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Abstract: With the increasing awareness of environmental protection and sustainable manufacturing,
the environmental impact of laser additive manufacturing (LAM) technology has been attracting more
and more attention. Aiming to quantitatively analyze the energy consumption and extract possible
ways to save energy during the LAM process, this investigation studies the effects of input variables
including laser power, scanning speed, and powder feed rate on the overall energy consumption
during the laser deposition processes. Considering microhardness as a standard quality, the energy
consumption of unit deposition volume (ECUDV, in ]/mm?) is proposed as a measure for the average
applied energy of the fabricated metal part. The potential energy-saving benefits of the ultrasonic
vibration-assisted laser engineering net shaping (LENS) process are also examined in this paper.
The experimental results suggest that the theoretical and actual values of the energy consumption
present different trends along with the same input variables. It is possible to reduce the energy
consumption and, at the same time, maintain a good part quality and the optimal combination of
the parameters referring to Inconel 718 as a material is laser power of 300 W, scanning speed of
8.47 mm/s and powder feed rate of 4 rpm. When the geometry shaping and microhardness are
selected as evaluating criterions, American Iron and Steel Institute (AISI) 4140 powder will cause the
largest energy consumption per unit volume. The ultrasonic vibration-assisted LENS process cannot
only improve the clad quality, but can also decrease the energy consumption to a considerable extent.

Keywords: energy consumption; laser engineered net shaping; ultrasonic vibration

1. Introduction

As a widely used additive manufacturing technology, laser engineering net shaping (LENS) is
now serving as one of the key technologies in the direct manufacturing or repairing of metal parts.
Starting from a computer-aided design (CAD) solid file, the LENS process produces parts layer
by layer with the heat input of a high-powered laser. Compared to traditional surface treatment
processes, LENS has a higher repair efficiency, less post-processing, a higher cooling rate, and a smaller
heat-affected zone, thus achieving better mechanical behaviors after deposition processes [1]. Being
different from other additive manufacturing processes, LENS can fabricate near-net-shaped prototypes,
high quality metal parts, and even special tooling for injection molds [2]. Recently, LENS has been
successfully applied in the direct fabrication of complex structural components [3], functionally graded
coatings [4], high-value-added components repair [5], and special industries such as aerospace, defense,
biomedical, etc. [6].
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Since it was developed by Sandia National Laboratories in 1997, LENS has exhibited a great
potential to revolutionize metal parts fabrication and it has attracted more and more attention in both
academia and other industries. In the last decades, the research focus has been the optimization of
mechanical properties and microstructures of components fabricated by LENS [7-14], and thermal
modeling and control over the entire powder deposition process [15-19]. These investigations have
provided a clear understanding of the characteristics of LENS and have promoted this technology as a
major step towards actual industrial applications. On the other hand, with the increasing awareness
of energy saving and environmental protection, environmental issues have aroused more concerns
during the product manufacturing processes. Both governments and corporations are being pushed to
pay more attention to the environmental burdens of the product. As a new technology, LENS requires
energy consumption analysis before its extensive industrial applications.

Energy consumption analysis is the very first step and is essential for the development of
energy-saving technologies and scientific environmental assessment for LENS. During the powder
deposition process, several modules including high-powered laser generation, powder feeding and
delivery, and motion control will cause significant electricity energy consumption. The input variables
will also affect the total power consumption and distribution to a large extent. Several studies
have been conducted to evaluate the power consumption of the LENS system. The focus was the
identification of laser energy transfer efficiency or power distribution routes during the deposition
process. However, the energy input and distribution were obtained through the indirect measurement
and modeling method [20-22]. Very few reports have quantitatively analyzed the energy consumption
of LENS, much less the effects of input variables on the overall energy consumption during the laser
deposition process.

Apart from analyzing the energy consumption, researchers have started exploring the potential
energy-saving strategies in the LENS process. Currently, the main idea of the energy-saving
methodology is to utilize the reaction-generated heat or preheat the substrate, thereby reducing
the energy requirement for laser power [23]. Although this method can reduce the energy input, it will
not affect the molten pool reaction and cannot improve the part quality. Methodologies that realize
energy savings while producing materials with superior properties are critically needed [24].

