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Abstract 

Welding is a vital industrial process for joining metals and 

thermoplastics, with Metal Inert Gas (MIG) and Flux Cored Arc (FCA) 

welding widely used due to their versatility and effectiveness. This study 

optimized FCA and MIG welding parameters for AISI 1045 alloy steel 

using Response Surface Methodology (RSM) via Central Composite 

Design (CCD) L20(5)3 in Minitab 20. The parent material and weldments 

were characterized through standard testing methods. X-ray fluorescence 

(XRF) analysis confirmed the material as galvanized medium-carbon 

steel containing 0.376% carbon and 22–25% iron, while revealing a 

crystalline structure with features indicating crystal size and possible 

defects. Mechanical testing showed UTS values for welds were generally 

lower than the base metal, high joint efficiencies confirmed good bonding. 

Also, optimal conditions for hardness (FCAW: 4.6 kgm/s, 73.2 A, 28 mm; 

MIG: 8 kgm/s, 73.2 A, 24.6 mm), UTS (FCAW: 10 kgm/s, 73.2 A, 26 mm; 

MIG: 8 kgm/s, 73.2 A, 24.6 mm), and impact strength (MIG: 6 kgm/s, 

106.8 A, 26 mm), with gas flow rate as the dominant factor and refined 

microstructures confirming superior weld quality and bonding. Both 

welds were free from porosity and cracks, underscoring the importance 

of parameter optimization for superior weld quality and mechanical 

performance. 
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1.0  INTRODUCTION 

Welding is an essential joining technique that has 

played a vital role in the advancement of modern 

industries and the growth of nations. It entails bonding 

materials most commonly metals or thermoplastics by 

applying heat, pressure, or both, to create strong, 

durable connections that ensure structural strength and 

reliable performance. This process is crucial in various 

sectors such as automotive, aerospace, shipbuilding, 

and construction, owing to its flexibility and 

capability to deliver high-quality joints that comply 

with rigorous safety and performance requirements. 

[1-2]. The versatility of welding is demonstrated by its 

wide range of applications, addressing diverse 

manufacturing challenges from assembling intricate 

components to building large-scale infrastructure. 

Various welding techniques, including arc welding, 
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resistance welding, laser welding, and friction stir 

welding, are customized to suit specific materials and 

purposes, ensuring maximum performance and 

longevity. These methods are fundamental to 

contemporary manufacturing, facilitating the 

construction of complex assemblies, increasing 

product durability, and boosting industrial 

productivity [2]. As Kearns [3] emphasizes, welding 

serves as a cornerstone in manufacturing, facilitating 

the production of essential components such as 

automotive bodies, large metal structures, pressure 

vessels, spacecraft, and aircraft. Moreover, ongoing 

research in welding science is dedicated to optimizing 

techniques, improving mechanical properties, and 

increasing efficiency in both semi-automated and 

fully automated manufacturing environments. Messler 

[4] highlights welding’s foundational role in “binding 

the world together,” noting that advancements in 

welding technology are crucial for meeting the 

evolving demands of modern industry. 

 

Among the various welding methods, Metal Inert Gas 

Welding (MIG) and Flux Cored Arc Welding 

(FCAW) are particularly prominent due to their 

adaptability and widespread industrial use [5]. FCAW 

utilizes a tubular wire electrode filled with flux, which 

generates a shielding gas to protect the weld pool from 

atmospheric contamination [6]. This method is 

especially valued for its high deposition rates and 

suitability for welding thick materials, making it a 

preferred choice in heavy fabrication and shipbuilding 

[2]. Conversely, MIG welding employs a solid wire 

electrode and uses external shielding gases such as 

argon or carbon dioxide to prevent oxidation and 

contamination of the weld [5, 7].   This method is 

well-known for its ease of automation, clean weld 

finishes, and suitability for various metals such as 

aluminum and stainless steel. FCAW and MIG are 

widely employed in sectors like aerospace, 

shipbuilding, and automotive manufacturing because 

they consistently deliver high-quality and dependable 

weld [2]. Despite their advantages, FCAW and MIG 

welding processes are not without challenges. For 

instance, MIG welding can induce internal stresses 

due to thermal expansion and contraction, potentially 

leading to distortion or cracking. FCAW welds, 

meanwhile, are susceptible to defects such as porosity 

and slag inclusions, which can compromise the 

mechanical properties of the joint. Addressing these 

issues requires careful optimization of key welding 

parameters including current, voltage, gas flow rate, 

and electrode extension to improve weld quality and 

mechanical properties such as tensile strength, 

hardness, and impact resistance [3-4]. Numerous 

studies have employed experimental design 

techniques to systematically optimize welding 

parameters and enhance weld quality. For example, 

Vijayavel et al. [8] focused on maximizing the tensile 

strength of MIG-welded AISI 1050 carbon steel by 

analyzing the effects of welding current, gas flow rate, 

voltage, and wire speed using a four-factor, three-level 

composite design. Similarly, Ajit et al. [9] developed 

predictive models for AISI 1040 steel, identifying 

optimal voltage, current, and gas flow rates to enhance 

yield strength. Also, for specialized alloys such as 

Hastelloy C276, Raja et al. [10] investigated the 

relationship between MIG welding parameters 

(current, voltage, gas flow) and microstructure 

evolution, demonstrating the utility of Response 

Surface Methodology RSM) in controlling weld 

integrity and mechanical performance. Doniawi et al. 

