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A B S T R A C T   

The purpose of this research is to develop a hybrid experimental and computational model to estimate the ab-
sorption of the laser for Laser-Based Powder Bed Fusion (LB-PBF) of IN718. The research also aims to find an 
underlying knowledge on the effect of absorption ratio on meltpool morphology. This model helps to improve the 
accuracy of the prediction of the meltpool morphology and the rheology of the melt tracks as well as the 
temperature-related phenomena in the process. In this paper, two test sets for the initial test with constant and 
dynamic/(process parameters dependent) absorption ratios were simulated. Melt tracks with different process 
parameters are printed and simulated from low to high energy density. Then, the Absorption Ratio (AR) is 
changed for each simulation until the same meltpool depth as the experimental results is obtained. In the next 
step, the temperature of the meltpool in the interaction area of the laser and material is measured from the 
performed simulations. Based on the obtained temperature and process parameters, a mathematical model is 
developed to estimate the absorption ratio in different conditions. The model is validated in hybrid computa-
tional and experimental conditions. The investigation provides the first model to calculate the absorption ratio in 
LB-PBF based on the temperature of the meltpool and process parameters. Results show that the developed model 
significantly enhances the accuracy of estimating meltpool features such as temperature, rheological and ther-
mophysical properties of the material in the melting state.   

1. Introduction 

Powder Bed Fusion (PBF) is a popular AM process that is extensively 
used for the processing of different materials such as ceramics, polymers, 
composites, and metals [1,2]. The energy source for this process can be 
either laser or electron beam. When using laser as a heat source, the value 
of absorptivity is a significant factor to drive the laser penetration, melt-
pool depth, and related rheological phenomena. When the laser is induced 
on the powder bed, the temperature increases, which can change the ab-
sorption ratio. Finding the value of absorption ratio, which is highly 
related to the type and thermophysical properties of the feedstock and 
induced heat, is an important factor to monitor the depth of the meltpool 
and the quality of the melt track between two subsequent layers. 

During the LB-PBF process, a high-intensity laser source melts metal 
powders following a complex pattern obtained from a computer-aided 
design (CAD). The selection of laser type and wavelength mainly de-
pends on the processed materials; for metals the shorter the wavelength 
the better light absorption [3]. Therefore, Nd:YAG or Yb-fiber lasers 
with 1064 nm are widely used for manufacturing metal powders [4]. 
Additionally, as discussed by [5] lower wavelengths lasers prevent 
pollution and improve the reliability of the process. The interaction of 
laser-powder makes the powder melt – creating the so-called melting 
pools – to quickly solidify the parts layer by layer. 

The temperature achieved in the meltpool mainly depends on the 
energy density applied with the laser source (power, layer thickness, 
scanning speed, and hatch space) but the material state and properties 
also play a key role [6]. The temperature during melting is not stable and 
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varies from solid material to liquid and even vaporization of some ele-
ments and plasma forming drive this quantity. Therefore, it is worth 
studying the absorption of the laser beam by the powder and later 
meltpool, which varies since solidified material presents a different 
absorption ratio than liquid [7]. The heat produced by the interaction of 
laser-powder creates temperature gradients that generate variations in 
the surface tension of the molten material. This variation produces a 
Marangoni flow with the direction of low to high surface tension [8]. 
During the process, the laser energy is absorbed by metal in different 
states as powder, liquid and solid; in each state, the absorption varies 
[9]. Additionally, the powder surface properties such as oxide layer, 
morphology, surface roughness, and coatings can alter laser absorption 
[10]. When scanning with the laser beam, denudation of powder par-
ticles can take place, leading to further inhomogeneities in melted tracks 
as studied by [11]. Since the absorption ratio also depends on the 
temperature of the molten material, it is important to take this variation 
into account. Drude theory offers a straightforward method that can be 
used to predict the absorption ratio values of pure metals and alloys 
[12]. Similarly, experimental estimation of absorptivity values shows a 
great variation of absorption ratio from both the powder/layer mea-
surements to liquid metal [13]. 

When processing any metal powder, the process windows are defined 
by Design of Experiments (DoE) in which the process parameters are 
varied. The optimal combination of process parameters is selected on 
maximum achievable properties like density or mechanical properties. 
Most of the initial experimental work is performed on simple melt 
tracks. The defects created by overheating the powder, the so-called 
keyhole porosity, or by underheating, the lack of fusion pores, will 
determine the best processing conditions [14]. In a recent study of 
IN718 [15], the authors found a handful of outliers in the meltpool 
cross-sectional measurements. Although the root of this effect is not 
clear yet, it could be explained by the interaction between the laser 
beam and the vapor plume. 

In loose powder, unlike dense materials, only a fraction of the radi-
ation is absorbed by the surface of the particles, while the rest of the 
laser energy penetrates the space between particles. Since the arrange-
ment of the powder bed changes with particle shape and size distribu-
tion, this induces variation in the powder absorptivity. The variation in 
the powder absorptivity with time during laser processing was investi-
gated by [16]. For a Ni-based alloy powder, the curve of absorptivity 
varies in time and differs by laser power. For the highest studied power, 
the absorptivity value peaks almost at the start of the process, and then 
decreases substantially. On the other hand, for low laser power, the 
absorptivity increases until this value stabilizes towards the end of the 
process. 

Numerical modeling completed by experimental validation of ab-
sorptivity prediction in metal laser powder processing offers a more 
complete overview. However, this is often material-dependent. Zhang 
et al. [17] studied the processability of Stainless Steel 17-4PH powder by 
a 3D heat-transfer finite element model that could predict relatively 
accurately the experimentally obtained meltpool depth, despite effects 
of the meltpool convection and inconstant laser absorptivity. This is one 
of the complexities of numerical simulation of the LB-PBF process. The 
averaged error of meltpool width and depth obtained with the model 
were reported to be 2.9% and 7.3%, respectively. This model is based on 
linear relation of experimental coefficients and has been presented in 
convection mode which the material has more linear behavior as 
compared with the keyhole mode. The inconsistency in absorptivity 
throughout the process due to changes in temperature and material state 
is often one of the major difficulties to adjust a numerical model to the 
experimental data as described by [18]. 

