powder increases. Since the Gaussian beam is used for 

he simulation, the temperature at the centre region of the irra- 

iation zone has the highest value. With further increase in the 

emperature, powder particles from the centre region start to melt, 

ith this molten zone radiating outwards. In this situation, smaller 

articles melt more rapidly than do larger particles and the melt- 

ool flows and fills the gaps between particles. When the laser 

eam passes through the powder particles, solidification begins 

nd forms a single track. Fig. 4 shows the movement of the melt- 

ool from left to right and the formation of the single track melt- 

ool. 

Based on the selected process parameters and absorptivity, two 

ell-known modes occur in LB-PBF including conduction mode 

nd keyhole mode. This classification is based on two typical heat 

ransfer modes comprising conduction and convection [ 13 , 33 , 34 ]. 

n the conduction mode, the conduction phenomenon transfers the 

eat from the surface to the body of the laser track and forms shal- 

ow weld nuggets. In keyhole mode, the heat is transferred to the 

ody of the meltpool by conduction and radiation. In this simu- 
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Table 3 

Different speed to power ratios and calculated meltpool temperature for absorptivity 0.16. 

Test Case Laser Power (LP) [W] Scan Speed (SS) [mm/s] LP/SS [J/mm] Peak Temperature by Analytical model [K] E d 
�H m 

[ g 
m 3 

] 

1 225 1060 0.212 1082 6.01 

2 255 960 0.266 1293 7.52 

3 255 860 0.297 1415 8.39 

4 285 760 0.375 1725 10.62 

5 315 760 0.414 1881 11.73 
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ation, 10 Test Cases were examined. The first five Test Cases are 

et for conduction mode and the second five Test Cases are set for 

eyhole mode ( Table 2 ). 

.2. Effect of process parameters on meltpool temperature 

LB-PBF is a heat-driven process which is controlled by process 

arameters such as laser power and scan speed that determine 

he energy flux to the powder particles that ultimately dictate the 

hermal response and melt flow. Increasing laser power transfers 

reater heat to the powder bed according to Eqs. (6) and 7 . By

ncreasing the amount of heat, the temperature of the material in- 

reases from the solidus point until sintering occurs. Further in- 

rease in laser power raises the temperature to the melting point 

nd if the temperature continues to rise, evaporation will occur 

nd recoil pressure drives the meltpool related features. 

Considering Eq. (10) , laser power, L p , and scan speed, S s , are

overning design factors dictating the overall temperature and 

hermodynamics of the meltpool. 

 mp = 

ηL P − S S B A 

(
∫ 1633 

T 0 
C p s dT + �H m 

)
+ ( C p m × 1683) 

S S B A C p m 
(10) 

In this simulation, a range of laser power to scan speed ratios 

ere tested with the analytical and numerical models as shown in 

able 3 . When using the smallest laser power to scan speed ratio 

Test Cases 1–3) the meltpool temperature cannot reach the ma- 

erial melting point (1533 K) and therefore cannot melt the pow- 

er bed as shown in Fig. 5 (A-I). The laser track observation in 

hese figures shows that the elevated temperature for Test Case 1, 

 and 3 is 1087 K, 1364 K and 1471 K respectively. Table 3 and

ig. 5 prove that the analytical model provides robust estimates 

or elevated temperatures below the melting point. and Test Cases 

 and 5 with fully melting and liquid flow in conduction mode. 

Fig. 6 shows that for Test Cases 1–3 a shallow meltpool is 

ormed in the thickness range of < 40 μm. This meltpool depth is 

nsufficient to melt the powder within the full layer thickness (set 

o 100 μm in this simulation) and consequently results in a lack of 

usion defect. (Note, the white area in the figures shows distance 

etween powder particles). 

When the ratio of laser power to scan speed (Test Cases 4 and 

) increases, higher heat is induced in the laser track which forms 

he complete meltpool as shown in Fig. 5 (J-O). In this situation, 

he powder bed is melted and the depth of the meltpool increases 

o 60 μm, which shows a weak bonding to the solid bed (substrate) 

s shown in Fig. 7 . When considering the higher laser power to 

can speed, commonly the movement of fluid in the meltpool 

s equally slower. In this dynamic situation, two processes occur, 

rstly the fluid moves out from the centre of the laser track car- 

ying heat, which can enhance heat transfer. Secondly, fluid in the 

uter regions which experiences zero velocity accelerates and fills 

ll gaps in the powder particles to form a complete meltpool [35] . 

