
Journal of Mechanical Engineering Research and Developments 

ISSN: 1024-1752 

CODEN: JERDFO 

Vol. 44, No. 9, pp. 226-236  

Published Year 2021 

226 

 

Effects Of Wire Feeding Angle in Wire Arc Additive Manufacturing 

 
Nor Ana Rosli†, Mohd Rizal Alkahari†,‡,*, Mohd Fadzli bin Abdollah†,††, Shajahan Maidin‡‡, Faiz 

Redza Ramli†,††, Safarudin Gazali Herawan†††  

†Fakulti Kejuruteraan Mekanikal, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 Durian 

Tunggal, Melaka, Malaysia 

‡Advanced Manufacturing Center, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 Durian 

Tunggal, Melaka, Malaysia 

††Center for Advanced Research on Energy, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 

Durian Tunggal, Melaka, Malaysia 

‡‡Fakulti Kejuruteraan Pembuatan, Universiti Teknikal Malaysia Melaka, Hang Tuah Jaya, 76100 Durian 

Tunggal, Melaka, Malaysia 

†††Industrial Engineering Department, Fakulti Kejuruteraan, Universitas Bina Nusantara, Jakarta, 11430 

Indonesia  

*Corresponding Author Email: rizalalkahari@utem.edu.my 

ABSTRACT: Wire arc additive manufacturing (WAAM) is an additive manufacturing (AM) or 3D printing 

technique that may employs welding arc to melt the metal wire for production metal parts. WAAM offers an 

advantage of reducing waste material, referred to as the buy to fly ratio and lead manufacturing time. As the 

application of micro plasma arc welding is rarely being used in the WAAM process, this study aims to find a 

suitable range of process parameter for a stable and continuous single weld bead deposition of micro plasma based 

WAAM. During 3D printing, the consistent and predictable single bead formation is essential in ensuring good 

quality of the printed structure. Hence, relationship among the different process parameters need to be well-

established with proper determination of optimum welding parameters since it is corresponding to the final desired 

bead geometry. In this study, influence of process parameters on the built object geometry under several process 

conditions during WAAM was studied. This study primarily focusing on wire feeding angle of 30º and 60º at 

combination of various speed with the goal of obtaining continuous layer and reducing the difference in the layer 

height. The result indicates at wire feed angle of 30º, inconsistent deposition is produced. As the wire feed angle 

was set to 60º, a more uniform deposition is obtained. It is also found that, the hardness of deposited single layer 

decreases gradually from the substrate to the top zone of the 3D printed structure. 

KEYWORDS: Wire arc additive manufacturing (WAAM), 3D printing, additive manufacturing, micro-plasma 

arc welding 

INTRODUCTION 

Additive manufacturing (AM) has grown a great deal of attention due to its potential to replace conventional 

subtractive manufacturing and has revolutionized manufacturing industry [1]. AM technology is a promising 

alternative and gives more freedom to the designer over traditional manufacturing. In the next five years, AM 

technology for metal is expected to revolutionize many niche areas, save metal supply, and rise exponentially [2]. 

According to ASTM standard F2792, the wire arc additive manufacturing (WAAM) process is one of direct energy 

deposition, classified as the seven-key process AM [3]. Among the available AM for metal technology [4], 

WAAM under direct energy deposition (DED) provides compelling benefits in realizing large-scale metal parts, 

relatively costly consumption, and high deposition rate [5], [6]. WAAM produces 3D metal parts in a layer-by-

layer form using an electric arc as a heat source to melt the metal wire and transfer it to the pool of liquid metal 

for producing a layer [7]. In WAAM, various arc processes can be used as an energy source, including gas metal 

arc welding (GMAW) [8], gas tungsten arc welding (GTAW) [9], and plasma arc welding (PAW) [10]. Among 

this technique, WAAM based GMAW is highly prospective and can produce big-scale components with relative 
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high deposition rate energy performance [11]. The GMAW-WAAM process coaxially integrated the filler wire 

with the welding torch and provided a quickly produced path [12]. However, the crucial issue is the irregular 

shapes of the accumulated bead give a significant impact on bead geometry along the welding routes from 

beginning to end. Apart from the unevenness, it is impossible and limit the application in building large parts [13]. 

