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Abstract - Wire Arc Additive Manufacturing (WAAM), which uses gas metal arc welding, is a promising approach to 

preparing bulky metal components. WAAM allows consecutive bead deposition for complex forms. The input parameters of 

the machining process determine deposition quality. The main outputs are Bead Height (BH), Penetration Depth, and Bead 

Width (BW). This study optimizes Wire Arc Additive Manufacturing (WAAM) parameters for improvement in bead height, 

Depth of penetration, and bead width. Regression models were tested for adequacy and robustness using variance statistics. 

Strong model fit was indicated by R² and modified R² values approaching unity and optimizing used the parameter-free 

metaheuristic Passing Vehicle Search (PVS) algorithm. Minimum BW was 3.58 mm, maximum BH 6.37 mm, and maximum 

DOP 1.24 mm were found in multi-objective optimization. The algorithm’s efficacy was shown by validation testing, showing 

disparities between optimized and non-optimized parameters under 5%. Multilayer metal structures were flawlessly 

produced using these optimal settings. The study provides reliable WAAM parameter sets for high-temperature industrial 

applications and serves as a baseline for future research. 
 

Keywords - GMAW, Flux-Cored Wire, Optimization, PVS Algorithm, Wire Arc AM. 

 

1. Introduction 
AM is a layer-by-layer manufacturing process for 

complicated, dense metal things with substantial advantages 

over existing approaches. The system’s functionalities are 

categorized into powder-based and wire-based 

methodologies, aimed at automating machine mobility, 

eliminating waste, decreasing energy usage, and enhancing 

material efficiency [1-3]. Powder-feed and wire-feed 

techniques are two popular added material supply systems. 

The small size and great geometrical accuracy provided by 

powder feed, whereas wire-feed is cleaner, more 

environmentally friendly, and more material efficient. 

Because of the availability of metal wires, it has also 

reduced expenses and is more cost-competitive [4-6]. 

Because wire-arc additive manufacturing requires post-

processing to keep the original parts, it is critical to limit 

post-processing. The process productivity is assessed 

through the buy-to-fly ratio [7].  Zhong et al. [8] revealed 

that  3D metal printing processes, with a focus on GMAW-

based WAAM, are more convenient and easier to 

manufacture.  

 

Szost et al. [9] discovered that good design variable 

selection and parametric optimization reduce residual 

stresses and distortion. WAAM, according to Tabernero et 

al. [10], revealed that it is appropriate for producing larger 

components at lower costs using materials such as steel 

alloy, Ti alloys, Ni alloys, aluminum, and bronze. For 

accuracy, WAAM requires an arc generator, a wire feed 

system, and a substrate. Lockett et al. [11] gave design 

criteria for producing aerostructure parts, whereas Bushachi 

et al. [12] investigated the procedure path for military 

platforms. Yuan et al. [13] investigated a system for 

architectural beading positioning, optimization process 

parameters for multidirectional. Lockett et al. [11] provided 

design principles and assessment procedures for generating 

aerostructure parts and determining construction 

characteristics. To calculate the best path shape and welding 

conditions, they created a parabola model. According to the 

study, selecting process parameters and their needed levels 

is critical for depositing numerous layers of WAAM, with 

optimization attempts for different steels. For high-pressure 

and high-temperature fabrication applications, alloy steel 

(1.14-Cr-0.5 Mo) is suitable. They demonstrate excellent 

weldability within the temperature range between 370°C to 

550°C, but extended exposure to these temperatures can 

cause embrittlement. Gas flux arc welding usually employs 

a solid wire, However, employing tubular core wire can 

improve current density and deposition rate. 

 

The protective layer of Core flux can supplement flux-

cored wires. It has better productivity and faster welding of 

thicker materials than solid wires. Flux-core (WAAM) is a 

suitable welding wire for environmentally sensitive areas, 

high-strength mechanical joints, versatility, high-

temperature tolerance, and corrosion resistance. It creates 

less porosity, more flexibility with material composition, 

and molten pool reinforcement [14]. Metal core wire 

exhibits limitations in its application to thin materials, 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vaishali Prajapati et al. / IJME, 13(4), 62-77, 2026 

 

63 

presents challenges in achieving full penetration welds, and 

demonstrates reduced flexibility.  Additionally, the 

efficiency of flux-cored wires is enhanced by the increase in 

deposition and current density [15, 16]. Several meta-

heuristics strategies have been used to improve welding 

parameters in a variety of applications. Zequi Hu et al. [17] 

examined genetic algorithms from two models and Artificial 

Neural Networks to see which one outperformed the 

backward Artificial Neural Network (BANN). The FANN-

GA model produced less splatter and a better bead 

appearance than the BANN model. L. Wang et al. [18]  

revealed that Wire arc AM tests on stainless steel 316L 

material and discovered that the speed arc and speed pulse 

production techniques were stable and efficient. Speed Arc 

WAAM’s finer solidification structure and lower heat input 

resulted in greater hardness and tensile strength than Speed 

Pulse WAAM.  M. Wash et al. [19] employed Wire Arc AM 

to produce aluminum products utilizing gas metal arc with 

structural incorruptibility of aluminum products utilizing 

pulsed gas metal arc welding while keeping heat input low.  