imultaneously, due to the Marangoni effect, convection transfers 

eat from the bottom of the laser penetration depth to the surface 

nd then outward, generating a larger width, ‘cone-shape’ meltpool 

hat increases meltpool depth as is shown in Fig. 7 . 
6 
By reducing scan speed, the cooling rate and viscosity de- 

rease, which in turn increases the meltpool flow. Subsequently, 

he Reynolds number increases, resulting in higher turbulence 

ithin the meltpool, thereby the melted material flows and fills 

ll gaps in a powder bed ( Fig. 7 B), which causes high penetration

epth and good bonding. This can reduce defects and improve me- 

hanical properties. Fig. 8 shows the line plot for melt track tem- 

erature for Test Cases 1 to 5. As illustrated in this figure the sim- 

lated analyses are found to have a good accuracy agreement with 

he analytical model for the first five test cases. 

Fig. 9 shows the calculated meltpool temperature by the pro- 

osed analytical model versus the simulated results. As can be 

een in this figure, the proposed analytical model “which works 

ased on the thermophysical properties of the materials” has good 

ccuracy and can be used to define appropriate process windows 

efore starting the experiments. This can significantly reduce the 

ost and time of the production, especially for new material where 

o processing data is available. 

.3. The effect of high absorptivity on the meltpool temperature 

In the keyhole mode or penetration mode, a cone shape laser 

enetration has shaped on account of higher laser power to scan 

peed ratio or absorptivity of the material. The cone shape heat 

ource or keyhole is characterized by a deep narrow weld, which 

s formed due to the evaporation of metal. The energy of the heat 

ource is absorbed by the wall of the keyhole/cone shape and 

ransferred to the metal that can produce a deeper meltpool with 

ore flowability [ 26 , 36 ]. As shown in Table 4 , Test Cases 6–10

ere set for higher absorptivity ( ƞ= 0.32). In this case, the test 

ases are in keyhole mode which shows higher energy absorption 

nd temperature. Table 4 shows that higher meltpool temperature 

as obtained from the analytical model compared to the conduc- 

ion mode presented in Table 3 . 

Most of the numerical methods for keyhole mode laser pro- 

essing involve simplifying assumptions. The recoil force, the sur- 

ace tension pressure, and hydrostatic liquid pressure are com- 

only assumed to be balanced. Also, many current models con- 

ider heat transfer by conduction only, and convection is not 

aken into account; this idealisation may limit the range of 

redictability of these models and reduce the accuracy of the 

esults [37] . 

To determine the performance of the proposed analytical 

odel, Test Cases 6–10 were simulated by Flow3D Version 11.2. 

ig. 10 (A-F) shows for Test Case 6 and 7, complete meltpool track 

s formed and the powder bed is fully melted due to the high tem- 

erature of the LB-PBF process. The fully melted track is also found 

y the analytical model shown in Table 4 . For Test Case 6 and 7,

he numerical simulation of the laser track temperature was ob- 

ained as 1920.94 K and 2342.88 K respectively. Fig. 11 shows in 

est Cases 6 and 7 the calculated meltpool temperature for the 

nalytical model has 24.34% and 37.67% difference versus numer- 

cal simulation. The difference between these two models for Test 

ases 8, 9 and 10 was obtained as 38.76%, 26.36% and 20.22% 

espectively. The largest difference between these two models in 
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Fig. 5. Temperature field (K) of melt track for Test Cases 1–3 with no melting effect. 

k
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t
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s
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H

c

eyhole mode compared to conduction mode is related to the 

igher temperature, recoil pressure and evaporation of the chem- 

cal elements for Inconel 718. The recoil and evaporation pressure 

re not considered in the analytical model, therefore usability of 

his model is limited to the certain power range and energy den- 
ities. i

7 
In keyhole mode by increasing the ratio of laser power to scan 

peed from 0.212 to 0.266 the temperature of the meltpool in- 

reases which is shown by both analytical and numerical models. 

owever, when increasing this ratio from 0.266 to 0.414, no signifi- 

ant increase in meltpool temperature was observed in the numer- 

cal model. The recoil pressure is dominant due to its exponential 
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Table 4 

Different Speed to power ratios and calculated meltpool peak temperature for absorptivity 0.32. 