Estimating the laser absorption for metals due to the complex melt-
pool dynamic in LB-PBF is a difficult task. The common current practice 
is using the constant value of each metal that can cause a remarkable 
error in meltpool morphology prediction and related investigations. 
Wolff et al. [19] studied the thermal history of the cladding process of 
IN718 and to improve the accuracy of their work they presented linear 
relation between absorption ratio, mass flow rate and laser power. They 
showed that the absorption ratio is a direct function of both laser power 
and mass flow rate. 

In this paper, we simulated the LB-PBF of IN718 to explore the effect 
of absorption ratio on the meltpool features by presenting the rheolog-
ical evidence to provide insights on underlying physical knowledge of 
this phenomenon. Single tracks with a set of process parameters 
comprising laser power, scan speed, and absorption ratio leading to the 
formation of different meltpool morphology and depth were simulated. 
The single tracks were simulated with similar process parameters as 
experimental tests and by cross-sectioning, the simulated melt tracks the 
depth of the meltpool is compared to the experimental values. Then 
according to the obtained differences, the absorption ratio is changed 
and the next set of simulations have been carried out to obtain similar 
meltpool depth with the experimental values. A function between ab-
sorption ratio and the process parameters is derived leading to esti-
mating the value of this parameter. The results of the estimation 
function of absorption ratio are experimentally validated to show the 
accuracy and reliability of the model. The effect of absorption ratio on 
the thermophysical and rheological properties of ten molten materials 
and also the effect of this parameter on the transition from conduction to 
keyhole mode is comprehensively discussed and evidenced by a proper 
set of simulations. 

Nomenclature 

Symbol Definition 
AM Additive Manufacturing 
BA BeamAarea 
CAD Camputer Adied Design 
Cpm Liquid state heat capacity 
Cps Solid state heap capacity 
D Density 
DEM Discrete Element Method 
E Elastisity 
ED Energy Density 
h Plank constant 
k Boltzamn constant 
LB-PBF Laser based powder bed fusion 
LP Laser power 
Lt Layer thickness 

m Electron mass 
Symbol Definition 
q body body heat source 
q surface surface heat source 
R Reflectivity 
r1 Radius of the laser beam at the surface 
r2 Radius of the laser beam at the body 
Rmin Minimum radius of powder particles 
SS Scanning speed 
Tmp Meltpool temprature 
α Absorption 
γ Surface tention 
ε Dielectric constant 
ω Collision frequency 
μ Electro shemical potential energy 
λ Laser wave length  
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2. Absorption ratio in LB-PBF 

The absorption ratio of the laser is associated with multiple re-
flections of the laser beam in powder particles and the induced energy, 
and subsequently temperature of the meltpool. Boley et al. [20] reported 
reasonably significant differences in the absorption ratio of powder 
versus solid materials. It is known that when using high scan speed, the 
front wall is inclined and is composed of several layers caused by the 
successive reflections. When low scan velocity is applied, the meltpool 
appears to be more symmetric due to multiple reflections between the 
rear and the front keyhole walls [21]. Therefore, the absorption ratio is a 
direct function of the absorbed energy of the material and plays an 
important role in the formation of meltpool. Finding the function of 
absorption ratio based on the process parameters as well as the rheo-
logical and thermophysical properties of the material in melting state 
improves the accuracy for estimating the meltpool morphology 
including depth, and subsequently the quality of the inter-layer bonding 
in LB-PBF. 

3. Simulation 

A substantial number of simulations found in the literature [18,22] is 
based on the solid substrate and neglect Marangoni convection. Thus, it 
is not possible to distinguish the meltpool depth in the solid substrate 
from these models. To provide an accurate simulation, a numerical/ 
computational tool (Flow3D Software Version 12) has been used. The 
computational tool simulates the interaction of feedstock and laser using 
full multi-physics features such as fluid flow, the effect of Marangoni 
convection, heat transfer on solidification morphology, powder particle 
distribution, and powder packing density. The process parameters and 
preheating temperature can also be selected or manipulated in the 
mentioned computational tool. The driving factor of this computational 
tool is the thermomechanical and thermophysical properties of the 
feedstock in both micro and mesoscale. In higher energy density and 
meltpool temperature, metal evaporation has a significant effect on 
thermal history in LB-PBF which needs to be considered [18,23]. Thus, 
the evaporation and related effects are determined using the computa-
tional tool to enhance the accuracy of the results for both conduction 
and keyhole modes. 

3.1. Discrete Element Method (DEM) 

The computational tool simulates the powder particles so the size 
and packing density can be adjusted before each simulation procedure. 
The computational tool solves the problems based on the Discrete 
Element Method (DEM) which simulates the behaviour of discrete 
interacting bodies. Based on the physical properties of the feedstock, the 
time step in the numerical solver has to be selected which drives the 
accuracy of the results. The time-set size (Δt) was selected according to 
Equation (1) [24]: 

Δt =
πRmin

̅̅̅̅̅̅̅̅̅
D/E

√

0.163Ss + 0.877
(1) 

where the minimum radius of powder particles “Rmin” (10 µm), scan 
speed, “SS”, density “ρ” and elasticity “E”. 

3.2. Heat modes in LB-PBF 

In LB-PBF the morphology of the meltpool is derived by the induced 
energy and subsequently the temperature of the meltpool. The well- 
known modes in laser processing of the materials are conduction and 
keyhole modes that determine the meltpool depth and bonding quality 
of the layers [1,25]. 

