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ABSTRACT 

Significant attention towards Wire and Arc Additive Manufacturing (WAAM) has gradually increased. WAAM 

technology has been proven in building three-dimensional (3D) metal parts efficiently and economically. The combination 

of wire and arc welding is promising, especially in depositing metals with higher deposition rate, and low cost of raw 

materials, as well as manufacturing of a large-scale product. However, there are several process parameters should be 

optimized to ensure no internal defect, acceptable surface finish and consequently to have a good quality of final parts 

when using WAAM. Therefore, an experimental design using the Taguchi method was used to determine the effect of 

welding current, welding voltage, and travel speed on the responses, including the deviation in height were investigated. 

The results revealed that travel speed was the dominant factor affecting the waviness surface structure on top of the 3D 

metal parts. Besides, the contribution rate for each factor to the deviation in height was also determined. 
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1. INTRODUCTION 

Additive Manufacturing (AM) has continually developed over the last three decades, from prototype application to 

production parts (Michel et al., 2019; Xu et al., 2018). The increasing demands of this technology has motivated 

many researchers to focus on refining the quality of AM parts (Brandl et al., 2010; Müller et al., 2019). Among the 

industries looking forward to this technology are automobile and aerospace industries. Wire and Arc Additive 

Manufacturing (WAAM) is one of the options among numerous technologies in AM that can be used build 3D 

metal parts. Indeed, WAAM is an emerging manufacturing technology and has several technical issues that must be 

overcome (J. L. Z. Li et al., 2019). Commonly, AM process is mainly used to fabricate 3D metal parts, such as 

selective laser melting (SLM), Electron Beam Melting (EBM) and Direct Metal Deposition (DED)(Park et al., 

2016). 

WAAM technology utilizes electric arc welding as the heat source and a metal wire as the feedstock 

material. The conventional arc welding mainly used in WAAM is Gas Metal Arc Welding (GMAW)(J. Ding et al., 

2011), Gas Tungsten Arc Welding (GTAW) (Dickens et al., 1992), and Plasma Arc welding (PAW) (Spencer et al., 

1998). WAAM technology is applied to fabricate parts by depositing metals in the form of the layer-by-layer 

process (Y. Li et al., 2018; Rodrigues et al., 2019). During the process, the heat source increases with increasing 

layer height and continues until the model is complete. Currently, WAAM is being used by both academia and 
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industry fields due to its advantages. The research related to WAAM deals with the fundamental aspect of process 

parameters and material properties. The process parameters are challenging to be determined as well as to understand their 

characteristics and response on the metal deposited. According to (Rodrigues et al., 2019), the optimal selection of 

parameters is crucial and affects the transfer mode. (D. Ding et al., 2014) explored the optimal build path for stable 

deposition and the desired properties of components. The build path planning is based on the effect of the thermal process 

in deposited metals to geometrical features. (Xiong et al., 2018) proposed the viewing of surface appearance of the parts 

deposited using a laser vision system for a better understanding on the influence of process parameters on surface 

roughness. In addition, to detecting the presence of defects without altering the static properties of the specimen, (Astarita 

et al., 2019) used Computed Tomography (CT) to detect defects and voids. The aim was to interact with the mechanical 

properties of WAAM in order to understand the limiting factors. 

However, the lack of understanding of the process parameters limits the extensive application of WAAM. Indeed, 

WAAM has a vast number of process parameters, and involves a complex relation that is intertwined. Currently, 

researchers rarely emphasize on the deviation in the height, as the essential response on the process parameters. The 

deviation in the height is introduced due to the uneven weld bead geometry that occurs at the start and end point of welding 

pass. (D. Ding et al., 2014), proposed a minimum number of tool-path element in order to reduce the effect of starting and 

stopping and cumulative deviation overlap. Thus, this study aims to understand the influence of three process parameters, 

namely welding current, welding voltage, and travel speed on the deviation in the height of weld bead geometry, and to 

optimize the factors by investigating acceptable geometries by using the Taguchi statistical method. 

2. EXPERIMENTAL PROCEDURES 

2.1 Sample Fabrication 

The set-up of the WAAM system employed for this study is shown in Figure 1. The WAAM system consists of a GMAW 

unit with a wire material (ER308LSi), of 0.8 mm in diameter as a filler material. All the samples were fabricated on top 

surface of a mild steel base plate of 200 mm × 200 mm × 6 mm that were set as substrate material. The element 

composition of welding wire was characterized using energy dispersive spectrometer (EDS) as shown in Table 1. An in-

house developed 3D metal printer was used throughout the study (Rosli et al., 2018), whereby the GMAW welding torch 

was installed perpendicular on the substrate. The wire feed as the filler material was coaxial along the GMAW unit. 