Lei Yuan and Dong Hong Ding [13] created a 

multidirectional WAAM technique that resulted in a 52% 

reduction in production time, a 57% material costing 

decreased, and a 57% miniaturized in material utilization. 

The parabola bead model was utilized to create the 

necessary bead shape, and CMT was chosen for welding 

deposition due to its low heat input and short arc transfer 

characteristics.  

 

Subhash et al. [20] studied the potential for temper 

embrittlement in a 1.25Cr-1.0 Mo welded joint treated with 

step cooling treatment, necessitating additional 

examination, and provided a foundation for the utilization 

of metal-core wire. kumar et al. (2021). Selected variables 

for individual metal bead deposition utilizing the gas-based 

metals arc welding method are being investigated and 

observing ferrite with pearlite structures around the welded 

region, as well as fractures and porosity caused by increased 

deposition height. Figure 1 shows the  AM material types.  

 

 
Fig. 1 AM material types [14] 

 

The metal additive materials are classified based on 

powder and wire-based materials. Wire AM generated from 

the feedstock is quickly added to the pool of molten metal 

that the original has created, enabling successive layers of 

wire melting in either the absence of air or a shielding gas 

chamber. GMAW, based on WAAM, utilizes a simple tool 

path with a planning algorithm, lower cost, and a user-

friendly interface for greater convenience in utilizing heat 

sources. However, the WAAM process has a strong 

correlation between deposition speed and the overall quality 

of manufactured parts [21, 22].  

 

The wire feeding technique is a safer method with 

reduced harmful powder absorption. It provides low wire 

material waste. The wire-feeding technique is a more 

ecologically friendly and efficient technology. that shields 

employees from possibly risky powder situations. It uses 

materials more efficiently than the powder-feed method, as 

much as one hundred percent of the wire’s element is 

incorporated into the component.  Moreover, metal wires are 

affordable and easier to acquire than metal powders with 

properties suitable for additive manufacturing, making the 

wire- feeding approach more economical. However, 

WAAM machine input parameters are challenging for the 

microstructure effect, which can cause the heat-affected 

zone. Therefore, parameter optimization is required to 

improve the effects of metallurgy [23-25].   

 

The previous research and review articles on WAAM 

have focused on process control, optimization of deposition 

parameters, and sensing. Also, research endeavors have 

neglected to investigate the distinctions between metal core 

wire and flux core wire. It is imperative to address this gap 

in knowledge to achieve a comprehensive understanding of 

welding processes. We propose to undertake this important 

research to bridge this gap in the literature.  

Differentiated evolution, particle swarm optimization, 

and cuckoo search algorithms are used to solve complex 

problems through optimization techniques. Still, these 

algorithms exhibit deficiencies in the genetic algorithm, 
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especially a lack of localization capabilities and slow 

convergence speed [26, 27]. PVS is an algorithm-parameter-

free meta-heuristic optimization technique.    

 

This article presents recent research on new materials 

and machining armatures using a new optimization 

algorithm strategy. The current environment necessitates the 

use of ready-to-use products to minimize time consumption; 

hence, WAAM is a form of additive manufacturing 

procedure that fulfills contemporary requirements. In all 

works we found Metal core wire with WAAM, but flux 

cored wire is rarely utilized, so this one is actually a novelty 

of work. In most studies, we observed the use of metal core 

wire using Wire Arc Additive Manufacturing (WAAM), but 

flux-cored wire is seldom used; hence, this represents a new 

aspect of the research. 

 

The low steel alloy on a base plate to optimize the post-

processing and void. To achieve this, overlapping 

parameters, multiple-layer thickness deposition, bead 

height, Depth of penetration, and bead width were all 

considered simultaneously. The input process parameters 

chosen were voltage, travel speed, and gas mixture, whereas 

the output process parameters were bead width, Depth of 

penetration, and bead height. The regression equations were 

subjected to ANOVA to test for robustness and 

appropriateness. The novel metaheuristic algorithm 

technique was used for multi-optimization with multiple 

objectives, generating response Pareto fronts. The authors 

have discovered the optimal conditions for depositing layer 

flux, which they believe has significant industrial 

applications. 