Ultrasonic vibration has been used in assisting the LENS process for metallic parts fabrication
processes to improve the parts” quality, and it has been proven that ultrasonic vibration is beneficial in
reducing the porosity, micro-cracks, and grain size of the fabricated parts, which can help improve the
mechanical property [25]. However, no report about the effects of ultrasonic vibration on the overall
energy consumption during the LENS process has been documented, which has limited its application
in industries.

In this paper, an energy consumption measurement system is set up and a series of experiments
are conducted to analyze the energy consumption and saving opportunities in the LENS process.
The effects of input variables and kinds of powders on the overall energy consumption during laser
deposition processes are extensively investigated. Also, the paper examines the potential energy-saving
benefits in the ultrasonic vibration-assisted LENS process.

2. Materials and Methods

2.1. Material Properties

It has been reported that nickel-based, cobalt-based, and iron-based materials are commonly
used powders during LENS processes [26]. Considering the range of materials availability in LENS
and the principle of joining dissimilar materials using a laser beam [27], Inconel 718 (nickel-based),
Stellite 1 (cobalt-based), Tribaloy T-800 (cobalt-based) and American Iron and Steel Institute (AISI)
4140 (iron-based) are selected as the candidate fabricating materials. The AISI 4140 square plates are
utilized as the substrate. The material properties are shown in Table 1.
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Table 1. Properties of selected materials. AISI: American Iron and Steel Institute.

Type Cladding Material Part(i :Llnel)Size H(zirg)ss (II\J,IF{,?I) l()g‘;zﬁgi,
Ni-based Inconel 718 44/125 42-44 1241 8.19
Co-based .Stellite 1 45/150 50-58 1195 8.69

Tribaloy t-800 53/149 55-60 1778 8.64
Fe-based AISI 4140 44/105 31-39 1000-1200 7.85

2.2. Experimental Set-Up

The experiment was carried out using an Optomec LENS 450 Workstation (Optomec Inc,
Albuquerque, NM, USA), equipped with a high-powered IPG 400 W fiber laser (IPG Photonics,
Oxford, MA, USA), a pneumatic powder delivery system, and a computer-controlled motion system.
The powder feeder system is controlled by computer and motorized with revolutions-per-minute
adjustment to meter the amount of powder flow. The powder material is deposited onto the substrate
conveyed by an argon protective gas through the coaxial nozzles on a four-jet deposition head.
A high-power laser is used to melt metal powder at the focus of the laser beam and the motion table is
moved to fabricate the object layer by layer. The illustration of the complete LENS system is shown in
Figure 1.
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Data acquisition
and control
system

| |
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Figure 1. Illustration of experimental set-up.

Three modules of the LENS system will require energy input: (1) laser power system, (2) powder
feed system, and (3) motion control system. During the powder deposition process, each module
requires one power cord (#1-#3). The ultrasonic vibration system is composed of an ultrasonic
generator and a vibrator (frequency: 26.5 kHz). The fourth power cord (#4) is needed for the energy
supply for the system, and the vibration system will only work during the ultrasonic vibration test.

The relationship between input variables (laser power, scanning speed, and powder feed rate)
and overall energy consumption is investigated through a single factor experiment. The values of the
variables are shown in Table 2.
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Table 2. Values of input variables.

Variable Value Attribute

Laser power (W) 275, 300, 325, 350 Variable
Scanning speed (mm/s) 6.35,8.47,10.58,12.7 Variable
Powder feed rate (rpm) 2.5,3.0,35,4.0 Variable
Layer thickness (mm) 043 Constant
Gas flow rate (L/min) 6 Constant
Number of layers 4 Constant

2.3. Date Collection

A data acquisition system is set up for the measurement of voltage and current of power supply.
The system includes a current clamp (Fluke i410, Fluke Corporation, Everett, WA, USA), a multi-meter
(Fluke 289), and a computer with Fluke-View Forms Software. Totally, 16 blocks are deposited and the
size and shaping of the blocks is shown in Figure 2. Three replications of currents measurement are
documented for each combination of parameter, and the block size, process time, currents measured as
well as energy consumption is shown in Table 3.

