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ARTICLE INFO ABSTRACT
Keywords: Despite the tremendous application potential of advanced materials processing using laser-based directed energy
Directed energy deposition deposition (DED), the reproducibility of metallic parts manufactured by this technology is limited due to the

Energy absorption
Analytical modeling
In-situ absorption measurement

complex laser-material interactions during the material deposition process. Energy absorption and radiation by
the powder stream attenuate the laser beam energy, thus affecting the actual energy delivered into the molten
pool. The geometric and mechanical property irregularities in DED are directly related to the uneven energy
input during continuous layers fabrication. This work reports a major advance in the particle scale energy ab-
sorption in DED as well as its relationship with the injected powder characteristics and process conditions (laser
power, scanning speed, and powder feed rate). A novel simplified analytical model to analyze the effective
absorptivity of continuous wave fiber laser is presented based on the stepwise heating method. The analytical
model solution suggests that the effective absorptivity of the powder materials shows a slight decrease, from 8 %
to 6 %, when the incident laser power increases from 250 W to 350 W. The model solution is verified using data
from in-situ absorption measurements with a power meter. Theoretical calculations and experimental results
showed that the energy absorption of high-density laser power in DED is not consistent, but negatively correlated
with power input. Furthermore, we observed that lower powder temperature enhances energy absorption, which
leads to the proposal that inverse bremsstrahlung absorption is the photophysical mechanism responsible for
energy absorption by powder stream in DED additive manufacturing.

local defects and large variations in microstructure evolution contribute
to large uncertainties in geometrical and mechanical properties [13].
Previous parameter fitting is always required to achieve optimal
material properties, which means long and costly experimental work
[14]. Although good mechanical and microstructural performance can
be obtained by trial-and-error practices, the impact mechanism of pro-
cess recipes on the part quality is still unclear [15-20]. It has been
proved that microstructure evolution and mechanical responses of DED
fabricated parts are highly dependent on the complex laser-material
interactions above the molten pool, as shown in Fig. 1. When a laser
beam strikes a high-density powder stream, the high-energy electrons
are slowed down in the presence of the particles. At this moment, a small
part of the absorbed energy is lost due to evaporative cooling and
scattering, and another part of the laser energy is absorbed either in the
vapor plume or in the plasma [21]. The absorbed energy is used for
powder melting, and after powder absorption and radiation, the
remaining beam energy reaches the substrate surface, generating the
molten pool [22]. The energy transmitted into the molten pool

1. Introduction

Blown powder laser-based Directed Energy Deposition (DED) is an
Additive Manufacturing (AM) technology to fabricate three-dimensional
metal parts directly from raw materials with a layer additive method
[1]. Due to the peculiar advantages of fabricating fully dense metal
components and outstanding as-fabricated mechanical properties, DED
is developing into a promising technology to boost industrial innovation
in the metal components manufacturing processes, e.g., coatings for
structural material [2], direct laser free-form fabrication [3-5] and high-
added value components repair [6-8], etc. Despite the tremendous po-
tential for high-performance materials processing using DED, the
achievement of high-quality parts with good reproducibility has not yet
been accomplished [9]. As documented in a report from a 2018 NSF
Workshop on Accelerating AM toward Industrial Applications [10],
although advances in process parameter optimization and in-situ
monitoring have resulted in improvements in part quality [11,12],

* Corresponding author.
E-mail address: zhichao.liu@mail.wvu.edu (Z. Liu).

https://doi.org/10.1016/j.jmapro.2023.01.030

Received 10 September 2021; Received in revised form 28 December 2022; Accepted 5 January 2023
Available online 26 January 2023

1526-6125/© 2023 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.


mailto:zhichao.liu@mail.wvu.edu
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2023.01.030
https://doi.org/10.1016/j.jmapro.2023.01.030

