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ABSTRACT

Additive Manufacturing (AM) processes have the capability to promote a more rational use of resources,
reduce generated waste, as well as repair damaged components to extend their lifespan. With the aim of
contributing to a more efficient and environmentally friendlier manufacturing process, this research work
investigates the energy consumption of the Laser Directed Energy Deposition process (DED-LB) through
the introduction of new parameters in its characterisation, which are energy and mass efficiency. First, the
energy efficiency of the laser generator itself has been characterised. Based on the results obtained, it was
possible to conclude that pulsed laser operation strategies allow a reduction in consumption of up to 9%
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compared to a continuous laser operation mode. Second, a design of experiments was carried out to
relate the energy and mass efficiency of the deposition process to the input parameters: laser power, feed
rate, and mass rate. The parameter that most influences the energy efficiency of the process is the mass
rate, where high rates are advisable to maximise its value. On the other hand, it is concluded that an
increase in the mass rate or a reduction in the feed rate results in an increase in the mass efficiency

1. Introduction

The manufacturing industry represents one of the main pillars of
growth and development for countries, being a position expected
to be maintained as the price of the resources and raw materials
rise. Likewise, the impact of industry on the development of the
economy worldwide and the welfare of society is undeniable
(Maddison 2007). Nonetheless, these productive activities also
imply a significant resource demand on the environment, quan-
tified by indicators such as air quality, water pollution and
resource depletion, and represent a threat to human well-being.
Therefore, the productive process implementation and the adop-
tion of manufacturing strategies that minimise this environmen-
tal impact become vitally important nowadays.

In this respect, the additive manufacturing (AM) processes
have meant a change in the paradigm of productive processes,
presenting numerous benefits and advantages when compared
to more traditional processes such as machining, forging, or
casting. For example, a recent research study explored the
possible synergies between the capabilities of AM and the
improvement of performance as defined by Green Supply
Chain Management criteria (Ferreira et al. 2023). The results
supported the potential for cost savings and waste reduction by
integrating AM processes in repair applications. From
a resource efficiency perspective, AM allows a more rational
use of materials, a reduction of the generated waste, as well as
the repair of damaged components in order to increase their
lifetime (Arrizubieta et al. 2020). In terms of mechanical prop-
erties, many studies show that AM processes can result in
advanced-performance materials for diverse application areas

such as memory-shaped alloys (Felice et al. 2023). However,
AM is not exempt from disadvantages and limitations which
have hampered its implementation in sectors such as the
automotive and aeronautic industries. One of the main limita-
tions is its low productivity, what makes the AM process
become the bottleneck in production lines. For that reason,
during the last years the trend has been to increase the power
of the equipment and raise the number of nozzles or lasers.
Traditionally, the tuning of the AM processes has been per-
formed with the aim of maximising productivity, understood
as the amount of material that is deposited per unit of time
(Schwerz et al. 2022), neglecting the environmental impact of
these parameters and the efficiency of the process itself.

The standard (ISO/ASTM 52900: 2021) defines additive manu-
facturing as a set of processes based on the addition principle that
permit obtaining three-dimensional components by successive
material addition (ISO/ASTM 2021). Therefore, the different addi-
tive manufacturing processes are classified according to the material
they work with and the applied technology for the material addi-
tion. The principal metallic additive manufacturing technologies
are the processes of laser Powder Bed Fusion (PBF-LB), laser
Directed Energy Deposition (DED-LB) and Binder Jetting (BJT).

Focusing this study on the DED-LB, this process offers advan-
tages such as the geometrical design flexibility and the possibility
of manufacturing components with integrated functionality
through multimaterial strategies. In this regard, it is possible to
vary the composition of the component gradually, creating what
is known as Functionally Graded Materials (FGM). Therefore,
this process can be highly profitable in the manufacture of small
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production batches and customised components, as well as allow-
ing for efficient use of material and energy (Tan et al. 2021).
Regarding the last characteristic, numerous successful cases have
been reported in which AM has enabled a reduction of waste
material (Najmon, Raeisi, and Tovar 2019; Nickels 2015).
However, when referring to energy savings, most authors refer
to saves introduced by the optimised design over the lifetime of
the component, leaving aside the energy consumption of the
manufacturing process itself.