Regardless of the conduction and keyhole modes, vaporization oc-
curs and the depth of vaporization is the driving factor for the threshold 

between the modes [26]. The energy density is the governing factor for 
the penetration depth and formation of keyhole mode. The laser beam 
has a circular shape and follows the Gaussian distribution. When high 
energy is induced and absorbed by the powder bed, the evaporation is 
started from the centre area of the beam. In this condition, the energy of 
the heat source is absorbed by the bottom and the walls of the meltpool, 
which forms the keyhole mode. Conversely, when the energy density is 
low, it is mainly absorbed by the upper surface of the meltpool and forms 
the conduction mode. In this simulation, surface and body heat sources 
are used to simulate the conduction and keyhole modes respectively. 
The surface heat source has a heat flow into the upper surface while the 
body heat source penetrates through the bulk of the material and is 
obtained from the following equations [1,27] 

qsurface(x, y) =
3LPα(T1)

πr2
1

e
(
− 3(x2+y2 )

r2
1

)

(2)  

qbody(x, y, z) =
3LPα(T2)

π(1 − e− 3)dr2
2
e
(
− 3(x2+y2 )

r2
2

)

(3) 

where “LP” is the power of the laser “α(T1)” is absorptivity upper 
surface, “r1” is the radius of the laser beam at the surface, “α(T2)” is the 
absorptivity by the body, “r2” is the radius of the laser beam at the body 
and “d” represents the depth of the heat source. The simulation is 
verified by the experimental tests, so the laser beam in the surface “r1”, is 
set to 50 µm and “r2” is calculated by the software (based on the ther-
mophysical properties of the material and produced temperature). Since 
the governing factors on the transferred heat to the material in LB-PBF 
are laser power, scan speed, and beam diameter [1,28], they were 
selected as control factors to investigate both keyhole and conduction 
modes. 

3.3. Powder bed features 

The powder bed features are important factors that affect the melt-
pool size and geometry [29]. In this simulation, a total of 50,000 powder 
particles with different particle sizes between 10 and 20 µm were 
selected to provide a similar condition as the verification test. The blade 
shape recoater was used, which compactly laid out the powder particles 
in such a way that the particles in the upper layers can freely move on 
the sub-powders. In this condition, the physical interaction of the laser 
beam and the powder bed can be accurately simulated under irradiation 
of different laser powers. In this simulation, two interactions including 
particle–particle and particle-mesh walls have been taken into account 
to enhance accuracy. Powder particles are placed on the Z-direction and 
powder packing density was set to maximum. This helps to improve the 
bonding and integrity of the meltpool. Also, to allow particles to move 
smoothly on each other and produce a smooth powder surface, a dis-
tance of 10 µm was maintained between the recoater and powder bed. In 
this case, a systematic error in the powder layer thickness is assumed to 
be less than 10 μm. Fig. 1 shows the powder particles settling and 
separating on the substrate, while the color bar shows the diameter of 
the powder particles. 

3.4. Mesh size and boundary conditions 

The mesh size was selected based on the previous study on LB-PBF of 
IN718 [23] and set to 7 µm which balances the solver efficiency and the 
resolution. Boundary conditions are defined in the X-Y plane that par-
ticles can move freely. In the actual condition, the particle sizes have no 
movement in “Y” direction, therefore the boundary condition was 
locked for both positive and negative “Y” directions, which are called 
the “wall boundary condition”. In the negative “X” direction, particles 
do not have to move, so the “wall” is selected while they can freely move 
on positive “X”, which is called “outflow boundary condition.” The 
gravity is specified in negative “Z” direction. 
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4. Experimental setup 

4.1. Experimental design 

One objective of the current investigation is to develop a model to 
estimate absorptivity versus process parameters. The model has to be 
established based on the thermophysical properties of the material. 
Therefore, process parameters were selected in such a way that they 
produce low to high energy density and subsequently temperature of the 
meltpool. The morphology of the meltpool is driven by the temperature 
and rheological phenomena such as recoil pressure and surface tension. 
Therefore, the selected test cases are presented in Table 1 in a way that 
forms shallow (conduction) to deep (keyhole) modes. This helps to 
produce the general model which fits both modes and good generality. 

In addition to the surface and body heat sources, the absorption ratio 
also appears in the energy density equation (4), making it more 
important to estimate for thermal analysis. The absorption ratio in 
Table 1 is a function of the temperature and subsequently the process 
parameters. Therefore, the absorption ratio has different values for each 
test case presented in this table. 

ED =
α(t) × Lp

r × Ss × Lt
(4)  

4.2. Experimental tests 

The experimentation discussed in this section is based on Scime’s 
[15,30] work. All tests were carried out on the EOS M290 LB-PBF ma-
chine with different process parameters. The power beam tested in this 
experiment was selected in the range of 100 W to 370 W (the maximum 
power of the EOS M290 machine) and the scan speed of 200–1400 mm/s 
was used to provide a different range of energy density as shown in 
Table 1. Melt tracks were exposed with a nominal D86 beam diameter of 

100 μm and a preheat temperature of 80 ◦C. To ensure the steady-state 
condition, the meltpool tracks were 20 mm in length and were exposed 
on the powder layer with a 500 µm distance between the next single 
track to avoid any overlap. The powder layer of 70 μm ± 20 μm was 
chosen to produce a consolidation factor (1 – ρpowder /ρfused) of 40%. 

4.3. Sample preparation and measurement technique 

The components were wire cut vertical, hot-mounted ground and 
polished according to ASTM E3-11. The components were polished up to 
a 9 µm polishing pad followed by additional polishing using 0.06 µm 
colloidal silica pads for 30 to 45 s in order to remove the aggressive 
oxide layer. In the next step, electro-etched using 10 wt% oxalic acids 
(C2H2O4) for 15 s at 6 V was applied to the samples. Each part was 
imaged using the Alicona-Infinite-Focus profilometer at either 10X or 
20X magnification. 