Z. Liu et al. Journal of Manufacturing Processes 88 (2023) 157-166
Nomenclature laser power [W]
r radius of the laser beam at the consolidation plane [mm]
Qm heat used to melt the particle before falling into the molten d; distance from the consolidation plane to nozzle outlet
pool [J] [mm]
Qq heat absorbed by the particle [J] Vpsz vertical velocity of the powder [mm/s]
Q. heat loss due to energy scattering [J] d, distance from the nozzle outlet to the beam center [mm]
Qi input laser energy density [J/mm?] o radius of the nozzle outlet [mm]
a energy absorption coefficient r, 2) cylindrical coordinate of the point P [mm]
T radius of the particle [pm] Vp velocity of the powder stream [mm/min]
€ emissivity of the materials rs powder stream radius [mm]
o Stefan-Boltzmann constant [Wm ™2 K~*] L radius of the powder stream at the consolidation plane
T, end temperature of the particle [°C] [mm]
To initial temperature of the powder [°C] N(r,2) powder stream concentration [units/mm?]
t radiation time [s] zZ distance between the substrate surface and nozzle outlet
(o specific heat of the powder material [J/kg-K] [mm]
p density of the powder material [g/cmg] 0 inclination angle [° or deg]
N, total number of particles Py actual laser power [W]
Qscatt total scattered energy [J] m powder mass flow rate [g/min]
Qubs total energy absorption by the entire powder clouds [J] v gas volumetric flow rate [L/min]
Py power density [W/mm?] Iin & Iy the incoming and the outgoing laser intensities [W/cm?]
L length of the plasma [mm)] ki spatial damping rate of the laser energy by inverse
A Laser beam wavelength [mm] bremsstrahlung
setup leads to a non-perfection of data collection and high cost [25].
SWH method assumes that the absorbed thermal energy is transferred to
the heat of the powders, therefore, the energy absorptivity can be
Focused calculated by dividing the transferred energy, which is necessary to
Laser beam uniformly heat the powders to end temperature, with the total beam
energy input [26]. Unlike the PBF processes, the powders delivered by
Shield gas the inert gases in DED cause unstable powder injection in the molten
I flow pool by the powder nozzle system. Although the laser-material inter-
action time in DED is longer than that of PBF processes, the number of
particles involved is much smaller, therefore, it can be expected that the
Radiation energy absorption in DED should be less than that of PBF processes.
Usually, the energy absorption of the laser by metallic materials is
Powder considered constant, which is reasonable because it is either calculated
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Fig. 1. Schematic diagram of the energy absorption and scattering in DED
(Redrawn from [24]).

determines the microstructural evolution and therefore, needs to be
well-controlled to produce a well-built part [23]. Energy absorption and
radiation by the powder stream attenuate the laser beam energy, which
determines the actual energy delivered into the molten pool. Therefore,
to achieve the desired material properties and uncover the influence
mechanism of the input parameters on material properties, the mecha-
nism of energy absorption by the powder streams needs to be
investigated.

Currently, limited studies have been reported on the energy ab-
sorption by metallic powders in additive manufacturing. The few studies
that are available used either (i) optical method or (ii) stepwise heating
(SWH) method for powder bed fusion (PBF) processes. The optical
method indirectly infers the energy absorption of pre-deposited powders
from light reflection measurement. The complexity of the experiment
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or measured for polished clean metal plates. However, the energy ab-
sorption in DED involves a number of different physical phenomena
when the metallic powders and substrate are heated by laser radiation.
Laser light and powder surface interaction become non-stationary when
the powders are melted [27]. It is extremely difficult to adequality
interpret these complex effects through numerical modeling. Therefore,
analytical modeling and experimental measurement are beneficial to
illustrate the effective energy absorptivity for typical DED materials to
allow accurate modeling and control of the laser-material interaction
processes, thus achieving stable and repeatable process performances.

In this study, the particle scale energy absorption by the powder
stream in the laser-based DED is investigated with both analytical
modeling and in-situ experimental measurement. A novel simplified
analytical model is built to theoretically calculate the effective energy
absorption of the injected powders based on the SWH method. After
presenting analytical modeling, changes in absorptivity under different
laser power and powder temperature are presented. A high-resolution
infrared (IR) camera is used to measure the end temperature of the
powders after laser radiation. The particle scale energy absorption by
the powder stream under various experimental conditions is presented
and the effects of laser and scanning parameters as well as powder
characteristics on the absorptivity are discussed. In the end, in-situ ab-
sorptivity measurement is performed by a power meter to validate the
proposed model.