As described by Ehmsen et al., there are three categories of
research works related to energy consumption in AM pro-
cesses (Ehmsen, Glatt, and Aurich 2023). First, some works
are focused on evaluating the energy consumption of DED-LB
experimentally (Huang et al. 2016; Jackson et al. 2016;
Wippermann et al. 2020). Although they consider different
scenarios, they do not analyse in depth which parameters affect
energy demand. Second, other works analyse the energy con-
sumption in different types of AM processes and study the
energy demand of each individual process element (Khalid and
Peng 2021; Peng et al. 2021; Yang et al. 2017). Third, the
influence of DED-LB process parameters, such as laser power
or feed rate, on other target variables has been investigated
based on factorial design of experiments (DOE) (Aleksandr
et al. 2021; Hoefer 2021; Mahamood and Akinlabi 2016;
Moradi et al. 2021). Thus, to make efficient use of the technol-
ogy, it remains to be investigated which process parameters
influence the energy demand of the DED-LB process.

In this approach of evaluating the energy consumption of
the AM process itself, authors such as (Gao, Wolff, and Wang
2021) have gathered information on the energy consumption
of different AM processes (DED-LB, PBF-LB, and BJT among
others) while working with different materials (such as metal
powder, metal wire, and polymers). They analysed the energy
consumption derived from the AM process considering the
whole production cycle: mining of raw materials, atomisation
of the powder or preparation of the wire, printing, and post-
processing. For instance, in the atomisation process, authors
concluded that the consumption depends on the material used,
presenting a higher consumption for nickel-based alloys.

The total energy consumption in metal AM processes
includes the primary input energy, such as the laser source or
electric arc to melt the metal materials, alongside the second-
ary energy used for the machine and system operation (Gisario
et al. 2019). During the PBF-LB processes the main energy
consumption is based on the system losses and on the second-
ary energy required for the correct performance of the AM
machine. Since these processes involve equipment as prehea-
ters for the printing chamber, coolers, booms, engines, drivers,
and screening machines which contribute primarily to the
energy consumption. For example, the energy consumption
for the whole PBF-LB system is typically 5 to 10 times larger
than that of the primary printing process (Liu et al. 2018).
Conversely, in DED-LB the consumption associated with the
secondary energy is considerably reduced, and the primary
deposition energy becomes the principal energy consumption
source of the process. In addition, a lower energy consumption
for each kg of deposited material is achieved as a result of
a higher deposition rate, Figure 1.

Concerning the PBF-LB technology, numerous studies
relate the laser energy density to the resulting porosity and
mechanical properties (Maamoun et al. 2019; Ma, Wang, and
Zeng 2015; Mishurova et al. 2017). Nevertheless, there are no
analogous studies for the DED-LB process, in which the influ-
ence of process parameters on the energy consumption during
deposition is analysed.

In view of this need, the present research work has studied
the energy and mass consumption efficiencies of the laser
Directed Energy Deposition (DED-LB) process. Firstly, the
energy consumption of the laser generator has been experimen-
tally measured for the different operating regimes. Afterwards,
in a second step, a design of experiments (DOE) is developed to
relate the energy and mass efficiency of the process with the
input parameters (laser power, feed rate and mass flow rate). In
the present research the scope is focused on the energy and mass
efficiency evaluation of the DED-LB process. Therefore, post-
processing operations, i.e. machining, are left aside as they are
considered mandatory and inevitable regardless of the process
parameters used in the deposition process.
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Figure 1. Energy consumption of the different AM processes measured in kWh/kg (Gao, Wolff, and Wang 2021).



2. Methodology

The aim of the present work is to quantify the consumption of
the laser generator to estimate the energy consumed in the
process, since it is the main source of consumption in DED-
LB, and hence to achieve a more environmentally responsible
manufacturing. The Aktinos 500 laser centre, Figure 2(a),
coupled with the Rofin FLO10 fibre laser, Figure 2(b), is
employed in the experimental tests. The laser has a 1 kW
maximum output power and can be operated in both contin-
uous (CW) and pulsed (PWM) modes. When operating the
laser in pulsed mode, the pulse shape is controlled by the duty-
cycle (DC) and pulse frequency variables, Figure 2(c).