All 10 meltpool depths were manually measured using the Image J 
software package. To ensure proper repeatability, 10 measurements 
were carried out for each magnification. The measurement errors range 
from sample standard deviations were found to be less than 0.75% of the 
corresponding mean meltpool dimension [15,30]. Since the layer 
thickness was selected as 70 µm, the process parameter combination 
producing average depths lower than this value was considered to be 
under-melting. The process parameters which produce the depth to 
width (D/W) of lower than 1.25 are assumed to be a conduction mode 
and for D/W > 1.25, the keyhole mode is formed. 

5. Results 

5.1. Meltpool simulation based on constant optical properties of the 
feedstock 

The first set of samples were simulated using constant optical prop-
erties (absorption ratio) of 30%. The result of this simulation was 
rendered and extracted, as can be seen in Fig. 2 In these figures 0 means, 
the fully solid region and 1 corresponds to the fully melted regions. The 
range between 0 and 1 are representative of the semi-solid region and 
mosh zones. Two cross-sections in X-Z and Y-Z show the morphology of 
meltpool according to the 9 primary/initial test cases presented in 
Table 1. 

5.2. Meltpool simulation based on thermo-optical properties of the 
feedstock 

The meltpool morphologies of the simulated tracks are compared to 
the morphology of printed components. If the width and depth of the 
simulated meltpool are>10% different from experimentations, then the 

Fig. 1. Powder spreading and settling based on the diameter of the particles. The movement of the recoater is from left to right.  

Table 1 
Test cases and process parameters (control factors). The energy density should 
multiply to the absorption ratio.  

Test 
Case 

Beam 
Power (W) 

Beam Velocity 
(mm/s) 

Aspect Ratio of the 
meltpool 

Energy Density 
(J/mm3) 

1 100 1000  0.10 α(T1)×(14.29) 
2 300 1400  0.21 α(T2)×(30.61) 
3 200 600  0.33 α(T3)×(47.62) 
4 250 600  0.42 α(T4)×(59.52) 
5 250 400  0.63 α(T5)×(89.29) 
6 300 400  0.75 α(T6)×(107.14) 
7 370 400  0.93 α(T7)×(132.14) 
8 200 200  1.00 α(T8)×(142.86) 
9 250 200  1.25 α(T9)×(178.57)  
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simulation is repeated by changing the thermo-optical properties, such 
as absorption ratio, until the meltpool morphology of the simulated and 
printed laser tracks show less than 10% error. In the next step, a 
mathematical function is driven to formulate the thermo-optical prop-
erties, process parameters (temperature), and thermophysical properties 
such as the density of the feedstock. The mathematical function is then 
fed to the simulation software to produce more accurate melt track 
features. Using the simulation software equipped with the developed 
thermo-optical model provides the possibility of setting the process 
parameters of LB-PBF to customize the meltpool depth (transition from 
conduction to keyhole mode) for a different section of printed compo-
nents. For instance, this model can demonstrate how to set the process 

parameters to produce a shallow meltpool for the joining point of the 
support structure and core of the component to reduce the thermal 
gradient and chance of distortion. Then, the process parameters are 
changed to produce a deeper meltpool for better bonding between the 
subsequent layers. Fig. 4 shows the initial test cases for experimental 
tests, simulated tests with dynamic absorption ratio, and simulated tests 
with constant absorption ratio. As can be seen in this figure, when using 
the constant absorption ratio, the depth of meltpool for simulated results 
versus the experimental results shows large differences especially when 
increasing the energy density and inducing more heat on the surface of 
the meltpool. However, when using low energy density, for instance in 
test cases one to three, a lower error was obtained. This shows that in 

Fig. 2. Meltpool region for the initial test cases in X-Z and Y-Z cross-sections with constant absorption ratio for (a, b) Lp = 100 (W), Ss = 1000 (mm/s), (c, d) Lp = 300 
(W), Ss = 1400 (mm/s), (e, f) Lp = 200 (W), Ss = 600 (mm/s), (g, h), Lp = 250 (W), Ss = 600 (mm/s), (i, j) Lp = 250 (W), Ss = 400 (mm/s), (k, l) Lp = 300 (W), Ss =

400 (mm/s), (m, n) Lp = 370 (W), Ss = 400 (mm/s), (o, p) Lp = 200 (W), Ss = 200 (mm/s), (q, r) Lp = 250 (W), Ss = 200 (mm/s) showing the morphology of 
the meltpools. 

Fig. 3. Meltpool temperature for the initial test cases in X-Z cross-sections for (a) Lp = 100 (W), Ss = 1000v(mm/s), (b) Lp = 300 (W), Ss = 1400 (mm/s), (c) Lp =
200 (W), Ss = 600 (mm/s), (d), Lp = 250 (W), Ss = 600 (mm/s), (e) Lp = 250 (W), Ss = 400 (mm/s), (f) Lp = 300 (W), Ss = 400 (mm/s), (g) Lp = 370 (W), Ss = 400 
(mm/s), (h) Lp = 200 (W), Ss = 200 (mm/s), (i) Lp = 250 (W), Ss = 200 (mm/s). 
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lower energy density and temperature of the meltpool, the value of 
absorption ratio is almost close to the reported values in the literature. 
Our discussion will show how changing the process parameters and 
temperature of the meltpool drive the rheology and morphology of the 
melt tracks. 

6. Discussion 

6.1. The effect of absorption ratio on the temperature of the meltpool 

As can be seen in Fig. 5, absorption ratio increases from 30% to 80% 

by increasing the ratio of the laser power/scan speed and subsequently 
the temperature of the meltpool. This can be defined by the relation of 
reflectivity versus induced heat from the laser on the surface of the 
meltpool. Furthermore, this figure shows that the simulated results 
precisely predicted the meltpool depth and proves that the steps of the 
simulation, including powder particle selection (size and packing den-
sity), laser-related parameters, and heat model were performed 
accurately. 