14

Figure 2. The dimension and shaping of the deposited blocks.

2.4. Energy Consumption Measurement

The amount of electricity used in the LENS is measured when depositing a block (the base area of
the block is 7.62 x 7.62 mm?) onto the substrate material. The energy consumption of unit deposition
volume (ECUDV, in J/mm?) is a measure for the averaged applied energy per volume of material
during the deposition of a block:

PT  U[L(T; —T;) + (I + Is + L) Ti]

EZVZ Sxh M)

where E is the volumetric energy input, J/ mm?3; P is the input power, W; U is the system voltage, 240 V;
T is the process time, s; T; is the total time, s; T; is the idling time, s; I; is the current of the laser system,
amps; Iris the current of the powder feeder system, amps; I; is the current of the motion control system,
amps; l,;» is the current of the ultrasonic vibration system, amps; S is the bottom area of the block,
7.62 x 7.62 mm?; and / is the height of the block, mm (measured by caliper).
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Table 3. Results of the block volume, process time, currents measured, as well as energy consumption versus parameters combinations.

50f12

Laser Scanning Powder . Total Idle Process Current 1 Current 2 Current 3 Average

Power Speed Feed Rate Height| Volume Time Time Time Laser| Feed | Control | Laser| Feed | Control | Laser| Feed | Control | Laser| Feed i Control Voltage E1 E2
W mm/s rpm mm mm3 s s s A A A A A A A A A A A A \Y% J/mm® | J/mm3
275 6.35 2.5 2.54 147.47 132 4.097 127.90 4 0.63 1.8 42 | 0.62 1.79 42 | 0.62 1.78 413 | 0.62 1.79 240.00 | 1729.77 | 1378.79
275 8.47 3 3.32 192.57 104 3.073 100.93 42 | 0.63 1.79 42 | 061 1.81 42 | 0.62 1.8 420 | 0.62 1.80 240.00 | 1379.31 | 841.99
275 10.58 3.5 3.04 176.70 86 2.458 83.54 43 | 0.64 1.82 42 | 0.63 1.84 41 0.63 1.81 420 | 0.63 1.82 240.00 | 1147.73 | 763.55
275 12.7 4 3.04 176.50 76 2.048 73.95 43 | 0.66 1.83 42 | 0.65 1.81 43 | 0.62 1.83 427 | 0.64 1.82 240.00 | 1026.96 | 683.95
300 6.35 3 4.05 235.14 132 4.097 127.90 46 | 0.61 1.82 46 | 0.62 1.83 47 | 0.66 1.85 4.63 | 0.63 1.83 240.00 | 1873.81 | 936.73
300 8.47 2.5 2.86 166.05 104 3.073 100.93 46 | 0.62 1.83 46 | 061 1.84 46 | 0.63 1.85 4.60 | 0.62 1.84 240.00 | 1470.23 | 1040.79
300 10.58 4 3.49 202.82 86 2.458 83.54 4.6 | 0.64 1.85 4.6 | 0.66 1.86 4.6 | 0.65 1.84 4.60 | 0.65 1.85 240.00 | 1223.57 | 709.14
300 12.7 3.5 2.48 144.18 76 2.048 73.95 47 | 0.62 1.81 46 | 0.63 1.81 47 | 061 1.8 4.67 | 0.62 1.81 240.00 | 1081.15 | 881.44
325 6.35 35 341 197.98 132 4.097 127.90 47 | 0.62 1.79 47 | 0.62 1.82 48 | 061 1.81 473 | 0.62 1.81 240.00 | 1889.15 | 1121.65
325 8.47 4 3.83 222.37 104 3.073 100.93 48 | 0.63 1.81 48 | 0.62 1.8 48 | 0.63 1.79 4.80 | 0.63 1.80 240.00 | 1504.36 | 795.24
325 10.58 2.5 2.25 130.64 86 2.458 83.54 48 | 0.89 1.79 48 | 0.62 1.78 47 | 0.64 1.79 477 | 072 1.79 240.00 | 1252.58 | 1127.12
325 12.7 3 2.37 137.60 76 2.048 73.95 49 | 0.58 1.81 49 | 059 1.79 49 0.61 1.79 490 | 059 1.80 240.00 | 1110.69 | 948.83
350 6.35 4 4.40 255.27 132 4.097 127.90 53 | 0.61 1.79 52 | 0.62 1.8 54 | 0.62 1.8 530 | 0.62 1.80 240.00 | 2034.43 | 936.84
350 8.47 3.5 3.65 212.11 104 3.073 100.93 5.4 0.6 1.79 53 | 0.62 1.8 5.4 0.6 1.82 537 | 0.61 1.80 240.00 | 1617.59 | 896.45
350 10.58 3 2.73 158.70 86 2.458 83.54 54 0.6 1.78 54 | 0.61 1.79 55 0.6 1.78 543 | 0.60 1.78 240.00 | 1345.81 | 996.86
350 12.7 2.5 1.83 106.44 76 2.048 73.95 54 | 061 1.79 54 | 0.61 1.78 55 0.6 1.79 543 | 0.61 1.79 240.00 | 1191.73 | 1316.08