The laser beam has a 1.75 mm diameter at the focal plane, which
is situated at a 15mm distance from the nozzle tip, and the
employed nozzle is an in-house manufactured coaxial continuous
nozzle. Argon 2X is employed as shielding and carrier gas in all the
tests, which is fed with 15 1/min and 5 I/min flow rates, respectively.
These parameters are maintained constant in the experimental
tests, in order to eliminate their effect on the obtained results.
Besides, if test conditions vary, such as substrate surface roughness,
substrate temperature, laser incidence angle, or focal distance, the
obtained results would not be comparable. Consequently, the same
procedure and setup is employed in all tests.

In order to obtain comparable results, in the present work
a constant 20 °C room temperature is ensured during the tests
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and the substrate is cooled down between individual tests to
avoid its overheating and maintain its temperature below
30 °C. Prior to the tests, the AISI 1045 substrate was ground
and cleaned with acetone to eliminate any oil and dirt from its
surface. The laser is positioned perpendicular to the substrate
in all tests.

2.1. Experimental tests

The study is carried out in two phases: first, the relationship
between the power generated by the laser and the active power
consumed from the network is obtained. During these tests,
the laser is held static on an aluminium block which works as
a heat sink, and the energy consumption is measured for the
different test conditions indicated in Table 1

In a second stage and once the laser performance has been
characterised, the energy and mass efficiency of the DED-LB
deposition process are analysed. For this stage, the tests detailed
in Table 2 are carried out, and the cross sections of the single
clads are evaluated. Likewise, the laser has been used in contin-
uous mode. Each sample was cut using a metallographic saw
and after being individually embedded, they were sanded and
polished following a standard metallographic procedure for the
material. Moreover, the microstructure of the deposited mate-
rial was revealed by electrolytic etching with a 10% oxalic acid

DEfRUIEN  Frooem #
Frea 110
50.0

Pulse program

40000 W 1

Laser enabled

- EE cE | oo

(©)

Figure 2. (a) Kondia aktinos 500 laser centre, (b) rofin FLO10 laser generator and (c) control screen of the laser with a programmed 50% duty-cycle.

Table 1. Tests performed for the quantification of the energy consumption of the laser
generator, where P,omina is the nominal laser power, and f and t are the pulse

frequency and duration, respectively.

Test N. Pnominal [W] DC [%] f[Hz] t[s]
1 100 100 0 60
2 200

3 300

4 400

5 500

6 600

7 700

8 800

9 900

10 1000

1" 400 50 1

12 400 100

13 400 1000

14 800 1

15 800 100

16 800 1000
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Table 2. Tests for the quantification of the energy consumption of the laser in
the second stage, where P is the nominal laser power, F the feed rate and M the
mass rate.

Tests N. Prominal [W] F [mm/min] M [g/min]
1 800 500 2.98
2 700 400 4.00
3 700 600 4,00
4 900 400 4.00
5 900 600 4.00
6 631 500 5.50
7 800 331 5.50
8 800 500 5.50
9 800 500 5.50
10 800 500 5.50
1 800 500 5.50
12 800 668 5.50
13 968 500 5.50
14 700 400 7.00
15 700 600 7.00
16 900 400 7.00
17 900 600 7.00
18 800 500 8.02

solution and 20V voltage. Lastly, a Leica DCM3D confocal
microscope was used to inspect the sections and to obtain the
necessary images for measuring the height, width, depth, and
area of the deposited clad.

2.2, Employed materials

The substrate employed is a 70 x 200x10 mm> AISI 1045 steel
billet, whereas the filler material is a cobalt-based alloy, Stellite
6. This alloy is widely employed in the additive manufacturing
industry for repairing turbine blades, due to the surface hard-
ness, wear resistance and corrosion protection it offers
(Bakhshayesh et al. 2024). Concerning the promising proper-
ties of the Stellite 6, it is employed in this study because energy
and mass consumption is also of critical importance in the
repair industry.