Pardal et al., found that it struggles from wandering, spattering, and inconsistent surface quality with low 

functionality [14]. Up to now, GTAW and PAW have shown to be more efficient in the WAAM process with 

fewer problems of crackling, deformation, or porosity and to enable great-feature deposition with a broad range 

of materials [15]. Equated to GTAW, PAW has higher intensity and more excellent constancy and is more usable 

for precise heat input regulation by changing the pulse parameters [16], [17]. However, the PAW process required 

external filler material, which was very sensitive to variations in the welding position. A reorientation technique 

of wire feed and improvement in deposition direction is required to achieve a consistent metal transfer [18]. In 

other research, Kun Zhang et al., [19] attempts to improve the microstructure and tensile performance by 

integrating double wire in WAAM process which employed latter wire feeder and former wire feeder. WAAM 

system can be fitted on either robotic moving systems or computer-controlled and widely used robotic welding 

systems to orient the wire feed system and keep it allied with the welding path. Some researchers argue that the 

robotic system is struggling to achieve high positioning accuracy. It is not easy to trace the actual route already 

set in the automated program to maintain a constant speed [20]. In the worst case, wire twisted during robotic 

movement can cause wire congestion and damage to the wire feed device. Zhan and Liang suggested on-line 

monitoring and alteration of wire deflection using a vision-based measurement system to detect the deviation of 

the wire feed location [21]. Like the cylinder structure, the wire feeder must rotate around the welding torch to 

keep the wire feed location stable in front of the welding pool and continuously keep the welding deposited. The 

results show a sudden shift in the deviation direction may occur and further exacerbates this issue. The direction 

of the wire feed is another limiting factor. Previous research has shown that a much smoother surface obtaining 

under the front and side feeding conditions than back feeding [22]. Due to the variable wire feed path, uniform 

deposits are difficult to obtain. Thus, the present work deals with variable wire feed angles and a standardized 

wire feed path. 

This study aims to determine the manufactured single weld bead optimum wire feed angle and the connection 

between the process parameters and bead geometry. For this reason, a variety of combinations of speed and wire 

feed angle apply to generate single weld beads from the WAAM process implemented by MPAW. The purpose 

for this is that the single welding bead plays a vital role in assessing the smooth surface and influences the 

cumulative surface as the number of deposition beads increases. 

MATERIALS AND METHODS 

In this study, stainless-steel wire SS316 with a diameter of 1.2 mm was used to deposit metal layer onto 6 mm 

thick substrate material. The use of stainless steel due to its low price and high corrosion resistance. EWM micro 

plasma arc welding (MPAW) was used throughout the study. The configuration setup of the MPAW-WAAM 

system used to develop single weld beads, as shown in Figure 1. The four-axis 3D printer act as a motion 

mechanism and controlled the deposition speed and welding path, while the MPAW power source controlled other 

parameters such as pulse, current, and voltage. Besides, argon gas used as a plasma gas, and 92.5 % argon + 7.5 

% hydrogen as a shielding gas. The stand of distance (SOD) between the nozzle and the substrate set at 6 mm. 

The substrate surface of all samples was sandblasted before the layer-by-layer additive production. 
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Figure 1. MPAW based wire and arc additive manufacturing system 

The distinction between the MPAW-WAAM strategy and other manufacturers is the use of low welding current. 

The welding current is the most influencing variable in the plasma arc welding parameter since it affects the wire 

fusion rate and the base materials. Throughout the process, the stainless-steel base plate was tightly clamped with 

a microplasma welding torch and move in horizontally and vertically direction perpendicular to the base plate. 

The welding torch was securely mounting on a 3D printer directly perpendicular to the base. The present analysis, 

shielding gas type and plasma, wire diameter, SOD, current, pulse, voltage, and wire feed rate maintaining as 

constant process parameters. The manufacturer recommendation defined these constant process parameters value, 

and the pilot study tabulated in Table 1. During single weld beads deposition, effect on geometry characterization 

and the weld bead appearance was investigated. Figure 2 presents bead characteristics of height represent as H, 

width represent as W, penetration represent as P, and contact angle between the bead and base represent as θ taken 

from the cross-section single weld beads of MPAW-WAAM process. 

