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Abstract: The aim of this research was to develop a high-efficiency and high-material-use additive 
manufacturing technology using the hot-wire laser method. In this study, the optimization of pro-
cess conditions using a combination of a high-power diode laser with a relatively large rectangular 
laser spot and a hot-wire system was investigated. The effects of process parameters such as laser 
power, process speed, and wire feeding rate (wire feeding speed/process speed) on a bead appear-
ance and cross-sectional characteristics (e.g., effective width, effective height, maximum height, and 
near net shape rate) were studied in detail. The process phenomena during the multi-layer deposi-
tion were investigated by in situ observation via a high-speed camera. 
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1. Introduction 
In recent years, research, developments, and practical applications of additive man-

ufacturing (AM) technologies such as three-dimensional (3D) printing processes have 
been actively carried out [1–6]. As opposed to traditional subtractive manufacturing 
methodologies, AM technology is to continuously accumulate materials by adding layer-
by-layer and complete the 3D parts through computer-controlled technology [7–10]. 

In a recent study, the AM technology can be categorized into three types in terms of 
heat sources: wire and arc additive manufacturing (WAAM), electron beam additive man-
ufacturing (EBAM), and laser additive manufacturing (LAM). Although the WAAM tech-
nology has convenient and economical efficient advantages compared with other AM 
technology, it has the problems of high dilution, distortion, and small tolerances of pro-
cess conditions [11,12]. The EBAM technology also has some problems such as the high 
cost of equipment and the vacuum precision welding environment [13,14]. The LAM tech-
nology using powder materials has an advantage of high precision while a lot of prob-
lems, such as a low deposition rate and higher material cost [15,16]. Moreover, about a 
small amount of (20%) of the metal powder could be effectively used, while the metal wire 
can greatly improve the use rate of the material [17]. Hence, the deposited material is 
prefabricated as metal wire instead of metal powder. However, due to the low laser ab-
sorption of cold-wire, the process using cold-wire materials also has a lot of problems, 
such as spatter and fume generations, difficulties of heat input control and wire melting, 
small tolerances of process conditions, and so on [18,19]. 

The laser hot-wire (LHW) is a novel welding process which has dual heat sources. A 
convertible laser beam serves as the main heat source, and the additional heat source is 

Citation: Zhu, S.; Nakahara, Y.; 

Aono, H.; Ejima, R.; Yamamoto, M. 

Derivation of Appropriate  

Conditions for Additive  

Manufacturing Technology Using 

Hot-Wire Laser Method. Mater. Proc. 

2021, 3, 9. https://doi.org/10.3390/ 

IEC2M-09244 

Published: 18 February 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Mater. Proc. 2021, 3, 9 2 of 9 
 

 

Joule heat generated via the current, which heated the filler cold-wire to its melting point 
during the deposition. The advantage of the laser hot-wire method can effectively increase 
productivity, and the degree of freedom of control of the material is high. Compare with 
the cold-wire laser method, this method has high material use and forms a model with a 
wider range of bead width at a high deposition rate [20,21]. Therefore, the development 
of laser hot-wire AM technology is very meaningful and valuable. 

In this research, the high-efficiency AM technology using a combination of a high-
power diode laser with a relatively large laser spot a hot-wire system is studied. The effect 
of process parameters (Laser power, process speed, and wire feeding rate) on the melting 
phenomenon was systematically studied. Moreover, the effects of process parameters (la-
ser power, process speed, wire feeding rate) on the bead appearance and cross-section 
characteristics were also investigated. In this paper, we report the results of the derivation 
of appropriate process conditions to achieve higher efficiency, sound shape, and 15-layer 
large-scale wall modeling. 

2. Materials and Experimental Methods 
The Z3321-YS308L with a 1.2-mm diameter was used as a filler material. A 590 MPa-

class steel plate with 9-mm thickness was used as a base metal. Table 1 shows the process 
conditions and Figure 1 shows the experimental set-up. The wide and narrow (1.6 × 11 
mm) rectangular laser spot was applied. The laser power, process speed, and wire feeding 
rate (wire feeding rate: wire feeding speed/process speed) were varied as a parameter re-
spectively. Ar gas was used for shielding with a shielding box. The bead appearance eval-
uation, the cross-sectional observation, and measurement of bead sizes were performed. 
The effective width, effective height, maximum height, and near net shape rate were meas-
ured on three cross-sections for each bead as shown in Figure 2. 

Table 1. Process conditions. 