Z. Liu et al.
2. Materials and methods
2.1. Materials

Commercially available gas-atomized Inconel (IN) 718 powder
(Carpenter Corp, Philadelphia, PA, USA) was used in this study, its
chemical composition by weight is summarized in Table 1. The particle
morphology under the scanning electron microscope (SEM) is shown in
Fig. 2, indicating an approximating spherical geometry with an average
diameter of 81.5 ym. Low carbon steel was used as the substrate mate-
rial, and its surface was ground with abrasive papers to remove oxida-
tion layers and then cleaned with acetone prior to deposition.

2.2. Analytical modeling

This section describes the bases of the proposed energy absorption
model based on the SWH method. A single particle within the powder
clouds is considered during analytical modeling. The proposed model
was based on the following assumptions or facts:

(1) The powder stream below the deposition head follows Gauss
distribution in the perpendicular direction to the nozzle center-
line. In our previous study, the powder concentration is proved to
follow Gauss distribution within the cross-section perpendicular
to the particle velocity. And the spatial distribution of the powder
particles depends on the powder's geometrical size and process
conditions [31].

(2) Only the top half surface of the particle absorbs energy, and the
intraparticle temperature gradient is neglected. The particles
which are partly heated are fallen into the molten pool, whereas
the powders that are not falling into the molten pool are lost due
to collision either among the particles or with the substrate.

(3) Neglecting the gravity effect. This is reasonable because the laser-
material interaction time is too short [32]. The velocity of the
powder is considered the same as the speed of carrier gas at the
nozzle outlet [33].

(4) The laser beam energy is uniformly distributed and there is no
divergence or convergence in the power-powder interaction
zone.

(5) The powder particles are considered spherical and their projec-
tion on the consolidation plane is approximately a circle.

(6) Neglecting the laser refraction and heat convection among the
powders due to their weak effect.

According to the energy balance law, the heat used to melt the
particle before entering the molten pool (Qn,) can be expressed as Eq. (1).

On=04—0. :(lﬂeri—Qe (@]

where, Qq is the heat absorbed by the particle [J], Q. is the heat loss due
to energy scattering [J], Q; is the input laser energy density [J/mm?], a
is the energy absorption coefficient (the ratio of the absorbed energy to
the incident laser beam energy) of the particle, r, is the radius of the
particle (mm). According to the Stefan-Boltzmann Law, the energy loss
due to scattering during material deposition can be expressed as Eq. (2):
0. = 4ﬂr§80‘ (T;‘ — Tg)t (2)

where, ¢ is the emissivity of the materials (¢ < 1), indicating a mea-
surement of efficiency in which a surface emits thermal energy. ¢ is the
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Fig. 2. Particle morphology of IN 718.

Stefan-Boltzmann constant, T, is the end temperature of the particle
[°Cl, Ty is the initial temperature of the powder [°C], and t is the radi-
ation time [s]. According to the SWH method, Qy, can also be calculated
with Eq. (3):

4
On = (Cpﬂgm’;)'(Tp _TO) 3
In Eq. (3), G is the specific heat of the powder material (J/kg-K), p is
the density of the powder material (g/cm3). Combining Egs. (1)-(3), a
can be deduced, as shown in Eq. (4):

4ftr§£0<T;‘ - T()‘)t + <Cpp‘3‘ﬂrz>-(T,, - T)

ﬂrﬁQi

4

a =

Finally, the total energy absorption by the entire powder clouds
(Qaps) can be calculated by multiplying the total number of particles (N},)
within the power-powder interaction zone with the energy absorbed by
a single particle, as calculated in Eq. (5).

Qubs = QaNp = aﬂr;Qin (5)

2.3. Model resolution method

2.3.1. Quantification of laser energy input (Q;)

An Optomec LENS 450 system (Optomec, Albuquerque, NM, USA)
was used for part fabrication. The system has a 100 mm cubed working
volume and a 400 W IPG fiber laser. The four-jet nozzles inject the
powders and guide them to a converging point at the deposition plane.
To prevent oxidation and ensure there is no impurity pick-up during
deposition, the LENS process is housed in a chamber that is purged with
argon. To calculate the input laser energy (Q;, J. /mm?), the travel time of
the particle from the nozzle outlet to the consolidation plan needs to be
considered. A cross-section of the powder stream below the deposition
head is shown in Fig. 3.