 

 

Figure 2. Cross-section of MPAW-WAAM single weld bead (sample 7) 

Figure 3 shows the schematic diagram of the wire feeding angle. Two different wire feed angles were set at 

different speeds from 30 to 60 mm/min with the increment of 5 mm/min. Fourteen welding beads with a length 

of 100 mm have been deposited on the substrate according to the parameters specified to achieve an optimum 

angle of wire feed and deposition speed. 
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Table 1. Constant process parameter during single bead deposition 

Shielding gas Plasma 

gas 

Wire diameter 

(mm) 

Current 

(A) 

Pulse 

(%) 

Voltage 

(V) 

Wire feed speed 

(cm/min) 

92.5% Ar + 7.5 

% H2 

99.99% 

Ar 

1.2 20 100 26.7 60 

 

 

    (a)     (b) 

Figure 3. Schematic of wire feeding angle; (a) Angle 30º and (b) Angle 60º 

RESULTS AND DISCUSSION 

Influence of wire feeding angle on forming a single bead 

The torch angle towards the substrate is critical and affects various conditions due to the heat loss and the flow 

force applied to the droplet. According to Chen et al., the difference in torch angle affects the welding pool in a 

horizontal and vertical direction, and the flow pattern of the molten pool is diverse [23]. Previous studies 

documented different wire feed directions on the deposit consistency in the additive manufacturing process. It is 

found that the front feeding would be much better than the back feeding [24]. This study experimented with 

creating a single layer at two different wire feed angles, and the direction remains constant under the front feed 

condition. 

Figure 4 shows the surface morphologies structure of single welded beads deposited at different wire feed angles: 

30º and 60º. The wire feeding angle at 60º displayed relatively constant surface consistency, while the wire feeding 

angle at 30º appears to be disconnected and inconsistent. Due to the angle, the melt pool is not stable and is not 

ideal for feeding the wire. As the speed increases and the WFS is constant, both the width and the height of the 

sample inconsistent. 
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Figure 4. Top view surface morphologies of a single bead 

Based on the result the welding bead has a flattened surface and an acceptable form at a wire feed angle of 60°. 

However, the metal transfer is not stable as the speed increase at a wire feeding angle of 30° which is not conducive 

to deposition and may cause the structure to collapse as further deposition occurs. This finding was consistent 

with this study in other to obtain a uniform deposition, it is essential to monitor the stability of the molten pool. 

The comparison of cross-section weld beads created with 14 different combinations of speed and wire feed angle, 

as displayed in Figure 5. Given these findings, the 60º wire feed angle provides the best result in terms of geometric 

accuracy and consistency. The welding bead characteristic is measured and reported in Table 2 .  

Table 2. Process parameters used for single bead deposition and resulting measurement 

No. Speed, V (mm/min) Angle(º) Width, W Height, H Penetration, P Contact angle, 𝜽(°) 

1 30 30 3.478 1.294 0.258 54.620 

2 35 30 3.615 1.605 0.113 71.388 

3 40 30 3.061 1.967 0.063 75.358 

4 45 30 3.163 1.958 0.190 87.955 

5 50 30 2.972 1.668 0.167 81.507 

6 55 30 3.140 0.637 0.135 41.228 

7 60 30 2.896 0.579 0.198 34.011 

8 30 60 4.206 2.394 0.254 109.910 

9 35 60 4.106 2.134 0.311 94.250 

10 40 60 3.783 1.953 0.234 86.882 

11 45 60 3.394 2.018 0.201 93.318 

12 50 60 3.228 2.008 0.205 86.316 

13 55 60 3.117 1.619 0.259 85.057 

14 60 60 3.083 1.564 0.198 88.434 
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Figure 5. Cross-section of fourteen different combination parameters of a single weld bead 