Content Value 
Number of layers 3 
Laser power, kW 3.3~5.5 

Laser irradiation angle, deg 5 
Laser spot size, mm 1.6 × 11 

Process speed, m/min 0.24~0.5 
Wire feeding speed, m/min 6~20 

Wire feeding rate 20~40 
Wire feeding angle, deg 45 

Shielding gas (Ar), L/min 30 

 
Figure 1. Experimental set-up. 
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Figure 2. Cross-sectional evaluation. 

3. Results 
Figure 3 shows the evaluated result of bead appearance on the three-layer deposition 

for each combination of process conditions; (a) process speed and laser power, (b) wire 
feeding rate laser power. It can be seen from Figure 3a that when the wire feed rate is 
fixed, each process speed has a limitation of the lowest laser power. In other words, when 
the energy heat input (see in Equation (1)) is below a certain limit, defects will appear on 
the bead surface. Moreover, it can be concluded from Figure 3b that when the process 
speed is fixed, the laser hot-wire method can achieve a wide range of process conditions 
deposition, but each wire feeding rate has a limitation of the lowest energy heat input. It 
is concluded that the bead with some typical defects such as wire stubbing (denoted by ×) 
was obtained at relatively low laser power under different process speed and wire feeding 
rate. In contrast, sound bead with no defects (denoted by o) was obtained at relatively 
high laser power under proper process speed of 0.3–0.5 m/min and wire feeding rate of 
20–40. 

  

(a) (b) 

Figure 3. The bead evaluation of three-layer for each combination of process parameters: (a) Process speed and laser 
power; (b) Wire feeding rate and laser power. 

Figure 4 shows the evaluated results of bead shape when the process speed was var-
ied at a constant wire feeding rate of 20, 30, and a constant laser power of 5.5 kW. It is 
observed that the effective width decreases, the effective height, and maximum height 
increase, the near net shape rate increases with the increase of the process speed. All meas-
ured values of the wire feeding speed of 30 improve compared with the values of the wire 
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feeding speed of 20. In other words, the feeding rate of 20 could not supply enough vol-
ume of deposit metal for the wide laser spot of 11 mm on the proposed high-efficiency 
AM process. 

(a) (b) (c) 

Figure 4. Bead shape evaluation (P = 5.5 kW): (a) Effective width; (b) Effective height and Maximum height; (c) Near net 
shape rate. 

Figure 5 shows the evaluated results of bead shape and Figure 6 shows the cross-
sections when the wire feeding rate was varied around 30 under the constant laser power 
of 5.5 kW and a constant process speed of 0.36 m/min. It is found that the effective bead 
width over 10 mm for the laser spot width of 11 mm, effective height almost 9 mm, maxi-
mum height almost 11 mm, and near net shape rate of 80% could be obtained under the 
wire feeding rate of 33.3. 

  
 

(a) (b) (c) 

Figure 5. Bead shape evaluation (P = 5.5 kW, Vp = 0.36 m/min): (a) Effective width; (b) Effective height and Maximum 
height; (c) Near net shape rate. 

 
Figure 6. Cross-sections. 

Figure 7 shows the bead appearance and cross-sectional observation of 15-layer sam-
ple using the optimum conditions obtained from the above investigations. It is observed 



Mater. Proc. 2021, 3, 9 5 of 9 
 

 

that the smooth and sound bead could be obtained even if all process conditions are fixed 
from the 1st layer to final the 15th layer. Moreover, the effective height over 50 mm, max-
imum height over 55 mm, effective width over 8 mm, and near net shape rate of 83% could 
be obtained with very high efficiency using only 15 layers. 

 
Figure 7. Bead appearance and cross-sectional observation (15-layer). 

4. Discussion 
4.1. Three-Layer Deposition 

Figure 8a–d show the bead appearance and high-speed camera images of the three-
layer deposition under different process speed and laser power combinations. When a 
process speed (Vp) of 0.3 m/min, laser power (P) of 4 kW, and wire feeding rate (WFR) of 
20, the sound bead with no defects was obtained. As shown in Figure 8a, the filler wire 
melted continuously at a low process speed. When a higher process speed (0.4, 0.5 m/min) 
was applied when the wire feeding rate kept constant, the bead with typical defects was 
obtained (see in Figure 8b,d). The energy heat input decreases with the increase in process 
speed, the insufficient energy heat input which resulted in the filler wire cannot melt com-
pletely and attributes to the misalignment between the filler wire and molten pool, then 
forming the spikes during the deposition. In other words, at a relatively low energy heat 
input, it will result in a shallower weld penetration in the previous layer, the filler wire 
cannot be feeding smoothly and continuously. When a process speed of 0.4 m/min, laser 
power increased to 5 kW, as shown in Figure 8c, the filler wire feeding continuously into 
the molten pool area and the sound bead was formed. It is concluded that increasing the 
laser power can have enough energy heat input to generate deep weld penetration for the 
previous layer to ensure that the filler wire can be fully melted. 