Based on the geometrical relationship, laser energy density (Qi, J/
mmz), and radiation time (t) can be calculated with Eq. (6).

d, Pd,
Qi =Pt =P —= > (6)
Vo IV,

where P} is the laser beam power density (W/mm?), P is the laser power
(W), ris the radius of the laser beam (mm) at the consolidation plane, d.

Table 1

Chemical composition of Inconel 718 (% weight).
C Mn Si P S Cr Ni + Co Mo Nb + Ta Ti Al B Cu Fe
0.10 0.35 0.35 0.015 0.015 19.00 52.50 3.05 5.25 0.90 0.60 0.004 0.15 Bal.
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Fig. 3. Cross-section of the powder stream under the deposition nozzle (Redrawn from [31]).

is the distance from the consolidation plane to the nozzle outlet (mm),
Vpz is the vertical velocity of the powder (mm/s). Based on assumption
Eq. (3), vp; can be calculated with Eq. (7), where d,, is the distance from
the nozzle outlet to the beam center (mm), ry is the radius of the nozzle
outlet (mm).

vd.
Y e
Anr,d,y/d; + dp

2.3.2. End temperature of the powder stream (T})

When the metal powders are ejected out of the nozzles, the high-
pressure argon gas provides four high-speed powder streams. The
powders travel through the laser beam and arrive at the consolidation
plane in about 10 milliseconds, during which laser radiation of the
powders occurs. After laser radiation, the end temperature of the pow-
ders equals the molten pool surface temperature when the powders
contact the molten pool. To collect the real-time temperature of the
powder stream after laser radiation, a high-resolution (768 x 576 pixels)
infrared camera (PYROVIEW 768 N, DIAS Inc., Dresden, Germany) was
placed inside the system chamber, targeting the powder converging
point. The camera has a high-dynamic CMOS sensor with a sensitivity of

)

DIAS
IR camera

Deposition
head

Worktable

Fig. 4. Experimental set up for end temperature measurement.

previously established analytical model by the authors [31], as
expressed in Egs. (8)-(12):

My + Mg+ Mc+Mp

0.8 to 1.1 pm and a sampling rate of 25 Hz. The experimental setup for N(r,z) Y
temperature measurement is shown in Fig. 4 [34]. P3T,Vp
o [exp <’r2;”2) + exp (#) + exp (’ffz) + exp (%"2) ]
2.3.3. Modeling of the powder stream concentration == - p TV - . (€]
Powder concentration out of the injection nozzle depends on nozzle 3" parned,
types and process conditions. Generally, three types of nozzles are used 4
in DED, including coaxial nozzle, three-jet nozzle, and four-jet nozzle. a= ‘ ( < z) d,—r )
For the four-jet exit nozzle, the powders are injected with four outlets de
and converged at a point below the deposition head. This study attempts d 2
to establish the energy absorption model of this type of nozzle and b= ‘( 2 y) )d,,+r (10)

derive the particle scale energy absorption mechanism. The N (r, 2)
(units/mm?) out of the four-jet exit nozzles is referred from the
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c=d= r2-i-(r-&-a)2 (11D
Z
ry = d*(L*ro) + 70 12)

where, r, and z are the cylindrical coordinates of the point P (mm) within
the laser-material interaction zone, My, Mg, M¢, and Mp are the mass
flow rate of the powders under nozzles A, B, C, and D (g/1 mmzs), Vp is the
velocity of the powder stream (mm/min). L is the radius of the powder
stream at the consolidation plane (mm), L = 2.267 mm. The powder
stream radius (r5) (as a function of z) can be expressed as Eq. (12) ac-
cording to the triangle similarity theorem. a, b, ¢, and d are the distances
of the point P (1, 2) to the center line of each of the powder streams, as is
shown in Fig. 3. E.g., AF and BF represent the center line of the powder
stream out of nozzles A and B.