2. Research Strategy and Flow Chart  
The purpose of our current research is the optimization 

of parameters associated with the process. The voltage, 

travel speed, and gas mixture as input parameters, given 

their compatibility with the machine’s capabilities and 

effects of these process parameters at three distinct levels of 

machining variables, utilizing Response Surface 

Methodology (RSM). A total of 15 experiments were 

performed for the analysis. The experimental equipment 

used to demonstrate the Wire Arc Manufacturing (WAM) 

by the additive manufacturing technique is presented in 

Figure 2. Corresponding to this setup are various 

experimental parameters, each with its own respective level. 

The parameters were chosen considering their significant 

impact on the weld bead and ultimate structural shape in 

industrial applications. These parameters and their 

corresponding levels are outlined in detail in Tables 1 and 

2.  

 
Fig. 2 WAAM experimental setup [15]

 

Table 1. Experimental parameters and levels 

Parameters Values 

Voltage 20;23;26 V 

Travel speed (mm/min) 20;25;30 mm/min 

Gas mixture 1,5,9 

Flow rate (gas) 15 L/min 

Length of Arc 90 mm 

 

Table 2. Design of experiment 

Number Voltage(V) Travel speed(m/min) Gas mixture(L/min) 

1 23 20 9 

2 23 25 5 

3 26 25 1 

4 20 30 5 

5 26 20 5 

6 20 25 9 

7 26 30 5 

8 23 30 1 

9 23 20 1 

10 23 30 9 

11 20 25 1 

12 23 25 5 

13 26 25 9 

14 20 20 5 

15 23 25 5 
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Fig. 3 Proposed research flow chart 

 

The proposed flow chart for research methodology and 

optimization techniques, as well as the resulting optimized 

WAAM parameters, are shown in Figure 3.   

 

2.1. Materials and Methods  

This study examines the use of flux-core wire in wire 

arc additive manufacturing for a 1.14 Cr-0.5Mo steel alloy. 

Specifically, the study employs E81T1-B6 wire, provided 

by TRI-MARK with a 1.14mm diameter, which is typically 

used for welding chromoly steels in multiple or multi-pass 

welding. The cleaning regime of making the surface free of 

rust by either grinding with a wire brush and emery paper 

was conducted, followed by cleaning with acetone.  

 

The experimental setup comprises a PRO MIG-530 Gas 

Flux Arc Welding (GMAW) system from Miller, using a 

shielding gas with varying mixture ratios. The study 

conducts bead-on-plate experiments on a base plate with 

voltage, traveling speed, and gas flow rate as input 

parameters. The validity and suitability of regression 

formulas are assessed through analysis of variance 

(ANOVA).  The research utilizes the Passing-vehicle-search 

optimization method for optimizing both single and multiple 

responses for Bead Width (BW) and Bead Height (BH). 

Furthermore, the study develops Pareto fronts to provide a 

unique, non-dominated solution. The experiment validated 

and demonstrated the appropriateness of the algorithm. The 

parameters are further refined to determine the most 

effective parameters for single-layer flux deposition. Table 

3 presents the material composition of the wire, which is 

used as a base plate for this study, which was carried out 

using a PRO MIG-530 GMAW setup from Miller.

 
Table 3.  1.14 mm E81T1-B6C/M 4-6 % cr 0.45-0.65% molybdenum chemical composition 

Grade C Mn Si P S Cr Ni Mo 

 0.06 0.29 0.36 0.007 0.011 4.45 0.05 0.48 

 

During the welding process of low alloy steel with a 

1.14Cr-0.5Mo substrate, flux-cored wires were utilized. The 

welding process, known as WAAM, employed Met alloy 

wire with flux-cored having a 1.14 mm diameter, 

manufactured by Hobart Brothers (TRI-MARK).  

 

Typically used for welding chromoly steels in single or 

multi-pass applications, the welding technique involved the 

use of shielding gas at rates of 1, 5, and 9 L/min. 

 

2.2. Optimization Using the PVS Algorithm 

An optimization algorithm named passing vehicle 

search (PVS) was developed for the parking vehicle 

searching and navigation process for highway lanes. It 

belongs to the class of human activity-based meta-

heuristics, which aim to discover optimized solutions for a 

function. Engineering problem challenges demonstrate PVS 

efficiency. It has the ability to find a solution for different 

computational runs and times. [28].  

 

Throughout the execution of the PVS algorithm, every 

outcome is considered a positive integer. Constraints 

specified for the optimization approach pertain to Voltage 

(V), Traveling Speed (TS), and Gas Mixture Ratio (GMR) 

of the system. Where 20 ≤ TS ≤ 30, 20 ≤ V ≤ 26, and 1 ≤ 

GMR ≤ 9.  