The Stellite 6 filler powder has been manufactured by gas
atomisation with a particle size between 45 and 106 pm, which
ensures the sphericity of the particles. The chemical

compositions of both materials are listed in Table 3. Also, 2X
argon is used both as a shielding gas and as a carrier gas in all
tests.

2.3. Consumption measurements

The Fluke model 1732 three-phase network analyser has been
used to measure the electrical consumptions. This equipment
has voltage and current probes, which allow measurements to
be taken in all three phases, see Figure 3(a). According to the
data sheet of the analyser, the measuring error of the power
consumption is below 1%. Moreover, to obtain a consistent
value of the active power consumption, several measurements
have been done when increasing the laser power and when
lowering it. To operate safely, an electrical bridge has been
designed, Figure 3(b), which allows the black voltage probes to
be connected by means of clamps and the red current probes to
be clamped to the different phases with the rings designed for
this purpose. In this way, the instantaneous active, reactive,
and apparent power can be obtained, Figure 3(c).

Finally, it is worth mentioning that the software Design
Expert has been implemented for the generation of the DOE
and the analysis of the results. The individual tests carried out
are detailed in section 3. Accordingly, the process input vari-
ables (laser power, feed rate and powder mass flow rate) have
been related to the output variables, being in this case the
power consumed by the network, geometrical dimensions
and area of the clad supplied, mass efficiency, energy efficiency
and dilution.

3. Results

3.1. Stage 1: analysis of the rofin FLO10 laser generator
consumption

As indicated in the methodology section, first of all the stable
range of the laser in the continuous working mode is analysed.
Two averaging sequences were performed and in each one,
energy consumption was measured in ascending order (tests

Table 3. Chemical composition in weight % of the employed materials (Ostolaza et al. 2020.).

Material Co Cr w Si Fe C Mo Mn P S Cu Ni
Stellite 6 Bal. 28.00 4.00 1.50 3.00 1.00 1.00 0.00 0.00 0.00 0.00 3.00
AISI 1045 0.0 <0.04 0.00 <0.40 Bal. 0.45 0.00 0.65 <0.05 <0.05 <0.04 <0.10

3-¢ in triangle 12/03/2020 15:44

2.53 kA
2.07 kvar

pr 0.57+%
| ey | Fendamentat | | shownenu |

(©

Total:

1.45«w

Figure 3. (a) Fluke 1732 three-phase analyser, (b) the electrical bridge for connecting it in series with the power supply of the rofin FLO10 laser and (c) an example of

a reading.



1-10) and descending order (tests 10-1). Therefore, four mea-
surements, 60 second duration each, were carried out for every
laser nominal power. The measured values were averaged with
a network analyser to obtain the average values.

As it is shown in Figure 4, the laser presents a high residual
power consumption and as the output power of the laser
increases, the active power consumption of the network
increases almost linearly. Best fit is achieved with a second
order polynomial trend line, with a R? of 0.9997, which equa-
tion is included in the same figure.

When the laser generator is connected to the electrical net-
work and mains are enabled, a 0.22kW active power con-
sumption is detected, but when the laser is enabled, this
value increases to 1.45kW. Prior to the tests, the laser was
calibrated using a Coherent PM3K-100 power metre and
a power loss of between 8-10% is detected for the whole
range. In the present research the laser power will always
refer to the nominal power, as well as the variables calculated
based on the laser power.

On the assumption that CW operation (equivalent to 100%
DC) and operation at twice the power but pulsing at 50% DC,
introduce the same amount of energy into the part irradiated
by the laser, the active powers consumed in the network have
been measured for the situations shown in Table 1. Table 4
summarises the power consumption readings obtained and the
energy savings that would be achieved in each case.

As can be seen, when operating in pulsed mode, the active
power consumed from the network is reduced between 4% and
9%, the reduction being greater as the pulsing frequency
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increases. This active energy saving is based on the results
detailed in Figure 4, where higher nominal laser powers pro-
vide higher energy efficiencies. Consequently, the use of higher
powers in pulsed mode also results in energy savings. In the
case of using twice the power than in continuous mode and
a pulsed frequency of 1000 Hz, the energy saving achieved is
9% for the same energy input. Figure 5 graphically shows the
evolution of the active power consumed from the network as
a function of the pulsing frequency. Therefore, it can be con-
cluded that the use of pulsing strategies is a good alternative for
reducing the consumption of the DED-LB process.