Test Case Laser Power (LP) [W] Scan Speed (SS) [mm/s] LP/SS Peak Temperature by Analytical model [K] E d 
�H m 

[ g 
m 3 

] 

6 225 1060 0.212 1921 12.02 

7 255 960 0.266 2343 15.04 

8 255 860 0.297 2587 16.79 

9 285 760 0.375 3208 21.23 

10 315 760 0.414 3520 23.47 

Fig. 6. The meltpool depth for laser power to scan speed. Note that meltpool depth 

is less than the layer thickness and may lead to a lack of fusion defect. Temperature 

(K) in meltpool indicated. 

(A) Test Case 1, LP/SS = 0.212 J/mm (B) Test Case 2, LP/SS = 0.267 J/mm and 

(C) ) Test Case 3, LP/SS = 0.297 J/mm. 
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c d 
ependence on process temperature. In this situation, the higher 

nduced energy, the higher recoil pressure and evaporation; there- 

ore, the temperature has an insignificant increase. 

For Test Cases 8–10 the meltpool peak temperatures approach 

he boiling point (3005 K) and the recoil pressure applies an ex- 

onentially increasing force which is normal to the surface and ac- 

elerates the liquid away from the centre of the melt track. This 

roduces a depression in the meltpool with a thin liquid boundary 

ayer at the bottom and forms a noticeable topological depression. 

The recoil pressure is lower at the bottom of the depression 

 Fig. 12 (A)), where the temperature has the highest value. The ver- 

ical velocity component of the melted liquid is negative at the 

ottom of the depression which causes the recoil force to generate 

 depression in the order of 120 μm. However, the vertical velocity 
Fig. 7. The meltpool depth for the laser power to scan speed ratio of (A) 

8 
omponent is positive along the sidewalls of the depression where 

he liquid escapes vertically due to the high vapour pressure. The 

epression phenomena observed in our case study is also found 

y King and Rai et al. [ 13 , 38 ]. The deep meltpool depression in

ig. 12 (C) is also related to the high temperature > 4400 K and sub-

equently high vapour surface flux from gas plumes which exerts 

 pressure force and ejects liquid materials. Due to the cooling ef- 

ect, two different vortixes appear close to the meltpool. The first 

ortex is related to the convection and conduction cooling and the 

econd vortex appears due to Marangoni’s convection. The ejected 

aterial below the laser beam forms small droplets and the in- 

eraction of gas plume recoil pressure and vortexes 1 and 2 move 

he particles away from the meltpool and causing it to deepen as 

hown in Fig. 12 (C). A third vortex is also driven by cooling effect 

nd tends to minimize surface energy. 

Fig. 12 (B) shows the conduction mode for Test Case 1. When the 

aser’s hottest spot passes from the plane in “X” direction, the tem- 

erature of the depression reduces, causing an exponential reduc- 

ion in recoil pressure. By this reduction in temperature, the sur- 

ace tension increases, which overcomes the tendency of the recoil 

ressure to keep the depression open. In this condition, the melt 

ow direction changes to an inward direction, but cannot guaran- 

ee the complete filling of all gaps in the powder bed, thereby in- 

reases the chance of porosity as seen in Fig. 12 (B). 

Another reason for the identified pores in Fig. 12 (B) is denuda- 

ion. When the heat source passes through the powder the molten 

aterial fills the depression and the region of the fused melt track 

rows in height. Due to asymmetrical cooling in the transition area, 

 lateral liquid flow occurs. This phenomenon partially melts pow- 

er particles that are in touch with the melt track and due to 

arangoni’s convection, surface tension pulls the partially melted 

owders toward the cold spot. If the induced energy in powder 

ed is not high enough to melt and flow the material, then the 

entioned phenomenon makes an unstable bridge between the 

aps of powder particles, which can produce defects in subsequent 

ayers [1] . The mentioned mechanism in lower induced energy on 

owder bed was also observed by Yadroitesev et al. [39] . These 

ores can be solved by selection of suitable hatch space when 

canning subsequent layers. 

To identify the determinant scale for keyhole and conduction 

odes, the induced energy density is divided by the material en- 

halpy at melting. This criterion has been tested for different met- 

ls such as stainless steel 316 L [ 12 , 40 ] processed by LB-PBF. Our

ase study shows that for E / �H m 

ratios greater than 12, the key- 
Test Case 4, LP/SS = 0.375 and (B) Test Case 5, LP/SS = 0.414 J/mm. 
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Fig. 8. One-dimensional temperature profiles (K) for Test Cases 1 to 5 (A-E) presented with 10 equal time spacing within the simulation duration. 

Fig. 9. The calculated meltpool temperature versus simulated values for conduction 

mode. 
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9 
ole mode and deep meltpool appear according to Equation 11. 