2.3.4. Design of experiment

The thermophysical properties of the IN 718 powder and known
parameters were given in Table 2. Multiple layers and single-track
specimens were built to investigate the energy absorption by the pow-
ders under various process conditions. Shielding and carrier gas consist
of argon with a flow rate of 6 L/min. The laser power values were 250 W,
275 W, 300 W, 325 W, and 350 W. The scanning speeds were 5 mm/s, 7
mm/s, and 9 mm/s, resulting in five substrates with fifteen single walls.
The powder feeding rate for all experiments was 4 g/min.

Material's emissivity (¢) is subject to the wavelength and the tem-
perature, and it can also be influenced by the transient surface appear-
ance. The emissivity value of IN 718 increases proportionally with
increasing temperature [35]. In this work, the authors inferred the
emissivity of IN 718 as 0.58 under the melting state (above 1650 °C)
based on the literature [35].

3. Results and discussion
3.1. End temperature of powder streams above the molten pool

Fig. 5 (a) shows a measured molten pool image and temperature data
for a thin wall specimen with eight layers. The maximum temperature is
found near the center of the molten pool, reaching up to 2000 °C. The
edge of the molten pool is irregular because some powders located at the
edge of the molten pool are partially melted. The end temperature of the
powders collected during the first layer deposition is shown in Fig. 5 (b),
indicating that the average temperature at this experimental condition is
1593 °C with a fluctuation (A\T) <100 °C, indicating a good consis-
tency. Repeating the end temperature experiments, and substituting
measured T, into Eq. (4), can yield the energy absorption coefficient of
the Inconel 718 under different input parameters.

3.2. Powder stream concentration

The powder stream concentration model is simulated with Matlab
software with the known process variables summarized in Table 2.
When m = 4 g/min, the simulation result of N (r, 2) is shown in Fig. 6,
indicating that the powder concentration follows Gaussian distribution
within 2 mm above the consolidation plane. At the focal plane (z =
9.525 mm), the powder concentration reaches the maximum (N =

Table 2
Physical properties of Inconel 718 and known parameters.
Physical properties of IN 718 Parameters/constant
p (g/cm®) 8.15 d, (mm) 6.4
rp (pm) 40.75 d, (mm) 9.525
Cp(J/g- °C) 0.435 r (mm) 0.45
Tp (K) 296.15 o(Wm 2K ™) 5.670373 x 10°®
€ 0.58 ro (mm) 1.2

161

Journal of Manufacturing Processes 88 (2023) 157-166

4.7918 units/mm?) at the center position of the deposition head (r =0, z
= 9.525) and decreases when r is getting larger. From the X-Z or Y-Z
views in the vertical direction, the maximum powder flow concentration
(Nmax = 4.9252 units/mm>) occurs at the center position above the
consolidation plane (r = 0, z = 0.5).

During the DED process, powders are blown through the nozzle into
a molten pool, therefore the powders within the laser beam are depos-
ited on the substrate, while the particles outside the laser beam are
blown away by the shielding gas flow. The total number of particles (N},)
within the laser-material interaction zone can be calculated by taking
triple integrals of the powder concentration with (6, r;, z) under cylin-
drical coordinates. N, can be calculated by Eq. (13):

3
Np:4///6’N(r,z)dﬂd,dZ
00 0

where z is the distance between the substrate surface and the nozzle
outlet, r is the radius of the laser beam (r = 0.45 mm) at the consoli-
dation plane, and @ is the inclination range from 0 to 4. N, equals
30.2563 units (m = 4 g/min), which means about 30 particles are within
the laser-material interaction zone in unit time.

13)

3.3. Energy absorption/scattering by the powder streams

The energy absorption of the powders under laser radiation depends
on several parameters, including laser wavelength, material property,
ambient gas, and surrounding temperature, etc. [25]. For the DED
process of IN 718, the relationship between energy absorption rate, laser
power, and end temperature of the powder stream is illustrated in Fig. 7.
The result shows that the energy absorption coefficient (a) is not con-
stant, and it depends on the laser power and powder temperature during
material deposition. There is a negative relationship between the power
input and the energy absorption coefficient. The power absorption rate
decreases from 7.4 % to 6.0 % when the laser power increases from 250
W to 350 W.