 

Figure 1: Schematic diagram of WAAM-GMAW system 
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Table 1: Element composition of welding wire (wt %) 

Element C Cr Fe Ni 

Stainless steel 304 2.83 14.33 79.31 3.53 

 

The schematic of deposition direction, as shown in Figure 2 indicates the travel direction of deposition and 

positioning of the welding torch and substrate. The deposition direction is zig zag where each layer is in reverse direction 

to avoid height difference between the start and stop regions. The sample dimensions of multilayer deposition of 120 mm 

length, 40 mm height, and 5 mm width were fabricated on top of the substrate. The actual view of the arc welding torch 

and 3D metal printer before during deposition are shown in Figure 2. The typical process involved slicing the parts into the 

layer, converting to g-code file, and building physical parts. 

 

Figure 2: Schematic of deposition tool path direction. 

2.2 Deviation in Height Measurement 

The sample was fabricated from Computer Aided Design (CAD) on the top surface of the mild steel plate. The deviation in 

height is the surface waviness resulting from the parts deposited by GMAW based on AM. The effect of bead height 

deviation disrupted where the multilayers overlapped, but could be observed clearly on the top of layers. (Duraisamy et al., 

2019) produce the WAAM process plate and the waviness was removed by machining in order to prepare the final sample 

size. This due to the uneven layer surface that may lead to unstable deposition. The deviation in height was measured using 

Coordinating Measuring Machine (CMM) along the top surface of the wall and the root mean square error of height 

deviation was calculated as the representative parameters. The schematic of geometrical measurement for deviation in 

height is shown in Figure 3. 

 

Figure 3: (a) Geometrical Measurement of Deviation in Height, (b) Coordinate Measuring Machine (CMM) 

Measured along with the Height on top of the wall. 



1168                                                                             Nor Ana Rosli, Mohd Rizal Alkahari, Faiz Redza Ramli & Mohd Fadzli Abdollah 

 

Impact Factor (JCC): 8.8746                                            SCOPUS Indexed Journal                                                    NAAS Rating: 3.11 

2.3 Experimental Design and Optimization  

The design of experiment using the Taguchi method is a powerful technique that can identify the best combination of 

factors and parameters with limited information. This method has been widely used to minimize the number of tests using 

orthogonal arrays and reduce the effect of the cause with regard to the performance and quality. By using the technique, 

calculation of the loss function between the deviation and desired value can be performed through which the value of 

Signal to Noise (S/N) ratio can be obtained. The calculation of S/N ratio for each level of process parameter is based on the 

quality characteristics in the analysis of S/N. Basically, there are three S/N analysis available in representing the quality: 

the lower-the-better, the higher-the-better, and the nominal-the-best (Gupta et al., 2011; Mandal et al., 2011). Since this 

study aims to minimize the deviation in height or waviness of the top surface, therefore the lower-the-better characteristic 

was used, as shown in equation (1): 

 measured data) 

             (1) 

Where  is the value of the response obtained,  is the repetition of the trial, and n is the number of repetitions of 

each trial (Mandal et al., 2011). Next, the Analysis of Variance technique (ANOVA) was performed to find if either the 

process factor is statistically significant or insignificant and to calculate their contribution rate. These ranges of input 

parameters were chosen based on preliminary research, as shown in Table 2. Three factors were selected for consideration: 

welding current, welding voltage and travel speed. Each factor has three-levels, as shown in Table 3. The start and 

endpoints of deposition are similar for all samples. 

Table 2: Processing Parameters 

Parameters Unit Range 

Wire material  ER308LSi 

Wire diameter mm 0.8 

Current, I A 85, 95, 105 

Voltage, V V 17, 17.5, 18.1 

Travel speed mm/s 4, 5, 6 

Layer height mm 2 

Stand of distance mm 5 

 

3. RESULTS AND DISCUSSIONS 

3.1 Analysis of the S/N Ratio  

The deviation in the height was determined for all possible combinations using the Taguchi technique in order to optimize 

the control process parameters. The experimental layout with the L9 orthogonal array was used because there are three-

factors and three-levels in this experiment, (i.e., L9(33)) as shown in Table 4. Each combination of process parameter 

controls the response of standard deviation of height. The lower the deviation in the height represents the best combination 

of process parameters in generating regular and smooth track geometry. The equation used to calculate the S/N ratio and to 

observe the response factor is the lower-the-better option.  