E d 
�H m 

{ < 12 g/ m 

3 Conduction mode 

≥ 12 g/ m 

3 Keyhole mode 
(11) 

Experimental validations in Section 5.4 and Fig. 12 (A and B) 

how that setting process parameters to produce high keyhole ra- 

io (Test Case 10, E d / �H m 

= 23.46 g/m 

3 ) results in the formation of

 very deep meltpool which melts the solid bed, and in contrast, 

etting process parameters too far below this criterion (test case 1, 

 d / �H m 

= 6 g/m 

3 ), the meltpool becomes very shallow which may 

ause bonding problem as can be seen in Fig. 5 (A-I). The meltpool 

epth and features showed that for Test Cases 6 to 10 the key- 

ole mode is dominant. Fig. 13 shows that a deep depression area 

s formed for Test Case 10 (which has higher induced energy and 

 meltpool temperature of 4400 K) at the end of the laser track 
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Fig. 10. (A-F) the melt track for Test Cases 6–7 with melting effect and liquid flow (G-O) melt track with fully melting condition and evaporation in keyhole mode. 

Fig. 11. The calculated meltpool peak temperature versus simulated value for key- 

hole mode (Test Cases 6–10). 
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hat is related to a rapid ramp down in laser power. To resolve this 

dentified issue it is recommended to slowly ramp down the laser 

ower. 

.4. Verification of simulated meltpools 

The temperature of the meltpool has a direct relation to melt- 

ool depth which can produce the conduction or keyhole modes. 

herefore, to verify the results of the simulation four test cases 

ith different process parameters have been carried out and com- 

ared with the experimental tests with similar printing condition. 

he cross-section in Y-direction depicts the shape of the melt- 

ools and is shown in Fig. 14 .. The simulated meltpool depth in 

ig. 14 (A-B) is in conduction mode while Fig. 14 (C-D) is in key- 

ole mode. The maximum errors between simulated melt tracks 

nd experimental tests for the conduction and keyhole modes were 
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Fig. 12. Melt region temperature (K) and laser track depth for (A) Test Case 10, LP/SS = 0.414 and (B) Test Case 1, LP/SS = 0.212, (C) Z-Cross-Section for Test Case 10 

indicating vortices. 

Fig. 13. Deep depression for (A) Test Case 10 versus (B) Test Case 1. 

Fig. 14. Y-Cross-section for simulated and experimental melt-tracks with different process parameters (A) Lp = 100 W, Ss = 10 0 0 mm/s, (B) Lp = 20 0 W, Ss = 10 0 0 mm/s, (C) 

Lp = 100 W, Ss = 200 mm/s and (D) Lp = 370 W, Ss = 800 mm/s. 
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btained 10.3%, 13.9% respectively which demonstrates an accept- 

ble accuracy and reliability. 

. Conclusion 

In this investigation, an analytical model was proposed to es- 

imate meltpool temperature and was verified by numerical DEM 

imulation of LB-PBF of Inconel 718. Different laser power to scan 
11 
peed ratios and absorptivity ratios were applied to both models 

o quantify the accuracy of the numerical and analytical models in 

he prediction of conduction and keyhole modes. The observed re- 

ults showed that: 

• The analytical model is highly compatible with the numerical 

model when applied to conduction mode. The difference be- 
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tween the results of the analytical and simulation models “in 

conduction mode” was found in the range of 0.54% −6.77%. 
• In keyhole mode, the analytical model cannot reliably predict 

the meltpool temperature. This limitation is assumed to be re- 

lated in part to the evaporation of chemical compositions of the 

material during keyhole melting. 
• The criteria of energy density to the enthalpy of melting is pro- 

posed to distinguish the conduction and keyhole modes. Ex- 

ceeding this criterion produces a very deep meltpool which can 

evaporate the material and cause extreme ejection effect and 

subtracts the material. In contrast, going too far below this cri- 

terion may cause a very shallow meltpool and fusion problems. 
• The simulation outcomes are compaible with previous observa- 

tion that recoil force is the primary force for the keyhole mode 

which drives meltpool features such as depth and pore forma- 

tion. 