Note: Current 1, 2 and 3 represent the replications of the current measurement.
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In Equation (1), only I;, If, I, and the height of the deposited block are needed to be measured.
The power consumption of the LENS system P can be calculated by multiplying the system voltage and
the system current. During the T}, the laser will be shut off and the system and powder feed rate system
are still working. Due to the effect of input variables, the actual height (as measured) of the block
is different from the theoretical height (1.727 mm as calculated by multiplying the number of layers
and the theoretical layer thickness which has been input in the software) after the powder deposition
process; therefore, both the theoretical energy consumption value (E1), which is calculated with the
theoretical height of the deposited block, and the actual energy consumption value (E;), which is
calculated with the actual height of the deposited block, are documented during the experiment.

The microhardness was measured using a Vickers microhardness tester (900-390A Phase I,
Metal-Testers Inc., Nanuet, NY, USA), and the microhardness tests were repeated five times on each
sample. The porosities of the fabricated blocks were observed using a field emission scanning electron
microscopy (FE-SEM, 54300, Hitachi Co., Tokyo, Japan).

3. Results and Discussion

3.1. Effects of Input Variables

The effects of input variables (laser power, powder feed rate, and scanning speed) on the overall
energy consumption are shown in Figures 3-5, respectively. When the input variables changed,
the theoretical and actual values of energy consumption presented a different trend. This is because the
actual height of the volume is not the same as the software settings due to the combined impact of the
input variables. The actual height value is always higher than the theoretical height value; therefore,
the mean value of the actual energy consumption is lower than the theoretical value.

éE“ Effect of laser power on E1 o Effect of laser power on E2
ﬁ 1600 T é 1100
S 1550 E/ 1050 1
g 1500 J g | i
Q QO 1000
“ a0 T = 1
T l 950 T
1400
l 900 l
1350 L
35 T J-
1300 l 850

1250 800
275 300 325 350 275 300 325
Laser power (W)

350

Laser power (W)

(a) (b)

Figure 3. Effect of laser power: (a) theoretical value and (b) actual value. Powder: Inconel 718.

The effects of laser power on both the theoretical and actual ECUDV values are shown in Figure 3.
Theoretically, the energy consumption should be increasing when the power input increases (as is
shown in Figure 3a); however, the energy consumption decreases when the laser power increases from
275 W to 300 W. This is possibly because the powders are not totally melted under 300 W, and the
porosity is higher which causes a bigger block. When the laser power keeps increasing, the powders
are totally melted, and the unit energy consumption increased as is theoretically indicated (as is shown
in Figure 3b). The porosity of the surface layer under different laser power is shown in Figure 4.
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Figure 4. Porosity of the surface layer under different laser power (scanning speed: 8.47 mm/s, powder

feed rate: 4 rpm).