The total energy absorbed by the entire powder stream, Qgs was
calculated by multiplying the energy absorption coefficient and the total
number of the powders (N,) within the laser-material interaction region,
as shown in Eq. (5). Similarly, total scattered energy, Qs.q+ Was calcu-
lated by multiplying the energy scattered by a single particle (Q.), and
Np,. The calculated energy absorption and scattering under various laser
power inputs during DED are shown in Fig. 8. Although the energy ab-
sorption rate (a) decreases with the increase of the laser power, energy
absorption by the entire powder stream increases when the laser power
increases from 250 W to 350 W, indicating the increasing laser energy
input (Qp) had a greater effect on powder stream energy absorption.
Fig. 6 also indicates the end temperature of the entire powder stream
increases with the laser power input, this is the reason that can explain
total scattered energy increases with the increase of the laser power.

3.4. Effects of process conditions on the energy absorption

To illustrate the energy absorption under different additive
manufacturing (AM) processes, the energy absorption rate at the laser
power of 300 W in DED was compared with previous studies. The result
is summarized in Table 3. Based on the data in Table 3, the energy ab-
sorption of the powders in AM is not only related to process types but
also related to material types and characteristics as well as process pa-
rameters, such as powder feeding rate. Apparently, energy absorption
varies for different material types, because of the difference in absorp-
tion mechanisms exhibited by the different materials. The optical
response of metal is dominated by the electrons located in states close to
the fermi level, referred to as free electrons. Different laser sources (e.g.,
Nd-YAG versus CO,) may cause different energy absorption, even
though the AM process and powders are the same. This phenomenon can
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Fig. 6. Simulation result of the powder flow concentration of four-jet deposition nozzle.

be explained by the density of the plasma and its related oscillation
frequency. At a high pulse frequency, more material is ablated, leading
to a higher plasma density [41-44]. Therefore, a higher amount of the
still incoming energy is absorbed. In addition, laser absorption is gov-
erned by particle size morphology, distribution, and surface topology
[28]. Within the bulk powder, the lower median particle sizes lead to an
increase in energy absorption for the multiple reflections caused by laser
radiation [29,30]. Typically, the mean particle sizes in DED are quite
higher than in the PBF process which is evidently shown in Table 3. It is
also proved that the PBF process (e.g., SLS) and pre-deposited laser
cladding has higher power efficiency compared with that of the coaxial
and side injection DED process. As mentioned earlier, the powders
delivered in the DED process cause unstable powder injection in the
molten pool by the coaxial or side powder nozzle system. Although the
laser-material interaction time in DED is longer than that of PBF
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processes, the number of particles involved is much smaller, therefore,
the energy absorption in DED should be less than that of PBF processes
[27].

Energy absorption by the entire powder stream is directly related to
the total number of particles (N,) within the laser-material interaction
zone, as shown in Eq. (5). Eq. (8) suggests that N}, not only depends on
the nozzle geometrical sizes, including dp, dc, L, and r,, but also the input
variables, including m, V, and r,. To investigate the sensitivities of en-
ergy absorption with various process conditions, a scenario analysis was
conducted.

To investigate the relationship of energy absorption with input var-
iables, a sensitivity study is performed at the laser power of 300 W.
Three different levels of m, V, and r;, are defined: m = 2, 3, and 4 g/min;
V=5, 6, and 7 L/min; r, = 30, 40, and 50 um. The powder concentration
below the deposition head (N,,) under different experimental conditions
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can be calculated with Eq. (5). Substituting N, into Eq. (8) can yield the
results of energy absorption at different scenarios, the result is shown in
Table 4. Sensitivity analysis results suggest that the total energy ab-
sorption (Qgps) increases proportionally with the increase of the powder
feeding rate, while decreasing with the increase of the gas flow rate and
powder size. This can be explained by the relationship between N, and
input variables. Eq. (5) indicates that N, is positively related to powder
feeding rate, and negatively related to particle size, which means higher
powder concentration appears at higher powder feeding and smaller
particles. While with the increasing gas flow rate, the velocity of the
powders increases, and there will be fewer powders appearing in the
laser-material interaction zone in the unit space.