3.2. Stage 2: analysis of the energy and mass efficiency of
the DED-LB process

The first task for this second stage was the metallographic
analysis of the deposited clads. From each 50 mm long clad,
three sections were analysed, the first one situated at 10 mm
from the initial point, the second in the centre of the clad, and
the third at a 10 mm distance from the end point. In Figure 6
an example of each clad is shown. Most of them present a good
appearance, free of internal defects, and none of them show
cracking or lack of adhesion with the substrate.

In some tests, such as 12 and 13 in the provided cross
sections in Figure 6, surface cavities are found because non-
melted particles have been teared off during the metallo-
graphic procedure. This is generated because lower laser
powers can generate the adhesion of non-melted powder par-
ticles to the upper part of the clad. Nevertheless, if a new layer

7.0 - - 1.0
A L 0.9
6.0 4|y=-2.0038x + 5.7084x + 2.0098 . :
R = 0.9997 gzl L
50— .= R L 0.7
= g ¥ X -
X 4.0 - . 1 el -
e = 7 |y=00009x+0.0013| | g5 =
£3.0 - o - R? = 0.9997 | o4 B
& = R4 UL -
* 20 = - 0.3
P - 0.2
4 e P oP
1.0 - real network L 01
0.0 ; . . ; . 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

IDnomninal [kW]

Figure 4. Relationship between the nominal power of the laser, Pnominai, the active power consumed by the laser generator for CW operation, Ppetworks and the

measured real laser power, P ey

Table 4. Relationship between laser power and active power consumed from the grid, Ppetworks for different

powers and duty cycles.

I:)norninal [W] DC [%] f [HZ] Pnetwork [kW] Energy savings [%]
200 100 0 3.09 0.00
400 50 1 2.96 4.05
400 50 100 294 4.57
400 50 1000 2.80 9.30
400 100 0 3.99 0.00
800 50 1 3.69 7.60
800 50 100 3.73 6.47
800 50 1000 3.73 9.06
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200 ] 400 W (CW) 400W
— [ ETTT PP PPTTT AP PPPPPT PPN o. ........... @
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Figure 5. Relationship between the pulsing frequency and the active power consumed from the network, Petwork for different laser powers and frequencies operating
in PWM.

Figure 6. Cross sections of the deposited stellite 6 clads.



is deposited on top of the previous, these particles are melted
and therefore, the problem is avoided. In case no upper layers
are deposited, that means that this surface needs to be
machined to ensure part accuracy and surface roughness,
what also eliminates the problem.

On the contrary, those tests in which the filler material
mass rate is maximised, a higher amount of internal porosity
is detected. In all cases, the measured porosity does not
exceed the 3% of the whole cross section area. However, in
test 15 lack of fusion defects have been found in all the three
analysed cross sections, which means that there is not
enough laser power, 700W, in combination with the
employed feed rate and mass rate, 600 mm/min and 7.0 g/
min, respectively, to melt correctly all the filler material.
Consequently, if high mass rates are desired, laser power
needs to be increased accordingly.

Worst clad quality is obtained in Test 7, which corresponds
to the lower feed rate, 331 mm/min. Therefore, the internal
voids and porosity detected in the three analysed cross sections
are attributed to it. These defects would affect the mechanical
performance of the component, especially at tensile stress
situations, where cracks may initiate on them. Therefore, the
parameter window corresponding to Test 7 is considered
unacceptable.

The results of the metallographic analysis and the quantifi-
cation of energy and mass efficiency are shown in Table 5. To
facilitate the understanding, the output variables shown in the
table are defined below:
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Height, width, depth, and areas of the deposited clad,
defined as H, W, D, and Al and A2 in Figure 7, respectively.
Their values are calculated as mean values of the analysed three
cross sections.

e Mass efficiency (1,,): indicates the percentage of powder
that becomes part of the clad, relative to the amount of
material fed into the process. Al is the upper area of the
clad, p is the Stellite 6 density, M the mass rate, and F the
feed rate. Its value is calculated as a mean value of the
analysed three cross sections.