 

In order to optimize individual responses, a higher 

value of d bead Height and Depth of penetration was 

considered, while lower values were considered for Bead 

Width. Importantly, all output variables should be 

considered positive integers for implementation. The table 

labeled as Table 4 displays the results of an optimization 

objective.  

 

PARAMETRIC 
OPTIMIZATION FOR 

DEPTH OF 
PENETRATION using 

WAAM

GMAW(low alloy steel 1.14 CR-
0.5MO)

voltage ,travel speed 
,gas mixture Taguchi RSM Method

Microscopy 
Examaniation

Mathematical and 
ANOVA

Regression Models

Passing search vehicle 
Algoritham and pareto 

points

Optimized parameters 
for WAAM
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Fig. 4 Optimization PVS algorithm 

 
Table 4. Optimization objective with the PVS method 

 Design variables Objective function 

Function 

objective 

Travel 

speed 
Voltage GMR Bead Height Minimum Width Maximum DOP 

Maximum bead 

Height 
30 26 1 6.37618 4.67512 4.67512 

Minimum Width 30 20 9 4.2896 3.5864 1.189064 

Maximum DOP 30 20 1 4.5001 3.9754 1.249549 

Initialize Number of Input Parameters 

Calculate Mean of Each Design Variable 

Identify The Best Solution (Teacher) 

Modify Solution Based on Best Solution 

XNew =Xold +r(X Teacher – (TF) Mean) 

Select Any Two Solutions Randomly 

 Xi and Xi 

Is New Solution Better 

Than Existing? 

Is Xi Better Than Xi 

XNew = XOld + r(Xi - Xi) XNew = XOld + r(Xi - Xi) 

Is New Solution Better 

Than Existing? 

Final Value of Solutions 

Accept Reject 

Is Termination Criteria 

Satisfies? 

Accept Reject 

Yes No 

Yes No 

Yes No 

Yes 

No 
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During the PVS algorithm, four different cases were 

thought of. Each case had different objectives and 

constraints. Case I aimed to maximize the bead height, Case 

II aimed to minimize the bead height with high accuracy, 

Case II aimed to get maximum DOP, and Case IV was the 

optimal case that combined all three objectives.  In 

summary, the implementation of the PVS algorithm 

followed strict rules device bounds to optimize individual 

responses. The algorithm considered all output variables as 

positive integers, and four different cases were thought of to 

achieve different objectives. It is important to consider that 

the optimization process can be tailored to specific 

objectives and constraints to achieve optimal results. 

 

Case I:   Obj. = max. (Bead Height) 

TS=30 V=26 GMR=1 BH=6.37618 BW=4.67512 DOP=1.142671 

Case II: Obj. = min (Bead Width) 

TS=30 V=20 GMR=6 BH=4.2896 BW=3.5864 DOP=1.189064 

Case III:  Obj. = max (DOP) 

TS=30 V=20 GMR=1 BH=4.5001 BW=3.9754 DOP=1.249549 

Case IV: Obj. = w1 (BH) + w2 (BW) + w3 (DOP) 

TS=30 V=23 GMR=3 BH=5.26307 BW=4.17218 DOP=1.172924 

 

3. Results and Discussion 
This section presents the findings from experiments 

with optimization techniques and optical microscopy, which 

can display the optimized input parameters for achieving 

good bead morphology. Table 5 and Figure 5 present the 

experimental matrix, input process parameters, and 

measured outcome parameters for bead height, penetration 

depth, and height using the Box-Behnken design. The 

results show that the validation trials experiment discussed 

that due to different uncontrollable parameters, the exact 

match between predicted and experimentally measured 

values always occurs. However, the difference is very small 

and can be ignored. Multivariable correlations were applied 

to analyze the responses within the range of the design 

variables. The findings of this study offer a correlation 

between the variables of the design and the responses, which 

will do future research and development efforts. 

 
Table 5. BW and BH response surface method BBD design 

Std 

Order 

Run 

Order 
Voltage(V) 

Travel 

speed(m/min) 

Gas 

mixture 

Depth of 

Penetration 

(DOP) 

(mm) 

Bead 

Height 

(BH) 

(mm) 

Bead 

Width BW 

(mm) 

11 1 23 20 9 0.734 3.970 7.158 

14 2 23 25 5 0.668 5.200 7.685 

6 3 26 25 1 0.820 5.392 6.125 

3 4 20 30 5 0.506 6.152 9.546 

2 5 26 20 5 0.880 3.976 5.765 

7 6 20 25 9 0.654 5.398 10.344 

4 7 26 30 5 0.784 6.139 6.371 

10 8 23 30 1 0.558 6.770 8.371 

9 9 23 20 1 0.712 3.287 6.595 

12 10 23 30 9 0.758 6.184 8.900 

5 11 20 25 1 0.552 4.237 8.856 

13 12 23 25 5 0.650 4.864 7.944 

8 13 26 25 9 0.878 5.485 6.678 

1 14 20 20 5 0.589 3.900 8.464 

15 15 23 25 5 0.655 5.136 7.711 

 

 

   
(a) Workpiece RO 6 (b) Workpiece RO 8 (c) Workpiece RO 13 
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(d) Workpiece RO 11 (e) Workpiece RO 9 (f) Workpiece RO 5 

Fig. 5(a-f) WAAM workpiece RO 6,8,13,11,9 and 5. 