4. Experimental validation
4.1. Experimental set-up design

To verify the proposed energy absorption measurement model, a
power meter (FL400A-BB-50, Ophir, North Logan, USA) is used to
measure the real-time power output before and after the powder injec-
tion. The power meter has a measurement range of 300 mW-500 W with
88 % absorption. The response time is 4 s with 3 % accuracy. The
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Table 3
Comparison of the material energy absorption in AM processes.
AM process Material ~ Laser Particlesize ~ Powder Absorption
source (diameter: feeding rate (%)
pm) (g/min)
Selective Ni-alloy Nd-YAG <50 N/A 64
laser (pulsed,
sintering A =1.06
[25] pm)
CO, (CW, N/A 72
A =10.6
pm)
Laser Cu-alloy CO, (CW, 10-150 N/A 42
cladding A =10.6
(Pre- pm)
deposited)
[36]
Laser Ni-alloy Nd-YAG 100 4 8.18
cladding (pulsed,
(Coaxial) A =1.06
[37] pm)
Laser N/A CO, (CW, 80 4 5.33
cladding A =10.6
(Coaxial) pm)
[38]
Laser Co-alloy CO, (CW, 50 5 20
cladding A =10.6
(Side pm)
injection)
[39]
Laser Co-alloy CO, (CW, 80 12 10
cladding A =10.6
(Side pm)
injection)
[40]
DED Ni-alloy Fiber 81.5 4 6.46
(CW, & =
1.06 pm)
Note: N/A means Not Available.
Table 4
Results of sensitivity analysis of the input variables.
Np Qabs ()
m (g/min)
2 15 0.026
3 22 0.038
4 30 0.053
V (L/min)
5 36 0.063
6 30 0.053
7 25 0.044
rp (pm)
30 76 0.134
40 32 0.056
50 16 0.028

experimental setup is shown in Fig. 9. The power meter is placed under
the four-jet exit nozzle. To ensure the energy can be absorbed by the
entire powder stream, and to avoid the powders being deposited on the
sensor, a safe distance is set up (25 mm) between the power meter and
nozzle outlet. An anti-reflection BK7 glass (wavelength: 1064 nm) is
placed upper the meter to protect it from damage by the powders from
the upper area. Another function of the glass is to reduce the reflection of
laser radiation. Also, an air filter is used to wrap the meter to protect it
from damage by the powders from the surrounding area. A data trans-
mitter and StarLab software (v3.31, Ophir, North Logan, USA) are used
to record and analyze the actual power output.
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Fig. 9. Experimental setup for model verification.

4.2. Validation under controlled experiment

In the beginning, the power meter is used to calibrate the actual
power output. With the five laser power levels mentioned in Section
2.3.4, the measured actual laser power (Pp) is 183 W, 206 W, 226 W,
245 W, and 268 W when the original laser power setup is 250 W, 275 W,
300 W, 325 W, and 350 W respectively. Next, the deposition head re-
mains steady, then the laser is turned on and maintained for 30 s without
the powder (In 718) injection. The power output with powder injection
is recorded as Py. After 30 s, the powder feeding starts, and keeps the
laser running for another 30 s. The power output with powder injection
is recorded as P;. Totally, five datasets were obtained under various
power inputs. Fig. 10 shows the collected actual power output with/
without powder injection at a laser power of 250 W.

In Fig. 10, the powder injection starts at point A, then the power after
the powder injection decreases from 183 W (Pgp) to 175 W (Pp).
Neglecting the powder reflection, the difference between Py and P; is the

Powder injection
starts  Attenuation

0 R T T T T T T 1

10 20 30 40 50 60 70
Timestamp (Sec)

Fig. 10. Result of real-time power output (P = 250 W).

164

Journal of Manufacturing Processes 88 (2023) 157-166

energy absorbed by the powder streams. The energy absorption coeffi-
cient (a, a = (Pp — P1) / Pp) at different power inputs can be calculated
by repeating the power output measurement experiments. The result is
shown in Fig. 11. The experimental value of energy absorption by the
powder stream decreases with the increase of the laser power, which is
consistent with simulation results and proves the reliability of the pro-
posed energy absorption model The experimental value is a little bit less
than the theoretical value, there are two reasons: (1) Part of the laser
energy is reflected by the powder stream, and (2) Secondary absorption
occurs because of phonons formation due to surface imperfections when
the powder particles are blown back to the laser beam area by the carrier
gas [45-48].