In laser processing of the material, laser transformation has two 
steps. In the first step, photons of the laser are absorbed by the electron 
of the atoms. This leads to an increase in internal energy and energy 

Fig. 4. Depth of meltpool for experimental test cases versus the simulated test cases for both constant and dynamic absorption ratio showing slight changes for 
constant absorptivity and sharp changes for dynamic and experimental tests. The presented simulated depths have no error bars since they have no repetitions. 

Fig. 5. The relation between laser power/scan speed and meltpool depth and absorption ratio, for the given conditions[30].  
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transfer occurs by surface vibration. When the induced energy exceeds a 
certain amount, the energy transfer occurs through intermolecular vi-
bration which can break chemical bonding, and melting takes place. 
Under influence of the electric field of optical perturbation, the collision 
frequency ωc with vibrating lattice, the dielectric constant, is obtained 
by Equation (5). 

ε = ε1+jε2 = 1 −
ω2

p

ω2 + ω2
∁
− j

ω2
pω∁

(ω2 + ω2
∁)ω

(5) 

From Boltzmann Drude’s relation, the reflectivity R is obtained from 
Equation (6). 

R =

⃒
⃒
⃒
⃒
ε1/2 − 1
ε1/2 + 1

⃒
⃒
⃒
⃒

2

(6) 

By differentiation of Equation (2), the reflectivity is obtained based 
on Equation (7). 

dR
dωc

= −

(
ω2

p/ω2
)
(|ε|+1)

̅̅̅
2

√
|ε|
[
|ε|+1+21

2(|ε|+ε1 )
1
2

]2
(|ε|+ε1 )

1 /

2

dε1

dεc

(7) 

whereε=
(
ε2

1+ε2
2
)1/2. Since the value of 

d
∫

1
dωc

=
[
2ω2

pωC/
(
ω2+ω2

C
)2
]

is 

positive, dR
dωc 

is always negative. The collision frequency is a direct 
function of the temperature, thus reflectivity reduces by increasing the 
energy density and induced heat on the meltpool. This means that when 
temperature increases, the absorption ratio also increases. Therefore, to 
develop the absorption ratio model, the dependency of this factor on 
temperature has to be taken into account [31]. 

Based on the above discussions, the reflectivity of metals decreases 
by increasing the temperature of the meltpool. Our previous research 
[23,32] showed that the process parameters and energy density drive 
the meltpool temperature. Equation (8) shows that how process pa-
rameters increase the temperature of the meltpool [23]. 

Tmp =
αLP − SSBA

( ∫ 1633
T0

Cps dT + ΔHm

)
+ (Cpm×1683)

SSBACpm

(8) 

Therefore, it can be assumed that the energy density and process 
parameters are the governing factors of metal reflection and subse-
quently absorption ratio. The simulation of the main test cases shown in 
Fig. 6 proves the mentioned discussions. Fig. 6 illustrates that by 
increasing the temperature of the meltpool from 2817.68 (K) to 5633.68 
(K) the absorptivity increased from 30% to 80%. In other words, the 
reflectivity reduces from 70% to 20% in the elevated temperature of the 
meltpool. 

To find out the effect of the laser power and scan speed on the ab-
sorption ratio, the regression model was developed. Equation (9) shows 
the regression model for the absorptivity versus laser power and scan 
speed. For this purpose, we used three different regression models pre-
sented in Table 2 and examined the accuracy of each model to predict 
the absorption ratio shown in Fig. 7. These equations are used when the 
focal distance and subsequently laser radius are constant. 

This figure shows the results of the absorptivity model versus process 
parameters which identify good accuracy. The maximum error between 
predicted results from the regression model and simulated absorption 
values was obtained at 6.42 %. 

AR = 0.816973 × Lp
0.314127 × Ss

− 0.328309 (9a)    

Fig. 6. The relation of laser power/scan speed versus temperature of the meltpool and absorption ratio.  

Table 2 
Validation of prediction model for absorption ratio and the related errors.  

Model Beam 
Power 
(W) 

Beam 
Velocity 
(mm/s) 

Aspect 
Ratio 

Predicted 
Absorption 

Absorption 
(%) 

Error 
(%) 

1 100 200  0.50  60.96  64.00  4.76 
2 100 200  0.50  62.93  64.00  − 1.66 
3 100 200  0.50  55.39  64.00  13.45  

AR = 10
(
− 0.922 + 1.724×(logLp)− 0.883×(Log Ss)− 0.568×

(
(Log Lp)

2
)
− 0.089×((Log Ss)

2 )+0.445×(Log Lp ×Log Ss)
)

(9b)   
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AR = 10(− 0.333 + 0.4233×(logLp)− 0.3347×(Log Ss) ) (9c) 

The presented discussion on Eqs. (7)–(9) show that increasing the 
absorption ratio and temperature of the meltpool, in addition to 
decreasing the surface tension and density, leads to transition from 

conduction mode to keyhole mode. Fig. 8 is the evidence of this phe-
nomena from the performed simulation. This figure shows that the ab-
sorption and volume of the meltpool has a direct relation and increasing 
the absorption ratio increases the volume of the meltpool and changes 
the welding mode. 

Fig. 7. The relation of laser power/scan speed versus predicted absorption ratio and corresponded errors illustrating the accuracy of the regression models.  

Fig. 8. The relation of laser power/scan speed versus predicted absorption ratio and melted region.  
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6.2. The effect of absorption ratio on thermophysical and rheological 
properties in the melting state 

In LB-PBF, by inducing more energy density, the temperature of the 
meltpool increases and its reflectivity reduces. This absorbs a higher 
amount of energy from the laser and produces a deeper meltpool. Sub-
sequently, the behaviour of the material against laser radiation is 
changed. As the absorptivity of the laser beam increases, the physical 
behaviour of the material changes. To demonstrate this phenomenon, 
two test cases have been simulated with different levels of absorptivities. 
The condition of the tests is shown in Table 3. 