Table 3: Process Parameter WAAM and their Levels 

Control Factor Symbol Levels 

1 2 3 

Current (A) A 85 95 105 
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Voltage (V) B 17.0 17.5 18.1 

Travel speed (mm/s) C 4 5 6 

 

Table 4: Orthogonal Array of Taguchi, L9(33) 

Experiment run A B C 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 

The result of surface waviness is plotted in the graph and is shown in Figure 4. Based on observation, the surface 

waviness on the top of parts is uneven for all samples. The desired height is 40 mm. After deposition, the samples obtained 

the total height around 28.884 to 33.246 mm for each sample. The reduction in height occurred due to continuous 

deposition and reduced cooling rate. According to(Ryan, 2018), the significant difference in dimension between the actual 

process and desired is due to the layer height, cooling time between layers, and direction of tool path that influences 

deposition and solidification of the material. However, this study focuses on the deviation in height after solidification and 

the main contribution process parameter affected, such as welding current, welding voltage and travel speed of the 3D 

metal printer. 

 
Figure 4: The Waviness on Top of sample along Deposited. 

The results of experiment obtained are as shown in Table 5. The average computation value of the deviation in 

height is 0.857957 mm. Similarly, the average computation value of the S/N ratio is 2.814714 db. After calculating the 

average values of the S/N ratio for each level, the S/N ratio can be similarly computed for each factor, as presented by the 

response shown in Table 6. 
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The response table of S/N ratio indicates the optimal level of input factor for the optimal deviation in height. The 

optimal parameters for minimizing the height deviation can be easily determined from Table 6 and Figure 5 graph. The 

optimum parameters for control factor A, B, and C corresponds to the highest value of S/N ratio in each level. Based on the 

results of response table, the optimal parameters that give acceptable height deviation value for control factor A, B, and C 

are level 3; (S/N = 2.1861), level 3; (S/N = 2.2385), and level 2; (S/N =2.4683), respectively. In other words, the S/N ratio 

that represents the optimum height deviation exists at the current of 105 A, voltage of 18.1 V and travel speed of 5 mm/s. 

The ranking of important parameters based on the delta value shows that travel speed is in the first rank, followed by 

welding current and welding voltage. 

Table 5: The Results of Experiments and S/N Ratio Values 

Experiment 

run 

Control Factor Height deviation 

(mm) 

S/N 

ratio(db) Current (A) 

A 

Voltage (V) 

B 

Travel Speed (mm/s) 

C 

1 85 17 4 0.90543 0.86290 

2 85 17.5 5 0.69256 3.19085 

3 85 18.1 6 0.83930 1.52166 

4 95 17 5 0.94638 0.47869 

5 95 17.5 6 1.11504 -0.94581 

6 95 18.1 4 0.84545 1.45824 

7 105 17 6 1.01583 -0.13642 

8 105 17.5 4 0.71127 2.95931 

9 105 18.1 5 0.65047 3.73545 

 

Table 6: S/N Ratio Response Table for Height Deviation Factor 

Level Control Factor 

A B C 

1 1.8585 0.4017 1.7602 

2 0.3304 1.7348 2.4683 

3 2.1861 2.2385 0.1465 

Delta 1.8557 1.8367 2.3219 

Rank 2 3 1 

 

 

Figure 5: Main Effects Plot for S/N Ratio  
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3.2 Effects of Process Parameters 

The contour plot, as seen in Figure 6, shows the interaction between dependent and independent variation. This plot depicts 

the model regression equation and the set of parameters used to achieve the minimum deviation in the height. As shown in 

equation (2), the regression equation is obtained to predict the outcome variable. The darker area indicates the highest 

deviation in the height value. Figure 6(a) displays the contour plot of the current-voltage relationship used to produce the 

3D model and the range of deviation in the height. The current and voltage at the intermediate level reached the highest 

height deviation above 1.1 mm, while the higher current and higher voltage levels would reduce the height deviation below 

0.7 mm. In general, high welding current is the mandatory and inevitable cause of excessive heat input (Liu et al., 2019). 