The presented data depict that the Run Order (RO) 6 

yields a superior Bandwidth (BW) at 20 V, speed of 25 

m/min, and a gas mixture of 9 L/min, while the RO 8 

exhibits a higher Bead Height (BH) at 23 V, travel speed of 

30 m/min, and a gas mixture of 1 L/min. Moreover, RO 13 

demonstrates a more significant Drop of Penetration (DOP) 

performance at 26 V, travel speed of 25 m/min, and gas 

mixture of 9 L/min. These findings are valuable for 

determining the optimal parameters for maximizing the 

desired outcome in the relevant manufacturing process. The 

RO 11 model exhibits a lower DOP when operated at 20V 

voltage, 25 m/min travel speed, and a gas mixture of 1 

L/min. In contrast, the RO 9 model displays a lower BH 

when operated with 23V voltage, 20 m/min travel speed, 

and a gas mixture of 1 L/min. The RO 5 model demonstrates 

a lower BW when operated at 26V voltage, 20 m/min travel 

speed, and a gas mixture of 5 L/min. However, these 

parameters influence the weld bead. Some parameters gave 

smooth morphology, and some gave excellent morphology. 

The data from those trials were fed into the PVS algorithm, 

and then an optimum parameter was finalized. The WAAM 

layer-by-layer deposition was not done on any of these 

trials, but on the optimum parameter setting obtained from 

the output of the algorithm. 

 

3.1. Mathematical Modeling and ANOVA 

The mathematical regression analysis uses Response 

Surface Methodology, which is widely used for analyzing 

response variables. For the regression equation for bead 

width and height, we utilized Minitab v17. The resulting 

equations (1), (2), and (3) for BW and BH incorporate the 

following variables: Voltage (V), Traveling Speed (TS), and 

Gas Mixture Ratio (GMR). These equations 

comprehensively understand the correlation between input 

and outcome variables.   

 

𝐵𝐻 = 7.8 + 0.074 ∗ 𝑉 + 0.466 ∗ 𝑇𝑆 + 0.928 ∗ 𝐺𝑀𝑅 + 0.0028 ∗ 𝑉 ∗ 𝑉 − 0.00201 ∗ 𝑇𝑆 ∗ 𝑇𝑆 + 0.0023 ∗ 𝐺𝑀𝑅 ∗ 𝐺𝑀𝑅
− 0.0015 ∗ 𝑉 ∗ 𝑇𝑆 − 0.0223 ∗ 𝑉 ∗ 𝐺𝑀𝑅 − 0.01586 ∗ 𝑇𝑆        
∗ 𝐺𝑀𝑅                                                                                                                                                                            (1) 

𝐵𝑊 = 3.2 − 0.219 ∗ 𝑉 + 0.803 ∗ 𝑇𝑆 + 0.419 ∗ 𝐺𝑀𝑅 + 0.0001 ∗ 𝑉 ∗ 𝑉 − 0.00976 ∗ 𝑇𝑆 ∗ 𝑇𝑆 + 0.0138 ∗ 𝐺𝑀𝑅 ∗ 𝐺𝑀𝑅
− 0.0079 ∗ 𝑉 ∗ 𝑇𝑆 − 0.0195 ∗ 𝑉 ∗ 𝐺𝑀𝑅 − 0.00042 ∗ 𝑇𝑆
∗ 𝐺𝑀𝑅                                                                                                                                                                            (2) 

𝐷𝑂𝑃 =  1.820 −  0.1185 ∗  V −  0.0104 ∗  TS −  0.0442 ∗  GMR +  0.00375 ∗  V ∗  V −  0.000068 ∗  TS ∗

 TS +  0.002159 ∗  GMR ∗  GMR −  0.000217 ∗  V ∗  TS −  0.000917 ∗  V ∗  GMR +  0.002225 ∗  TS ∗
 GMR                                                                                                                                                               (3)  

 