Therefore, to examine the effect of absorption ratio on the temper-
ature and induced heat of the meltpool, different simulations according 
to Table 3 have been carried out and compared with the 
experimentations. 

As can be seen in Fig. 9, the depth and temperature of the meltpool 
are changed by increasing the absorption ratio. 

Equations (10) and (11) show that the variation of temperature 
drives the thermophysical and rheological properties of the material 
comprising density and surface tension. The possible governing factor in 
this case is related to phase change. At solid–liquid phase-change, the 
number of conductive electrons increases by changing the density and 
direct current resistivity. 

D = D0 +
dD
dT

(
T − Tmp

)
(10)  

γ = γ0 −
dγ
dT

(
T − Tmp

)
(11) 

In Equation (10) and (11), γ0, D0 and Tmp are reference values of 
surface tension, density, and temperature while dγ

dT and dD
dT are the slope of 

the linear equation [33]. The reference values of temperature, density, 
and surface tension for IN718 are listed in Table 4 and Table 5: 

In other words, the resistivity (for electrical conductors such as 
nickel-based alloys) and the number of free electrons govern the ab-
sorptivity. Equation (12) shows the relation of free electrons versus 
temperature. 

N = 2(
2πmkT

h2 )
(3
2).e(

μ
kT) (12) 

In Equation (12), m, k, T, h, and μ are electron mass, Boltzmann’s 
constant, Temperature, Plank’s constant, and chemical potential energy 
that is needed to add an electron to free electrons respectively [34]. 

Resistivity and electrical conduction in conductors and semi- 
conductors depend on the motion of electrons from one side to 
another side. Thus, depending on the resistance the electrons have, they 
can move easily. In the case of increasing the temperature, the internal 
kinetic energy increases, which in turn vibrates the lattice of atoms. As a 
result, higher lateral random motion occurs, thus the resistance of the 
electron is higher and resistivity increases. 

In the laser processing and thermal interaction of the materials, an 
important factor affecting the process is the ability of the material to 
absorb the incident laser radiation. Boutalbi et al. [35] reported that 

absorptivity is highly influenced by the wavelength and temperature of 
the process. Bramson’s relationship was derived from Drude’s theory for 
the vertical incident of laser radiation in both infrared and solid laser 
range. A temperature-dependent relationship between the electrical 
resistivity and absorption ratio of the feedstock was first introduced in 
1968 by Bramson. This model needs a precondition of a vacuum work 
chamber with no surface oxide and contamination in the feedstock [36]. 
Our cases satisfy these preconditions since the chamber of the LB-PBF 
machine was purged cleaned and maintained according to original 
manufacturer recommendations. In the interaction of laser and metal 
material, the absorption ratio tends to increase when oxide layers exist 
or are formed on the surface of the powder or surface of the meltpool 
[37]. The Bramson equation for the vertical incident of radiation is 
obtained according to equation (13). 

AR
(
Tmp

)
= 0.365

̅̅̅̅̅̅̅̅̅̅̅̅̅
δ(Tmp)

λ

√

− 0.667
(

δ
(
Tmp

)

λ

)

+ 0.006
(

δ
(
Tmp

)

λ

)3
2

(13) 

where AR is the absorption ratio, δ(T) is the electrical resistivity of 
the material and Tmp is the temperature of the meltpool, and λ is the 
wavelength of the laser. 

Another common relation between resistivity and absorption ratio in 
laser processing of the material is a linear model introduced by Boutalbi 
et al. [35]. This model is based on the linear relation of temperature and 
electrical resistivity of the metal material that is given in Equation (14). 

δ
(
Tmp

)
= δ0(1 + α

(
Tmp(x, t) − T0

)
(14) 

Where α a is the constant heat coefficient and δ0 is electrical re-
sistivity at ambient temperature or initial temperature which is shown 
by T0. The combination of Equations (13) and (14) shows that the 
temperature of the meltpool derives the number of free electrons in the 
crystal structure of the material, which leads to increasing the resistivity 
and subsequently increase in absorption ratio. 

This phenomenon was observed in our simulation, which is depicted 
in Fig. 2, while Fig. 3 shows the cross-section of the samples in X-Z di-
rection for the melt region and temperature of the meltpool. It is clearly 
shown that by increasing the amount of energy density, the depth of the 
meltpool increases even if the absorption ratio is set for the constant 
value of 30%. 

The effect of increasing energy density on the value of absorptivity, 
which was discussed in this section on equations (12),13 and 14, is 
clearly observed when using dynamic absorption ratio for the simulated 
melt tracks that are shown in the cross-section of the mill tracks in Fig. 9. 
The absorption ratio for both simulated an experimental test and sub-
sequently the meltpool depth has a rising trend. Although the trends of 
absorption ratio and depth are not completely identical, they follow the 
nonlinear rising trend by increasing the ratio of laser power to scan 
speed, which is shown in Fig. 4. 

(a-d) shows the comparison test sets with process parameters of Lp =

250 (W), Ss = 400 (mm/s) and dynamic absorption ratio including 30%, 
47%, 57%, and 66% for melt region. The temperature profile is shown in 
Fig. 9 (f-h). Fig. 9 (i-r) shows the printing condition for the comparison 
test cases with higher induced energy density for the melt region and 
corresponding temperature of the meltpool in the X-Z cross-section. 
Therefore, the higher temperature of the meltpool will change the 
thermophysical properties of the material in the melting state. In this 
case, the thermophysical properties such as density and rheological 
properties like surface tension will be changed as a result of increasing 
the temperature of the meltpool. Equations (10) and (11) show how 
increasing the absorption ratio can change the thermophysical and 
rheological properties of the feedstock in a melting state. This clearly 
shows that when considering a dynamic model for the absorption ratio, 
which is a function of process parameters, the thermophysical properties 
in the melting state can be detected with a very high level of accuracy in 
comparison with the current models using a constant value for optical 
properties of the feedstock. 