Al-p
By =——— 100
M/F

(1

e Energy efficiency of the process (#,): shows the amount
of energy that needs to be used in the process for each
gram of material that becomes part of the final clad. Its
value is calculated as a mean value of the analysed three
cross sections.

P/F
=1 2
=, @
e Dilution: defines the ratio between the lower clad area,
A2, and the upper clad area, Al, based on the equation
shown in Figure 7. Its value is calculated as a mean value
of the analysed three cross sections.

Table 5. Summary of the clad dimensions, energy consumption, and efficiency of the DED-LB process.

w H D HW Al N

Test Prominal W] F [mm/min] ~ M [g/min]  Pretwork (kW] [mm]  [mm]  [mm] [] [mm? A2 [mm?] [%] n. [kWh/kg]  Dil. [%]
1 800 500 298 5.09 1.48 0.18 034 012 0.18 035 26.08 109.25 65.67
2 700 400 4.00 491 1.44 0.30 0.19 0.20 0.30 0.20 25.57 80.00 40.12
3 700 600 4.00 4.7 1.27 0.22 025 017 020 0.21 25.19 77.73 51.46
4 900 400 4.00 5.41 1.60 0.29 0.31 0.18 0.33 0.35 27.43 82.18 51.49
5 900 600 4.00 5.42 1.48 0.20 033 014 023 0.34 28.99 77.90 59.68
6 631 500 5.50 4.69 1.27 0.27 0.13 0.22 0.26 0.13 20.18 70.43 32.56
7 800 331 5.50 5.13 1.66  0.50 013 030 058 0.14 29.36 52.95 19.61
8 800 500 5.50 5.19 1.54 0.33 0.20 0.21 0.35 0.21 26.85 58.56 37.39
9 800 500 5.50 5.18 149 029 025 019 030 0.25 22.94 68.42 45.54
10 800 500 5.50 5.12 1.47 0.34 0.22 0.23 0.34 0.23 25.78 60.18 40.64
1 800 500 5.50 5.12 1.55 0.36 0.16 023 0.37 0.20 28.31 54.80 34.81
12 800 668 5.50 5.03 1.38 0.24 0.27 0.18 0.25 0.26 26.04 58.54 50.78
13 968 500 5.50 5.65 1.58 031 026 020 033 0.29 2532 67.62 46.77
14 700 400 7.00 4.81 1.39 0.56 0.08 0.40 0.61 0.09 29.47 38.86 12.34
15 700 600 7.00 4.67 134 036 011 027 032 0.11 23.22 47.88 25.35
16 900 400 7.00 5.46 1.76 0.56 0.13 0.32 0.68 0.17 32.75 39.70 19.55
17 900 600 7.00 5.42 1.61 0.49 011 030 057 0.11 40.87 31.57 16.42
18 800 500 8.02 5.15 152 0.37 0.18 0.24 0.40 0.19 21.15 50.60 3232

Deposited Y
clad Al o] \
_________ ’ ).
Diluti e 100
PO =1 ¥ 42)

Substrate

Figure 7. Definition of the dilution and characterization of the clad dimensions.
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3.3. DOE results

The analysis of the results has been performed employing
a Response Surface Methodology (RSM). This method is
based on the construction of polymeric equations (first
or second order) relating the input and output variables. The
RSM is commonly employed in additive manufacturing stu-
dies with the aim of obtaining an effective relationship among
different parameters (Alizadeh-Sh et al. 2020).

Based on the value of the post-analysis coefficient ‘p’ and
the value of the correlation ‘R2’ obtained in the analysis of the
results, it has been concluded that for the case of mass effi-
ciency it is convenient to use a quadratic approximation, while
for the energy consumption efficiency a better approximation
is obtained by using a linear relationship between the
parameters.