Table 6. (a, b, and c) RSM (ANOVA) for BH, BH, and DOP 

Source DF SS MS F P Significance 

(a) RSM (ANOVA) for DOP 

Model 9 0.187506 0.020834 61.48 0.000 Significant 

Linear 3 0.170891 0.056964 168.09 0.000 Significant 

Voltage 1 0.140715 0.140715 415.23 0.000 Significant 

Square 3 0.008168 0.002723 8.03 0.023 Non- Significant 

Interaction 3 0.008447 0.002816 8.31 0.022 Non- Significant 

Error 5 0.001694 0.000339    

Lack-of-Fit 3 0.001522 0.000507 5.88 0.149 Non- Significant 

Pure Error 2 0.000173 0.000086    

Total 14 0.189200     

Source DF SS MS F P Significance 
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(b) RSM (ANOVA) for BH 

Model 9 13.9301 1.5478 12.69 0.006 Significant 

Linear 3 13.2226 4.4075 36.13 0.001 Significant 

Square 3 0.0178 0.0059 0.05 0.984 Non- Significant 

Interaction 3 0.6897 0.2299 1.88 0.250 Non- Significant 

Error 5 0.6100 0.1220    

Lack-of-Fit 3 0.5465 0.1822 5.74 0.152 Non- Significant 

Pure Error 2 0.0635 0.0317    

Total 14 14.5401     

Source DF SS MS F P Significance 

(c) RSM (ANOVA) for BW 

Model 9 24.1445 2.6827 22.13 0.002 Significant 

Linear 3 23.4369 7.8123 64.45 0.000 Significant 

Square 3 0.4321 0.1440 1.19 0.403 Non- Significant 

Interaction 3 0.2755 0.0918 0.76 0.564 Non- Significant 

Error 5 0.6061 0.1212    

Lack-of-Fit 3 0.5654 0.1885 9.27 0.099 Non-Significant 

Pure Error 2 0.0407 0.0203    

Total 14 24.7506     

 

Table 6 shows (a, b, and c) RSM (ANOVA) for BH, 

BH, and DOP. The regression equations resulting from the 

study were subjected to rigorous testing for robustness and 

appropriateness through analysis of covariance. Table 4 

presents an analysis of the results of the covariance 

outcomes. In addition, analysis of covariance was found to 

be non-significant, and significant models with respect to 

bead width and bead height. The approach was evaluated on 

95% level of significance to determine its validity. The p-

value is significant, and the suggested model has less than 

0.05 with observed response values. The model terms 

demonstrate an elevated F-value within  95% confidence 

range and a reduced probability p-value (below 5%). The 

regression model of BW, comprising linear, square, and 

interaction factors, reports significant results with a p-value 

below 5 percentage. Both the regression and linear models 

had a considerable influence on determining the BH 

reaction. The model created is highly accurate in predicting 

responses with minimal error, as evidenced by the small 

contribution of error components for both responses. 

 

Meanwhile, non-significant Analyses of covariance 

results do not fit the predicted response value. The 

established model terms exhibit a high degree of 

significance, indicating that the resulting regression 

equations are reliable and can be used to predict future BW, 

DOP, and BH values. The model’s adequacy was evaluated 

through R2 values, indicating its capacity to predict future 

observations accurately. 

 

Specifically, the R2 value for DOP was found to be 

0.9749, while the R2 values for BH as well as BW were 

0.9580 and 0.9314, respectively. Additionally, the BH had 

an R2 value of 0.9356. The favorable R2 and adj. R2 values 

for DOP, BW, and BH affirm that the model is suitable for 

the present data and can be used to predict future 

observations accurately. 

 

3.2. Main Effects Plot for DOP, BH, and BW 

Travel speed, along with heat, is an important process 

parameter. The voltage controls the heat to regulate the 

amount of heat, which influences the deposition of the weld. 

The WAAM machine outcomes are measured based on the 

DOP, BW, and BH parameters. Figure 6 displays the 

primary effect plot for DOP, BW, and BH, which explains 

the observed trend when adjusting the feed speed of wire, 

speed of travel, and voltage. The graph indicates an increase 

in BW as the travel speed increases. This is due to the 

torch’s rapid deposition of particles. As the torch’s speed 

increased, fewer molten flux drops were deposited, reducing 

the weld bead’s width [19].  

 

Moreover, the voltage trend indicates an increase in the 

Weld Bead’s BW. The broadening of the arc caused larger 

droplets of molten flux to be deposited, leading to a rise in 

the bead. As a result, bead width has a positive impact. On 

the other hand, increasing the wire feed speed has an adverse 

effect as the width decreases.  

 

The increase in BW is attributed to the speed of the wire 

leaving the nozzle and the amount of deposited material. 