Table 3 
Test cases for examining the dynamic absorption ratio.  

Test 
Case 

Laser Power 
(W) 

Scan Speed 
(mm/s) 

Layer Thickness 
(µm) 

Absorption Ratio 
(%) 

1 250 200 70 30 
2 250 200 70 39 
3 250 200 70 48 
4 250 200 70 66 
5 250 200 70 80 
6 250 400 70 30 
7 250 400 70 47 
8 250 400 70 57 
9 250 400 70 66  
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Fig. 9 shows that the temperature of the meltpool increases when 
using the same set of process parameters and simulating the meltpool by 
using different absorption ratios. Fig. 10 (a-d) is related to test case Lp =
250 (W), Ss = 400 (mm/s) with absorption ratio of 30%, 47%, 57% and 
66% and Fig. 10 (e-i) shows that for the second comparison test set with 
the process parameters of Lp = 250 (W), Ss = 200 (mm/s) and absorption 

ratio ranging 30% to 80%, the surface force has increasing trend. In 
rheological science, for the bubble to be stable and not collapse, the 
inside pressure of the bubble (surface tension) should be higher than the 
surface force. Due to two of Marangoni’s effects when the induced 
temperature on the surface of the meltpool increases, the value of sur-
face tension reduces. This unbalances the interaction of surface tension 
and applied force on the surface. The applied force on the surface in LB- 
PBF is a function of laser properties. It means by increasing the induced 
heat on the surface, this force radically increases, as shown in Fig. 10 (a- 
d) and (e-i). Since the two pressures comprising surface pressure and 
external pressure are against each other, by increasing the value of 
applied pressure, the surface tension reduces, which allows the laser to 
be penetrated easily to the bulk of the material in a melting state. This is 
shown in Fig. 10(d and i), where high penetration of the laser is observed 
compared to other sub-figures. Equation (11) shows the relation be-
tween surface tension and the temperature of the meltpool. 

Changing the value of surface tension due to the mentioned mech-
anism will change various rheological properties [38,39] such as a 
droplet, capillarity force, work adhesion, drag forces (due to solid–liquid 
transition), and interaction of surface tension, wetting, recoil pressure, 
hydrostatic and vapor pressures. These factors change the thermal 

Fig. 9. The comparison test sets showing the cross section of in X-Z direction foreltpool region for Lp = 250 (W), Ss = 400 (mm/s) with different absorption ratio (a) 
AR = 30%, (b) AR = 47%, (c) AR = 57%, (d) AR = 66%, meltpool temperature for Lp = 250 (W), Ss = 400 (mm/s) with different absorption ratio (e) AR = 30%, (f) 
AR = 47%, (g) AR = 57%, (h) AR = 66%. Meltpool region for Lp = 250 (W), Ss = 200 (mm/s) with different absorption ratio (i) AR = 30%, (j) AR = 39%, (k) AR =
48%, (l) AR = 66%, (m) AR = 80%. Meltpool temperature for Lp = 250 (W), Ss = 200 (mm/s) with different absorption ratio (n) AR = 30%, (o) AR = 39%, (p) AR =
48%, (q) AR = 66%, (r) AR = 80%. 

Table 4 
Reference values of density for IN718 [33].  

Parameter D0 (
Kg
m3)

Tm(K) dD
dT

(
Kg

K.m3)
Temperature range (K) 

Value 8190 298  − 0.3927 298–1533 
Value 7400 1609  − 0.9090 1609 and higher  

Table 5 
Marangoni’s equation coefficient (reference values) for IN718 [33].  

Parameter γ0 (
N
m
)

Tm(K) dγ
dT

(
N

K.m
)

Value  1.89 1609 1.1 × 10-4  
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history of the printed components (thermal effect of the previous so-
lidified tracks) and will change the residual stress [40,41] of the com-
ponents. Also, changing the temperature of the meltpool affects the 
cooling rate and contraction forces, which subsequently drives the 
dimensional accuracy and surface quality. The discussion in this section 
shows how changing the value of absorption ratio during LB-PBF can 
change radiological properties, thermal history, and the quality of the 
printed tracks. 

6.3. The effect of absorption on the transition from conduction to keyhole 
mode 

In laser processing of metals, depending on the amount of induced 
heat, two different modes take place. In the case of low penetration of 
the laser, a shallow meltpool is formed and the mode is called conduc-
tion. Alternatively, for high induced energy density and high laser 
penetration, a deep meltpool is formed and the mode is called keyhole 

Fig. 10. The comparison test sets for surface force for Lp = 250 (W), Ss = 400 (mm/s) with different absorption ratio (a) AR = 30%, (b) AR = 47%, (c) AR = 57%, (d) 
AR = 66%. Surface force for Lp = 250 (W), Ss = 200 (mm/s) with different absorption ratio (e) AR = 30%, (f) AR = 39%, (g) AR = 48%, (h) AR = 66% and (i) AR =
80% showing the increase in the surface force by increasing the absorption ratio. 