The effect of the scanning speed on the overall energy consumption is shown in Figure 5. When the
scanning speed increased from 6.35 mm/s to 12.7 mm/s, the unit energy consumption decreased
significantly (as is shown in Figure 5a). That is because when the scanning speed increases, the process
time is reduced, and the total energy input is reduced correspondingly from a theoretical standpoint.
However, when the scanning speed changes from 8.47 mm/s to 12.7 mm/s, there is not enough time
for the powders to be totally melted [28]; therefore, the actual volume of the deposited block decreases,
and it becomes the dominant factor, which causes the increase of the unit energy consumption (as is

shown in Figure 5b).

«’E‘ Effect of scanning speed on E1 < Effect of scanning speed on E2
= 2100 g 1200
é 1900 é
1100
9 1700 9
1500 1000
1300
900
1100
900 800
6.35 8.47 10.58 12.7 6.35 8.47 10.58 12.7
Scanning speed (mm/s) Scanning speed (mm/s)
(a) (b)

Figure 5. Effect of scanning speed: (a) theoretical value and (b) actual value. Powder: Inconel 718.
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For the effect of the powder feed rate, Equation (1) suggests that it will not affect the volume of
the final block; therefore, the unit energy consumption increased slightly (as is shown in Figure 6a).
Actually, the height of the deposited block will be significantly increased when the powder feed rate
increases from 2.5 rpm to 4 rpm, which causes the increase of the volume; therefore, the actual unit
energy consumption value decreases (as is shown in Figure 6b).

) Effect of powder feed rate on E1 e Effect of powder feed rate on E2
§ 1460 g 1280 T
S I z .
A 1450 g 1180 J
8 1440 I @
3 T = 1080
1430 I i 980 T [
1420 T l 880 J l
1410 ! 780 [
1400 680 l
25 3 35 4 25 3 35 4
Powder feed rate (rpm) Powder feed rate (rpm)

(a) (b)

Figure 6. Effect of powder feed rate: (a) theoretical value and (b) actual value. Powder: Inconel 718.

The result of the microhardness test is shown in Figure 7. It is evident that there is little difference
in the microhardness values among the deposited blocks, except for sample 16, which has the highest
microhardness value (273 HV;). It means that the quality of the part will not be reduced too much
when considering the energy-saving opportunities by adjusting the parameters. Consequently, it is
considered that taking into account the influence of all three factors (laser power, scanning speed and
powder feed rate) together can make it possible to reduce the energy consumption and, at the same
time, maintain a good part quality. The results of ECUDV in Figures 3, 4 and 6 suggest that the optimal
combination of the parameters for Inconel 718 as a material to reduce the energy consumption is a
laser power of 300 W, a scanning speed of 8.47 mm/s and a powder feed rate of 4 rpm. The measured
ECUDV with the above parameter combination is 665.30 J/mm?3, which is slightly smaller than the
minimal value (683.95 J/mm?) in Table 3. It should be noted that the blocks cannot have the same
quality under different parameter combinations, due to the limitations of the equipment; currently,
only the microhardness test is performed to make the energy consumption analysis more meaningful.
In the future, other mechanical properties will be tested, such as the scratch test, and the comprehensive
and tensile test.

300
250
200

150

Microhardnes(HV,)

100

50

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16

Sample number

Figure 7. Result of microhardness test for the deposited blocks.
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3.2. Effect of Ultrasonic Vibration

The effects of the ultrasonic vibration on the energy consumption for the entire LENS system are
shown in Figure 8. Comparing the regular process 270 (W/O) (laser power: 270 W, without ultrasonic
vibration) and ultrasonic vibration—-assisted process 270 (W) (laser power: 270 W, with ultrasonic
vibration), the theoretical unit energy consumption increases because a separate system is added and
the fourth cord is needed to provide the energy for the ultrasonic vibration system; however, the actual
value of ECUDV is reduced. The reason is that when ultrasonic vibration is applied in the LENS
process, the optical absorptivity increases and the final volume of the deposited block is larger than
the regular process. When comparing the microhardness of the top surface of the deposited block, the
average microhardness value of 270 (W) is 325.9 HV; which is higher than that of 350 (W/O), as is
shown in Figure 9. Moreover, the ECUDV at 270 (W) is less than that of 350 (W/O). The results suggest
that the ultrasonic vibration-assisted process can not only improve the clad quality, but can also reduce
the energy consumption of the entire system.