The main effect plot is represented in Figure 4 of penetration 

depth, bead width, and BH effect of varying voltage, travel 

speed, and gas mixture. The voltage affects DOP, BH, and 

BW. The DOP increases with voltage, and the gas mixture 

increases and decreases with travel speed. 
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(a) 

 

 
(b) 

 

 
(c) 

Fig. 6 Main effect plots for (a) DOP, (b) BW, and (C) BH. 

 

3.3. Residual Plots  

The validity of an ANOVA analysis rests on the 

fulfillment of specific assumptions, as indicated by residual 

plots. In particular, residual plots for Bead Width, DOP, and 

Bead height presented in Figure 5, each comprises four 

plots. Of these, the normalcy plot is particularly informative, 

as it provides evidence of a linear progression and thus 

confirms the model’s appropriateness. [29]. The second 

plot, depicting the fits, exhibits a random distribution 

around the source, while the histogram demonstrates a bell-

shaped curve, thereby bolstering the outstanding ANOVA 

results. The lack of trend in the plot supports the ANOVA 

statistics. All four graphs validate the ANOVA statistics, 

resulting in more accurate forecasts of future outcomes. 



Vaishali Prajapati et al. / IJME, 13(4), 62-77, 2026 

 

71 

A similar outcome was observed for BH, as presented 

in Figure 7. The ANOVA statistics were substantiated by all 

four plots, thus augmenting the accuracy of predictions for 

future BW and BH findings. The normal probability curve, 

known as the inverted S-curve, implies a distribution with 

both short tails and long tails. The residual observation order 

trend shows cyclic variation and a shift with both negative 

and positive residuals. All variance plots show similar 

patterns, and no concerning trends are present. The residual 

for DOP and BH is better and fits a normal distribution, 

while the BW residual is the closest fit to a normal 

distribution. 

 

 
(a) 

 
(b) 
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(c) 

Fig. 7 Residual plots for (a) DOP, (b) width, and (c) height. 

 

3.4. Optimization using Pareto Points and Optical 

Microscopy  

In multi-objective optimization problems, Pareto sets 

are used. These are efficient frontiers of solutions in the 

performance space. Pareto sets present two main challenges: 

populating the set with solutions and selecting the best 

solution from the set. These challenges are similar to the 

ones faced in decision-based design, where potential 

solutions need to be determined and selected. However, in 

Pareto analysis, there are additional criteria that must be met 

for a solution to be included in the set. The design vector X* 

is calculated as an optimum Pareto vector that satisfies the 

criteria with x. [30]. Table 4 below shows the optimization 

of Pareto points. This analysis examines the distribution of 

benefits in the context of multiple objectives. The Pareto 

optimization concept of identifying workable mathematical 

solutions. It can be helpful for subpopulation and 

conductance-based models for minimizing each objective 

function without compromising at least one of the other 

objectives.   

 

The Pareto optimality criterion aims to find solutions 

that offer the best trade-offs among different objectives 

while avoiding any degradation of any of them. Table 7 

(supplementary material) and Figures 8, 9 and 10 present the 

results of the optimization process, which highlight the most 

efficient solutions. The analysis of Pareto points 

optimization is essential in various fields, including 

business and engineering, where it is typically used to 

optimize complex systems. 

 

𝑓𝑖(𝑥) ≤  𝑓𝑖 (𝒙∗),𝑗=1…,𝑚  and  𝑓𝑖(𝑥) ≤

 𝑓𝑖 (𝒙∗) 𝑓𝑜𝑟 𝑎 𝑙𝑎𝑠𝑡 𝑜𝑛𝑒 𝑖  1≤𝑖≤𝑚                                                   (4) 

 

 
(a)                                                                                                             (b) 

Fig. 8 Plot of (a) BW vs Voltage and (b) BW vs GMR 
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                                                                               (a)                                                                                                        (b) 

Fig. 9 Plot of (a) BH vs Voltage and (b) BH vs GMR 

 

 
                                                                                   (a)                                                                                                (b) 

Fig. 10 Plot of (a) DOP vs Voltage and (b) DOP vs GMR 

 

The BH and BW values are elevated at 26 volts and 1 

GMR 1, whereas the DOP values become higher at 20 volts 

and GMR 1.  Although a uniform transit speed of 30 m/min 

is upheld at all locations, identifying the ideal position 

remains difficult owing to these fluctuations.  

Manufacturers may choose any place on the front, as it 

represents an arrangement between two opposing aims. 