4.3. Energy absorption mechanism in DED

The values for the energy absorption coefficients shown in Table 4
indicate that the energy absorption in DED is in accordance with the
inverse bremsstrahlung absorption mechanism (IBAM) [49]. IBAM is the
result of the interaction between laser and powder materials, which
leads to many important physical phenomena. When a focused laser
beam hits the powder streams, the laser photon energy is transferred to
the plasma through the electron-ion collision, during which the radia-
tion energy is imparted to the powders [50]. Based on IBAM, Once the
laser energy is transformed into plasma, the absorption coefficient (o)
can be calculated by Eq. (14) [51]:

_ Im - Iam

Lo

=1—exp(—2kL) a4

where I;; and I, are the incoming and the outgoing laser intensities (W/
cm?). k; is the spatial damping rate of the laser energy by inverse
bremsstrahlung, L is the length of the plasma (mm). Eq. (14) suggests
that there is an inverse correlation between energy absorption and the
length of plasma generated in the DED process. With the increase of the
electron temperature, the electron density decreases, and at the same
time, the length of plasma decreases, then, the energy absorption de-
creases by increasing the electron temperature. This can explain the
relationship between the end temperature of the powders and energy
absorption in Fig. 7. The energy absorption by the powder stream is also
related to the particle's velocity distribution. Considering the particle
velocity distribution follows Maxwellian distribution or Kappa distri-
bution, with different k, the variation of a with respect to laser intensity
is shown in Fig. 12.

84 58 Thoeretical
5 | f=ve 6.85 - Experiment
: 1 6.13 . 6.23 6.08

e 5.32

2% A.72 | | 57

§ 4

291

o)

<
24
14
0 - - - . 1

250 275 300 325 350

Power input (W)

Fig. 11. Comparison of theoretical and experimental energy absorption result.
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Fig. 12. Variation of energy absorption with respect to laser intensity (Redrawn after [26]).

As mentioned earlier, the microstructural evolution and material
property in DED are closely related to the energy transmitted into the
molten pool. While the energy input to the molten pool is hardly con-
stant due to the variations in energy absorption. This can also explain
the variation of the molten pool temperature in Fig. 5b. It can be
reasonably inferred that repeatable part quality occurs when the laser
energy is controlled to meet the energy demand of the molten pool.
Therefore, the findings of this study can provide a basis to understand
the variations in part quality under different processing conditions. It
can also be used to build the energy requirement model of the molten
pool, with which the inherent relation and regularity between the initial
parameters and corresponding mechanical behaviors can be revealed.

It should be noted that the energy absorption of the powders varies
with the changes in power density and free electron distribution.
Because the free electron distribution is inherently related to powder
velocity and spreading behavior. Therefore, it is rather important to
identify powder spreading mechanisms to further unveil the energy
absorption regularity. Future research will focus on the relationship of
free electron distribution with powder spreading behavior as well as the
energy absorption in laser-based DED.

5. Conclusions

In this study, the power absorption by the powder stream is
numerically calculated and experimentally validated. The energy ab-
sorption coefficient of IN 718 under different laser energy inputs is
calculated based on the stepwise heating method. The experimental
method with a power meter is used to verify the energy absorption co-
efficient. The proposed model can be used to reveal the laser-material
interaction mechanism as well as to figure out the source of variations
in part qualities. The main findings can be drawn as follows:

(1) There is a negative relationship between the powder temperature
and the energy absorption coefficient. The energy absorption rate

of the powder is not constant in DED, ranging from 6 % to 8 % for
IN 718 deposition. The power absorption rate decreases with
increasing laser power.

(2) The variation of power absorption is in accordance with the in-
verse bremsstrahlung mechanism. With the increase of the elec-
tron temperature, the electron density decreases, and at the same
time, the length of plasma decreases, then, the energy absorption
decreases by increasing the electron temperature.

(3) Due to the energy reflection by the powder stream and the
occurrence of secondary absorption, the experimentally
measured energy absorption is less than the numerically calcu-
lated results.
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