270 (W/0) 270 (W) 350 (W/O) 350 (W)

2500

2000

ECUDV (J/mm®)

1500

1000

5

(=3
(=]

0
HE1 m E2

Figure 8. Effect of ultrasonic vibration on energy consumption (E;: theoretical value, E,: actual value,
powder: Inconel 718, scanning speed: 8.47 mm/s, powder feed rate: 2.5 rpm).

350

340 -

330

320.—
310-— l

300 |-

Microhardness (HV)

290 | !
280 |

270

270W (W) 350W (W/O)

Figure 9. Microhardness of the top surface of deposited block with/without ultrasonic vibration
(powder: Inconel 718; scanning speed: 8.47 mm/s; powder feed rate: 2.5 rpm).

3.3. Effect of Powder Materials

Due to the different property of the powders, the best clad quality will occur at different conditions
(parameter combinations). Given the condition that the final shaping of the blocks is the best, the
input parameters selected for each kind of powder is shown in Table 4. The effect of the powders on
the unit energy consumption and microhardness is examined and the result is shown in Figure 10.
AISI 4140 will cause the highest energy consumption, followed by Inconel 718, Triboloy 800 and
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Stellite 1. The reason is that, for different powders, the power absorption is different (AISI 4140 has
the lowest laser power absorption rate of the selected powders), and the interaction of the power and
powder is also different, which brings about different energy requirements. The microhardness of the
fabricated parts is Stellite 1 > Triboloy 800 > AISI 4140 > Inconel 718, which suggests that it is possible
to select powders which can not only cause less energy consumption, but also provide a better part
quality, such as Stellite 1 and Triboloy 800.

Table 4. Input parameters selected for each kind of powder.

Powders Laser Power (W) Scanning Speed (mm/s)  Powder Feed Rate (rpm)
Stellite 1 350 8.47 2.5
AISI 4140 380 8.47 2
Triboloy 800 360 8.47 2
Inconel 718 350 12.7 25
T 2500 900
E
= 763.46 800
E 2000 : a 740.36 700
9
= 63.5 o0

(=3

1500
500
400
1000
7026 %
500 200
100
0 0

Stellite 1 ASIS 4140 Triboloy 800 Inconel 718

Powders

Figure 10. Effect of powder materials on energy consumption and microhardness.

4. Conclusions

This paper analyzed the energy consumptions of the LENS process, and the effect of the
input variables (laser power, scanning speed and powder feed rate) and powder particles on
energy consumption as well as the potential benefit of energy reduction through the ultrasonic
vibration—assisted LENS process are investigated in detail. The following conclusions can be drawn
from the study.

e The ECUDV decreases when the laser power increases from 275 W to 300 W since the powders
are not totally melted and the porosity value is higher, which causes a bigger block. When the
laser power keeps increasing, the powders are totally melted, and the unit energy consumption
increased as is theoretically indicated.

e  When the scanning speed changes from 8.47 mm/s to 12.7 mm/s, the process time will be reduced
and there is not enough time for the powders to be totally melted; therefore, the actual volume of
the deposited block decreases, which causes the increase of the unit energy consumption.

e  The height of the deposited block is significantly increased when the powder feed rate increases
from 2.5 rpm to 4 rpm, which causes the increase of the volume; therefore, the actual unit energy
consumption value decreases.

e It is possible to reduce the energy consumption and, at the same time, maintain a good part
quality (microhardness). The optimal parameter combination to reduce the ECUDYV is: a laser
power of 300 W, a scanning speed of 8.47 mm/s and a powder feed rate of 4 rpm.

e  The ultrasonic vibration—assisted LENS process can not only increase the part quality, but also
reduces the actual value of the energy consumption.
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e  The type of powder will affect the energy consumption in the LENS process; AISI 4140 will cause
the highest ECUDYV, followed by Inconel 718, Triboloy 800 and Stellite 1. The microhardness of
the fabricated parts is Stellite 1 > Triboloy 800 > AISI 4140 > Inconel 718, which suggests that it is
possible to select powders which can not only cause less energy consumption, but also provide a
better cald quality, such as Stallite 1 and Triboloy 800.
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