Welding current at 95 A resulted in the highest deviation in the height because the heat input and metal deposition rate 

increased with the current increase (Samir Khan et al., 2018). Nonetheless, these problems can be solved by controlling 

certain input parameter combinations, such as voltage and velocity. 
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Figure 6: Contour Plot with respect to Height Deviation (mm) (a) Voltage (V) and Current (A), (b) Travel speed 

(mm/s) and Current (A), and (c) Travel Speed (mm/s) and Voltage (V) 

The contour plot in Figure 6(b) shows the higher travel speed levels and lower voltage levels generating highest 

deviation in the height value and vice versa for lower deviation in the height value. The increased voltage created results in 

an increase in bead width and a slight decrease in bead height. Thus, it contributes to high heat input and a slow cooling 

rate during the deposition of WAAM (Seow et al., 2019). Figure 6(c) shows the contour plot, as speed increases, the 

deviation in the height also increases, and this coincides to the voltage and current instability. 
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The minimization of deviation in the height with an increase in speed, and the controllable voltage arc and current 

may produce greater stability of the arc generated. Therefore, the optimization of the process consists of the output with 

minimizing deviation in the height. In order to optimize the deviation in the height, the option selected in the S/N is the 

lower-the-better option, where the minimization of deviation in height is required. The optimum height deviation, 

according to S/N calculation, is the current of 105 A, voltage of 18.1 V, and travel speed of 5 mm/s. 

3.3 Analysis of Variance Method  

ANOVA was used to determine the significant parameters affecting the deviation in height. The method was applied to 

analyse the effect of welding current, welding voltage and travel speed. Furthermore, the analysis was carried out to find 

the contribution of each factor and a higher contribution rate on the deviation in height. As shown in Table 7, the 

contribution of control factors A, B and C is 28.95%, 25.20% and 43.14% respectively. Travel speed recorded the highest 

percentage of contribution rate on the deviation in height with 43.14%. According to the ANOVA result, the percentage of 

error was considerably low at 2.71% for the deviation in height.  

Table 7: Result of ANOVA for Deviation in Height 

Variance 

source 

Degree of freedom 

(DoF) 

Sum of 

squares (SS) 

Mean square (MS) F ratio Contribution 

rate (%) 

A 2 0.056026 0.028013 10.68 28.95 

B 2 0.048760 0.024380 9.29 25.20 

C 2 0.083484 0.041742 15.91 43.14 

Error 2 
8 

0.005247 0.002623 - 2.71 

Total 0.193516 - - 100.00 

 

3.4 Regression Analysis of Height Deviation 

The regression analysis was used to establish the relationship between the dependent and independent variable. In this 

study, the dependent variables are the height deviation, whereas the independent variable is input process parameters, (i.e., 

current, voltage and travel speed). The regression equation is obtained for the estimation of the height deviation, as shown 

in equation (2). This equation used to define the height deviation of any parameters within the working input range with a 

relatively small amount of error. The R-squared value is 46.43%. This value shows that dependent variables can explain 

46.43% of the data variance. However, the value may improve by increasing the predictor or independent variables. 

Height deviation = 3.32 – 0.00100 Current (A) – 0.159 Voltage (V)                                     (2) 

  + 0.0847 Travel speed (mm/s)  

3.5 Confirmation Test 

The confirmation test is the last step in the Taguchi method to validate the optimal value. The test sample fabricated using 

the optimal condition of process parameters as mentioned previously, (i.e., current 105 A, voltage 18.1 V, and travel speed 

5 mm/s). Table 8 shows a comparison of the test results and the predicted values obtained by the regression equation. From 

observation, the parts showed minimal deviation in the height and less waviness. The actual test result and predicted value 

for height deviation gain of 0.65047 mm and 0.7606 mm, respectively. According to (Cetin et al., 2011), for robust 

statistical analysis, the error values must be less than 20%. 
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Table 8: Predicted Values and Confirmation Test by Regression Equations 

Current (A) Voltage (V) 

 

Travel Speed 

(mm/s) 

Height deviation 

(mm) 

Predicted Error (%) 

105 18.1 5 0.65047 0.7606 16.93 

 

By comparing all three-confirmation samples, all the parts geometry are very close to each other. As illustrated in 

Figure 7, the view from the front, top and side of the sample fabricated for the confirmation test 

 

Figure 7: Front, Top and Side view of Confirmation Samples Fabricated. 

 

4. CONCLUSIONS 

In this study, an optimal process parameter of WAAM process is determined using the Taguchi method. Based on the S/N 

ratio response table, the optimal combination for optimizing the deviation in height are 105 A, 18.1 V and 5 mm/s for the 

welding current, welding voltage and travel speed respectively. The most significant contribution rate among the process 

parameter in reducing the waviness surface in height is the travel speed with 43.13%. The optimal condition has 

successfully demonstrated the confirmation test. However, as a recommendation, further studies should consider the 

geometrical accuracy between the desired and the actual result obtained, as well as the influence of other factors such as 

temperature, angle of the welding torch, and the incremental height between the layers.  
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