Figure 8 shows the evolution of mass efficiency in relation
to the feed rate and the laser power. Thus, it can be concluded
that higher laser powers lead to a better powder entrapment
efficiency. For example, for a mass flow rate of 7 g/min and
a constant feed rate of 600 mm/min, varying the power from
700 to 900 W increases the mass efficiency by 50%. In addition,
the increase of the feed rate also results in an increase of the
mass efficiency. Higher efficiency improvements are obtained
at high mass rates, but it must be kept in mind that if the laser
power is not capable of melting the material being fed, internal
defects will appear.

In the case of the feed rate, there is no direct relationship
between this variable and the mass efficiency. At low laser
powers, an increase in the feed rate decreases the percentage
of powder trapped in the melt pool, while, at high powers, the
tendency is opposite.

Regarding the energy efficiency, Figure 9, an increase in the
powder mass rate drastically reduces the energy consumption
per gram of material that becomes part of the clad. In contrast,

Mm [%]
S

900

) 950
in]450 75051
FImm/min}#58 307700 720 P [W]

(a)

it is concluded that laser power and feed rate have little influ-
ence on this parameter.

Similarly, the dilution value has been plotted with respect to
the feed rate and power used for the cases of 4 and 7 g/min
powder delivery mass rates, Figures 10 (a,b), respectively. As
can be seen, the dilution increases slightly with the laser power,
as the amount of material melted by the laser increases. For the
case of the feed rate, the increase of the dilution with respect to
the speed is mainly due to the decrease of the upper area of the
deposited clad (A1). Finally, it should be noted that the para-
meter that has the greatest influence on dilution is the mass
rate, where an increase in the rate results in a reduction of
dilution.

Consequently, if both parameters, mass efficiency and
energy consumption, are to be optimised, it is advisable to
use high power and powder flow rates. However, it must be
taken into account that these parameters can affect the dilution
of the generated clad, which is a limiting factor when modify-
ing the input parameters of the DED-LB process.

Conclusions

In the present research work, the energy efficiency of an
industrial laser has been studied, and its behaviour has been
subsequently analysed in the context of the DED-LB deposi-
tion process. The most relevant conclusions reached after
analysing the results are the following:

e The Rofin FL010 laser has a high residual power con-
sumption due to the pumping of the active medium.
However, when working with the laser in continuous
mode (CW) the variation of the active power consumed
from the network is practically linear concerning the
emitted laser power. Therefore, the use of higher laser
powers results in better energy efficiency of the laser
generator.

e It has been concluded that the use of the laser in pulsed
mode (PWM) is a good alternative to reduce the energy
consumption of the DED-LB process. The influence of

45

40 =22
— 35 ==
S 30
£ 25

500
F [mm/min] 430

750
400 700

(b)

P W]

Figure 8. Efficiency of the energy consumption of the process for mass rates of 4 g/min (a) and 7 g/min (b).
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Figure 9. Efficiency of the energy consumption of the process for feed rates of 400 m/min (a) and 600 m/min (b).

Dil. [%]

400 700
(a)

Figure 10. Dilution of the deposited material for mass flow rates of 4 g/min (a) and 7 g/min (b).

the pulsed mode on the quality and properties of the
deposited material needs to be studied further, but
given that reductions in consumption of up to 9% have
been obtained, this manufacturing alternative opens the
door to a more energy-efficient process.

Finally, once the results from the DOE have been analysed and
the relationship between input and output parameters has
been established, the following conclusions have been drawn
for the DED-LB process when the laser is employed in the
continuous mode:

e The mass efficiency depends mainly on the laser power
used. It has been observed that a power increase gener-
ates a larger melt pool, which facilitates the powder
entrapment and increases the mass efficiency of the
process.

e In the case of the energy efficiency, the most influential
variable is the powder mass rate. A higher mass rate
results in a more efficient use of the laser power, thus

Dil. [%]

900

850
800

750 p[W]

reducing the amount of energy required per gram of
material that becomes part of the deposited clad.

e It has been found that the dilution depends mainly on the
mass flow, where an increase in the amount of material
deposited per time unit results in a larger upper area of
the deposited clad (A1) and, therefore, a lower dilution.

After the present research, the characterisation of the proper-
ties of the materials additively manufactured under optimal
conditions of mass and energy efficiency is established as
future work. Since it should be ensured that the most efficient
parameters do not negatively affect the performance of the
resulting component.
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