Fig. 11. The comparison test sets in Y-Z cross-section of the temperature for Lp = 250 (W), Ss = 400 (mm/s), and different absorption ratio (a) conduction mode 30%, 
transition from conduction to keyhole mode (b) 47%, (c) 57% and keyhole mode (d) 66%. Corresponding meltpool in different absorption ratios (e) 30%, (f) 47%, (g) 
57%, (h) 66%. 
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mode. The simulated test cases with different absorptivity show that 
when using the same set of process parameters, the driving factor for 
transition from conduction to keyhole mode is the absorption ratio, as 
shown in Fig. 11 and Fig. 12. As we discussed in previous sections, by 
increasing the temperature of the meltpool and subsequently absorption 
ratio, the laser can deeply penetrate the feedstock and a deeper meltpool 
is obtained. Fig. 11 shows that for the process parameters of Lp = 250 
(W), Ss = 400 (mm/s) and by changing the absorption ratio from 30% in 
Fig. 11 (a and e) to 66% in Fig. 11 (d and h), the depth of meltpool is 
gradually increased and the conduction mode, which can be seen in 
Fig. 11 (a), is transitioned from conduction to keyhole threshold, which 
can be seen in Fig. 11(b, c) and convert to fully keyhole mode in Fig. 11 
(d). 

Similar behaviour is shown in the tracks that were simulated using 
the second comparison test set with process parameters of Lp = 250 (W), 
Ss = 200 (mm/s) an absolution ratio from 30% to 80% in Fig. 12. The 
obtained depth of the meltpool that is shown in Fig. 11 (h) and Fig. 12 (j) 
is almost identical to the obtained value from the actual experimenta-
tion. Fig. 12 shows conduction mode (a and b), the transition between 
conduction to keyhole mode (c), and fully keyhole mode (d and e). The 
formation of these morphologies is driven by the absorption ratio as well 
as the corresponding temperature of the meltpool. These two figures 
depict how the temperature of the meltpool increases the absorption 
ratio and then a higher value of laser beam energy is absorbed through 
the bulk of the material, leading to higher absorption of the laser beam. 
The yellow color in both Fig. 11 and Fig. 12 represents the main tem-
perature of the meltpool. For both of these figures, the temperature up to 
3500 ◦C produces a conduction mode, and 3500 ◦C < T less than 3800 ◦C 
is related to the transition to keyhole mode, and T > 3800 ◦C is fully 
keyhole mode. This shows that the melting temperature is not stable and 
varies in the melting state and liquid-to-vaporization of some elements 
and plasma-forming drives the absorption and meltpool morphology. 

It is known that in a shallow meltpool (Fig. 13 (a)), the front wall is 
inclined and is composed of several layers of a few reflections of the 
beam. As temperature and absorption ratio increase, the meltpool ap-
pears to be deeper and a more symmetric feature is obtained as shown in 
Fig. 13 (b). 

Due to multiple reflections between the rear and the front keyhole 
walls, higher energy is induced and the meltpool tends to become deeper 
as shown in Fig. 13(b). Therefore, the temperature and absorption ratio 
are directly driving the absorbed energy of the material and play an 
important role in the morphology of the meltpool. 

7. Conclusion 

In this investigation, the dynamic absorption ratio in LB-PBF of 
IN718 was studied by a combination of simulation, theoretical and 

experimental tests. The relation between absorption ratio and different 
properties such as the temperature of the meltpool, the transition from 
conduction to keyhole mode, the rheological and thermophysical 
properties of the material, were investigated and discussed. A summary 
of the main results is listed below: 

• The results showed that the absorption ratio is a significant param-
eter that needs to be considered when studying the meltpool and 
related phenomena in LB-PBF.  

• This research showed that when increasing the energy density, for 
instance by increasing the ratio of laser power to scan speed, more 
heat is induced in the surface of the meltpool, therefore the tem-
perature increases and the reflectivity ratio reduces. This leads to 
increasing the absorption ratio when using higher energy density and 
the morphology of the meltpool is changed. The simulated compar-
ison test sites by the same set of process parameters and dynamic 
absorption ratio versus the same set of process parameters and 
constant absorption ratio show that the morphology of the meltpool 
is highly driven by a variable absorption ratio.  

• Results showed that the temperature up to 3500 ◦C produces a 
conduction mode and 3500 ◦C < T less than 3800 ◦C is related to the 
transition to keyhole mode and T > 3800 ◦C is fully keyhole mode.  

• When lower temperature and absorption ratio are applied on the 
surface of the powder material, due to asymmetric formation of 
meltpool, a few reflections are generated while in higher tempera-
ture, a deeper meltpool (keyhole) is formed and multiple reflections 
of laser beam toward the end of the meltpool has a further effect on 
increasing the depth.  

• This research showed that the dynamic absorption ratio drives the 
melting mode. The comparison test sets showed that using a constant 
absorption ratio can totally change the melting mode from keyhole to 
conduction mode. This significantly changes the morphology of the 
meltpool including depth and thermal history on the previously so-
lidified layers. By increasing the energy density and induced heat on 
the meltpool, the resistivity of the material increases and subse-
quently the absorption ratio increases. This further increases the 
temperature of the meltpool and changes the thermophysical and 
rheological properties of the molten materials. Moreover, this 
investigation showed that in laser processing of a material, an un-
derstanding of the fundamental absorption mechanisms plays a vital 
role in selecting the optimum processing parameters to control the 
induced heat and possibly the thermal residual stresses. 

8. Future work 

Further parameters such as powder characteristics including size and 
freshness, beam size and shape that will affect the process which needs 

Fig. 12. The comparison test sets in Y-Z cross-section of the temperature for Lp = 250 (W), Ss = 200 (mm/s), and different absorption ratio for the conduction mode 
(a) 30%, transition from conduction to keyhole mode (b) 39%, (c) 48%, keyhole mode (d) 66%, (e) 80% and corresponding meltpool in different absorption ratios (f) 
30%, (g) 39%, (h) 48%, (i) 66% and (j) 80% showing the effect of absorption ration on the depth of the meltpool and the related temperature. 
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to be considered when developing the thermo-optical model. Future 
work can be conducted towards developing a thermo-optical model 
based on powder features and laser characteristics to find new insights 
on the meltpool development for a better estimation of the manufac-
turability and surface quality. 
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