This research identifies that the proposed analytical model is 

 robust tool to predict the meltpool temperature in conduction 

ode before setting up the machine parameters which can save a 

onsiderable amount of time and cost. Therefore, it can provide an 

ffective methodology for initial prediction of acceptable process 

indows, especially for new materials for which process optimisa- 

ion data is not readily available. 

uture work 

Further research will explore the complexities of prediction of 

eltpool temperature and morphology for keyhole modes. This 

odel should consider a comprehensive phenomenological study 

f process parameters, keyhole melting physics and non-linear ma- 

erial response to provide predictive capability for both conduction 

nd keyhole modes. 
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ppendix 

Tables A1 , A2 , A3 , A4 , A5 , A6 , A7 

Table A1 

Heat transfare equatiuons. 

Equation 

−( ∂ q x 
∂x 

+ 

∂ q y 
∂y 

+ 

∂ q z 
∂z 

) + Q = ρc ∂T 
∂t 

q x = −k ∂T 
∂x 

q y = −k ∂T 
∂y 

q z = −k ∂T 
∂z 

Table A2 

Finite Element Solver formulation. 

Equation 

[ C] { ̇ T } = [ K c ] { T } = { R Q } 
C = ∫ ρN T cNdV 

[ K c ] = ∫ B T kBdV 

R Q = ∫ Q N T dV 

{ T n +1 } = { T n } + �t{ ( 1 − β) { ̇ T n } + β{ ̇ T n +1 } } 
( 1 

β�t 
[ C] + [ K] ) { T n +1 } = R Q + [ C]( 1 

β�t 
{ T n } + 

1 −β
β

{ ̇ T n } ) 

Table A3 

Energy conservation and heat source. 

Equation 

∂{ ρh } 
∂t 

+ ∇ . { ρhu } − ∇ . { λ∇T } = { ̇ q L } − { ̇ q r } 
˙ q L = − dϕ 

dz 
= αϕ = ϕ z=0 α exp ( −

z 

∫ 
0 

α dt ) 

ϕ r, z=0 = ( 1 − R ) 2 P 

πR 2 L 

exp ( − 2 r 2 

R 2 
L 

) 

˙ q L ( r, z ) = ( 1 − R ) 2 P 

πR 2 L 

exp ( − 2 r 2 

R 2 
L 

) α exp ( −
z 

∫ 
0 

α dt ) 

˙ q r = δε r σ( T 4 − T 4 0 ) 

Table A4 

Momentum conservation. 

Equation 

{ ρ} ( ∂{ u } 
∂t 

+ ( { u } . ∇ ) { u } − ∇ . { σ } = f s + { ρ} g
σ = s − p I s = 2 μ( ̇ ε − 1 

3 
tr ( ̇ ε) I ) 

tr ( ̇ ε) = ∇ . { u } 
f s = γκn 

κn = ∇ s . ∇ s X 
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Table A5 

Mass conservation. 

Equation 

∇ . 〈 u 〉 D i = − 1 

〈 ρ〉 D i ( 
∂ 〈 ρ〉 D i 

∂t 
+ 〈 ρ〉 D i . 〈 u 〉 D i ) 

∇ . { u } = ∇ . (( 1 − H ) 〈 u 〉 D 1 + H 〈 u 〉 D 2 = ( 1 − H ) ∇ . 〈 u 〉 D 1 + H∇ . 〈 u 〉 D 2 + ∇ H. ( 〈 u 〉 D 2 − 〈 u 〉 D 1 ) = − ( 1 −H ) 

〈 ρ〉 D 1 ( 
∂ 〈 ρ〉 D 1 

∂t 
+ 〈 ρ〉 D 1 . 〈 u 〉 D 1 ) − δ( 〈 u 〉 D 2 − 〈 u 〉 D 1 ) . n LS 

δ( 〈 u 〉 D 2 − 〈 u 〉 D 1 ) . n LS = 

1 

4 〈 ρ〉 D 1 
∂ 〈 ρ〉 D 1 

∂t 
co s 2 ( πψ 

2 ε ) 

Table A6 

Shrinkage. 

Equation 

˙ θ = ∇ . { u } = − ( 1 −H ) 

〈 ρ〉 D 1 ( 
∂ 〈 ρ〉 D 1 

∂t 
+ 〈 ρ〉 D 1 . 〈 u 〉 D 1 ) − 1 

4 〈 ρ〉 D 1 
∂ 〈 ρ〉 D 1 

∂t 
co s 2 ( πψ 

2 ε ) 

Table A7 

Evaporation pressure. 

Equation 

Ps = A exp { B ( 1 − T v 
T 

) } 
A = 

RSIZE 
2 π

√ 

T v 
T 

P v 
B = 

1 
T EXP 

1 
T v √ 

T v 
T 

	 1 

T EXP = ( γ − 1 ) c ν
�H ν

R
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