 

The impact of the aforementioned variables on the bead 

height and width was studied, with each bead’s BH and BW 

deposition scrutinized through optical microscopy. The 

average value of each experiment was recorded for further 

analysis. The optimal micrographs of the specimens can be 

viewed in Figure 11 (A-). The sample 1 BH measures 5.18 

mm in height and 3.97 mm in width. The voltage is 23 V, 

and the gas mixture ratio is high. The shape is not circular, 

leading to the creation of a heat-affected zone. Sample 2 has 

a width of 8.50mm, a height of 7.43mm, and a depth of 0.66 

mm, creating a heat-affected zone.  Sample 4 measures 6.81 

mm in width, 5.12 mm in height, and has a created surface 

unmixed zone. Sample 5 has an elliptical shape. \Sample 6 

has a base width of 9.34 mm and a height of 5.57 mm, with 

a DOP of 0.88 mm. Sample 8 has a base width of 9.75 mm 

and a base height of 5.67 mm—an additional 0.90 mm DOP 

at 26 V and 30 m/min. Sample 9 has a BW of 6.85 mm and 

a BH of 5.87 mm, with  0.50 mm melted at 23 V and 30 

m/min. Sample 10 has 0.68 mm DOP at 23 V and 20 m/min, 

and the BW is 4.47 mm and BH 4.67 mm. However, BH and 

BW still need to be more than required. Sample 11 has a 

width of 7.63 mm and a height of 5.37 mm with 0.23 mm 

DOP at 23 V and 30 m/min, causing HAZ. Sample 12 has 

an unmixed zone forming. Sample 13 has an additional 0.52 

mm melted at 23 V and 25 m/min, resulting in excessive 

spatter in the heat-affected zone. However, the HAZ is 

reduced. Sample 15 has a 5.25 mm width and a 5.25 mm 

height, indicating a good circular shape with minimal HAZ. 

 

The PVS algorithm’s optimum parameter outcomes are 

shown in Table 7. It is an optimal condition for depositing 

the flux layer for industrial applications.
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Table 7. BW and BH optimized values 

Optimization 

Type 

Process parameters Responses 

Voltage (V) 
Travel speed 

(m/min) 

Gas mixture 

(L/min) 
BH (mm) 

Minimum 

BW (mm) 

Maximum 

DOP (mm) 

Maximization of 

BH 
26 30 1 6.37618 4.67512 4.67512 

Minimization of 

BW 
20 30 9 4.2896 3.5864 1.18906 

Maximization of 

DOP 
20 30 1 4.5001 3.9754 1.2495 

 

    
                                                           (A) Sample 1                                                                                  (B) Sample 2 

 

     
                                                              (C) Sample 4                                                                              (D) Sample 5 

 

     
                                                                 (E) Sample 6                                                                          (F) Sample 8 
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                                                            (G) Sample 9                                                                              (H) Sample 10 
 

    
                                                               (I) Sample 11                                                                             (J) Sample 12 

 

    
                                                               (K) Sample 11                                                                           (L) Sample 12 

Fig. 11 (A-L) Specimens cross-section of single bead deposition 

 

4. Conclusion  
This study intended to evaluate the usefulness of Wire 

Arc Additive Manufacturing (WAAM) in fabricating 1.14 

Cr-1.0 Mo steel adopting flux-cored wires under different 

conditions.  Specifically, the effects of three voltage levels 

(20, 23, and 26 V), three travel speeds (20, 25, and 30 

mm/min), and three gas mixture ratios (1, 5, and 9 L/min) 

were examined.  A total of fifteen experiments were run 

with the optimization objective of obtaining maximum bead 

height, minimum bead width, and maximum Depth of 

Penetration (DOP). The results indicate that the optimal 

parameters for achieving superior bead width were a voltage 

of 20 V, a travel speed of 25 m/min, and a gas mixture ratio 

of 9 L/min. Conversely, the highest bead height and greatest 

DOP were observed at the highest voltage level (26 V). On 

the other side, the lowest DOP was observed at 20, 23, and 

26 V, and the lowest bead height was observed at these 

voltage levels.   

 

Further analysis revealed that the combination of a gas 

mixture ratio of 1 L/min, a speed of travel of 30 mm/min, 

and a voltage of 26 V or 20 V offers optimal results in terms 

of the parameters studied. These findings have important 

implications for the optimization of the WAAM process for 
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the manufacturing of 1.14 Cr-1.0 Mo low alloy steel 

components. The optimum parameter obtained through the 

PVS algorithm is 30m/min travel speed, voltage 23V, and a 

gas mixture ratio of 3 for manufacturing a multilayer 

structure.   

 

The optimum parameter obtained through the PVS 

algorithm is 23V voltage,  30m/min travel speed, and a gas 

mixture ratio of 3 for manufacturing a multilayer 

structure. The techniques can be efficient and cost-effective 

based on the optimization parameters and technique 

selection.   

 

However, future work can be focused on a composite 

alloy with optimized parameters to achieve a high-strength-

to-weight ratio at a cost-effective price.   
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