  

(a) (b) 
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(c) (d) 

Figure 8. Melting phenomenon for varied as process speed and laser power: (a) P = 4 kW, Vp = 0.3 
m/min; (b) P = 4 kW, Vp = 0.4 m/min; (c) P = 5 kW, Vp = 0.4 m/min; (d) P = 5 kW, Vp = 0.5 m/min. 

Figure 9a–d show the bead appearance and high-speed camera images of the three-
layer deposition under different wire feeding rate and laser power combinations. As 
shown in Figure 9a, when a suitable wire feeding rate for a fixed combination of laser 
power and process speed, what produced a stable welding process and a sound bead (see 
in Figure 9a,c). When the wire feeding rate (30, 40) was excessively high for a fixed com-
bination of laser power and process speed (see in Figure 9b,d), the filler wire interacted 
momently with the laser irradiation, results in the unmelt and nearly solid filler wire col-
lide with the bottom of the substrate. A misalignment between the filler wire and molten 
pool caused the filler wire to slip out of the molten pool. In this process, the irregular bead 
with typical defects was obtained. 

  

(a) (b) 

  

(c) (d) 

Figure 9. Melting phenomenon for varied as wire feeding rate and laser power: (a) P = 3.3 kW, 
WFR = 20; (b) P = 3.3 kW, WFR = 30; (c) P = 4.5 kW, WFR = 30; (d) P = 4.5 kW, WFR = 40. 



Mater. Proc. 2021, 3, 9 7 of 9 
 

 

To combine the process parameters of laser power, process speed, laser spot size, and 
wire feeding speed, the evaluation of the energy heat input (J/mm3) and wire feeding rate 
were shown in Equations (1) and (2). P is the laser power, in W; As is the area of laser spot 
size, in mm; Vp is the process speed, in m/min; Vf is wire feeding speed, in m/min. Energy heat input ∗   (1) 

Wire feeding rate   (2) 

Figure 10 shows the bead evaluation map produced at each process condition de-
pended on the energy heat input (Y-axis) and wire feeding rate (X-axis). It can be observed 
that bead with typical defects area region increases with the increase of wire feeding rate, 
and decreases with the increase of energy heat input. This confirms the fact that the defects 
can be eliminated by either increasing the energy heat input or decreasing the wire feeding 
rate.  

 
Figure 10. The map illustrating the three-layer deposition. 

4.2. Effects of Process Parameters on Cross-Sectional Characteristics 
The cross-sectional characteristics (e.g., effective width, effective height, maximum 

height, and near net shape rate) mainly influenced by the process speed when the other 
process parameters were fixed (see in Figure 4). The effective width decreases, the effec-
tive height, maximum height, and the near net shape rate increase with the increases of 
the process speed. This result is attributed to the increased process speed produced lower 
the energy heat input, hence a smaller size of the substrate was melted, and a smaller bead 
was formed under high process speed. In other words, increasing the processing speed 
means that the energy heat input is reduced, so that the width of the substrate and the 
previous layer will be narrowed. Meanwhile, the amount of wire fed per unit time is con-
stant, the width of the deposited layer will inevitably decrease results in the height of each 
layer increases. 

Wire feeding rate is another important process parameter. When the laser power and 
welding speed are fixed, it means that the energy heat input is constant, so the change in 
the width of the bead is not obvious. In additions, the increase in wire feeding rate in-
creased the effective height and maximum height (see in Figure 5). This may be due to the 
wire feeding rate increased, more filler materials were deposited onto the molten pool 
producing and the height increase significantly. Hence, a thicker three-layer deposition 
can be obtained under a higher wire feeding rate. 
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5. Conclusions 
Stable deposition phenomena and the sound bead could be obtained even when the 

process conditions are greatly changed, and the degree of freedom in selecting the process 
conditions is very high by using a combination of a high-power diode laser with a rela-
tively large laser spot a hot-wire system. The smooth and sound bead could be obtained 
even if all process conditions are fixed from the 1st layer to the 15th layer. Large-scale wall 
modeling of more than 50 mm in height, 8 mm in width, and 250 mm in length could be 
fabricated efficiently and stably by using the laser hot-wire AM technology. 
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