Effect of welding parameters on weld bead characteristics 

The single bead width, height, penetration, and contact angle was measured to determine the impact of the moving 

speed and wire feed angle on a single bead deposition. Figure 6 shows the relationship between the factor and the 

response under two different wire feed angles. The result shows under the same parameter, but different feed 

angles provide an unprecedented response. It is evident that with the same input process parameter, the wire feed 

angle has a critical impact on the bead characteristics. When the wire feed angle is 60º, the result shows that the 

metal transfer behavior is consistent and uniform. At increasing speed, the result of height, width and contact 

angle is progressively decreasing whereas the fluctuation result of penetration depth becoming constant at a speed 

of 40 to 50 mm/min. However, at a low wire-feed angle, the outcome causes the deposition to break and provide 

an unstable bead output characteristic. The wire feed angle has an impact on droplet transfer reliability and 

welding efficiency. Powerful plasma power flow force is directly applied to the droplet and affects the droplet 

size and the droplet transfer behavior [25]. Jiankang,  agrees with this finding that the material transfer primarily 

depends on modifications in the current, the wire position originally, wire feed angle, and wire feed speed [26]. 

The metal transfer mode from droplet to molten pool is influenced by varied speeds ranging from 30 to 60 mm/min 

with a 5 mm/min step. Metal transfer can be done in two ways: free transfer and bridging transfer. The optimal 

transferring mode is droplet transfer to the molten pool via bridging transfer, which leads in layer formation and 

meets industry standards [26], [27]. 

The results show that the base layer has little penetration due to the low heat, which is appropriate because the 

metal layer component must be separated from the substrate after manufacturing. Though, if the workpiece must 

bond to the base metal, high welding current will provide greater penetration and fusion depth [28]. The regression 

model was applied to examine the relation between the process variable and the bead characteristics. The R-square 

for a particular angle shows a different association. The R-square of bead height at angle 60º was 0.8622, and the 

correlation between speed and height was very high. However, as the angle reduces to 30º, the R-square was 

0.3404, and the association between speed and height was very week. Correlation decreases as the angle decrease 

due to the unstable transfer of metal. During the deposition, the wire feed does not feed smoothly. It started with 

a constant deposition and formed a wave pattern at the end. Predictably, the resulting bead is wavy since increasing 

speed and constant WFS where it causes limited time of material deposition. The R squared of width at wire feed 

angle 60o was found to be 0.9376, which is considered good when compared to the wire feed angle of 30o. In 

short, according to Su and Chen, the wire feed angle changes how the external forces work on the welding pool 

and thus affected the welding pool shape, eventually affecting the welded bead shape and consistency [29] 
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(d) 

Figure 6. Pattern of bead characteristics; (a) Height, (b) Width, (c) Depth of penetration, and (d) Contact angle 

Effect of parameter variable on the hardness of weld beads 

The hardness of 14 welding beads plotted, as shown in Figure 8. The hardness distribution corresponded with the 

microstructural observation. Hardness was calculated on the cross-section of a single weld bead, as shown in 

Figure 7 which took four points and determined the standard deviation. Overall, the finding shows that the welding 

bead hardness is higher than the base. Wire feed angle at 30º produces a higher hardness deviation than 60º of 

wire feed angle. The value of standard deviation hardness is very low and signifies uniform layer was formed. 

 

 

Figure 7. Hardness distribution along with a single weld bead 
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Figure 8. Vickers microhardness value of single weld bead 

CONCLUSIONS 

In the present work, the single weld bead of stainless steel 316L deposits was produced using an MPAW-based 

WAAM method. The single weld bead was performed at two different angles and varying speeds from 30 to 60 

mm/min. The precise location of the wire feed angle contributes to a good single layer deposition. Based on the 

study where assessment through bead characteristics and hardness are made by comparing the two different 

position of wire feed angles show significant results as follows: 

• The wire feed angle of 60º produces more efficient wire melting than the wire feed angle of 30º. 

• Bridging droplet transfer mode occurs at angle 60º, which produces continuous metal transfer and 

consistent welding beads. 

• The correlation of 60º wire feeding angle and bead characteristics of single weld bead almost reliable 

with R squared is 0.9376. 

• The standard deviation of the hardness at a wire feed angle of 60º is low. It indicates the uniform 

distribution of the microstructure homogeneity along with the fabricated structure. 
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