[11] optimized argon-CO₂ gas mixtures and current 

for gas metal arc welding (GMAW) of St 52 steel, 

achieving high tensile strength through models 

validated by Analysis of Variance (ANOVA). Izzatul 

et al. [12] further highlighted the influence of welding 

current and arc voltage on penetration depth and 

hardness (in mild steel, correlating microstructural 

changes with parameter adjustments. In the context of 

FCAW, Kashif and Anwar [13] analyzed the effects 

of current, wire feed rate, and contact tip distance to 

optimize strength, bead geometry, and deposition 

rates in medium alloy steel, using desirability 

functions to identify ideal weld conditions. Rayindra 

and Rajesh [14] extended these principles to MIG 

welding of AISI 316 steel, prioritizing parameters 

such as voltage, speed, and gas flow to enhance tensile 

properties and minimize defects. 

 

Also, Recent studies have optimized welding 

parameters for AISI 1045 steel using advanced multi-

objective methods and characterization techniques. 

Igwe et al. [24-27] investigated the machinability, 

surface quality, and corrosion behaviour of additively 

manufactured AlSi10Mg and rice husk ash reinforced 

aluminum using factorial analysis, Taguchi-Grey 

relational optimization, and experimental SLM/LPBF 

studies, identifying optimal parameters (such as laser 

power: 250 W, scan speed: 2000 mm/s, hatch space: 

150 µm) that yielded as-built hardness of ~125 HV, 

porosity of 3%, and improved surface roughness and 

corrosion resistance, with microstructural analysis 

confirming refined grains and enhanced mechanical 

properties. In addition Van et al. [28] applied entropy, 

modified grey wolf optimizer (MGWO), and 

MABAC to identify optimal GMAW parameters (137 

A, 23 V, 12 L/min gas flow, 12 mm electrode 

extension), improving tensile strength and elongation 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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while reducing energy consumption. Lawong et al. 

[29] introduced a multi-response approach for robotic 

GMAW, highlighting tailored parameters for 

dissimilar joints. Jawad et al. [30] examined GTAW 

parameter effects on microstructure and mechanical 

properties. Marimuthu et al. [31] used particle swarm 

optimization to minimize residual stresses, 

demonstrating the effectiveness of intelligent 

algorithms in balancing weld quality objectives. 

These works collectively emphasize data-driven, 

multi-response optimization and advanced 

microstructural analysis for enhancing AISI 1045 

weld quality.  

 

Therefore, building on these foundational studies, the 

present research aims to optimize FCAW and MIG 

welding parameters for AISI 1045 alloy steel using 

advanced statistical and experimental techniques, 

specifically Response Surface Methodology (RSM) 

and Grey Relational Analysis (GRA). By 

systematically comparing the performance of these 

two welding techniques through rigorous 

experimental design and statistical analysis, the study 

seeks to enhance weld quality, improve mechanical 

properties, and ensure greater industrial efficiency. 

Therefore, welding remains a cornerstone of modern 

manufacturing, with ongoing research focused on 

optimizing processes for improved quality and 

performance. The integration of advanced 

experimental design and statistical analysis methods 

continues to drive innovation, ensuring that welding 

technologies evolve to meet the complex demands of 

contemporary industry [2-4, 9] 

 

2.0  MATERIALS AND METHODS 

 

2.1  Materials 

In this study, Metal Inert Gas (MIG) welding 

employed a copper-coated carbon steel wire (AFROX 

MIG 6000) as the consumable electrode, shielded by 

argon gas to protect the weld pool from 

contamination. This electrode was chosen for its cost-

effectiveness, availability, adaptability to all welding 

positions, and suitability for thin sheet metal 

applications due to its shallow penetration. Also, Flux-

Cored Arc Welding (FCAW) utilized a SUPERCORE 

71 flux-cored wire (ISO 9001 certified), which 

contained flux within its core to shield the weld during 

melting. Both electrodes, were locally sourced from a 

commercial supplier in Kaduna, Nigeria. In addition, 

Argon was used as shielding gases in this study to 

protect the weld pool from atmospheric contamination 

in during MIG and FCAW processes, while solenoid 

valves regulate gas flow, welding guns and torches 

ensure precise electrode feeding and arc control while 

galvanized AISI 1045 alloy steel was used as the 

experimental workpiece, 

 

2.2  Methods 

 

2.2.1 Characterisation of parent material    

Locally sourced parent materials used for welding 

were characterized using X-ray diffraction (XRD) to 

determine their crystallographic structure and X-ray 

fluorescence (XRF) to establish their elemental 

chemical composition, providing a comprehensive 

understanding of their properties. Experiments were 

conducted following standard testing procedures as 

stipulated in the literature. 

 

2.2.2 Experimental design 

Experimental design was carried out in accordance 

with the Response Surface Methodology (RSM) – 

Central Composite Design (CCD) L20(5)3 method 

using Minitab 20 statistical software. The factor levels 

of welding parameters are shown in Table 1, while the 

Taguchi orthogonal array and design matrix are also 

presented in Table 1. The parameter ranges selected, 

along with the current values (73.2 A and 106.8 A), 

gas flow rate values (4.6 and 11.4 kgm/s), and 

electrode extension values (24.6 and 31.4 mm) as axial 

points in the Central Composite Design, allow 

exploration beyond the cubic points, giving a wider 

design space that accounts for potential nonlinear 

effects. These axial points typically extend ±α from 

the center points (8 kgm/s, 90 A, and 28 mm) to 

provide better model fitting and enhance robustness in 

identifying optimal welding conditions. 

 

  Table 1: Factor levels of welding parameters  

 Cubic 

points 

Axial points Center 

Point 

Welding 

parameter 

-1 +1 -α + α 0 

Gas Flow 

Rate (kgm/s) 

6 10 4.6 11.4 8 

Arc current 

(Amp) 

80 100 73.2 106.8 90 

Electrode 

extension 

(mm) 

26 30 24.6 31.4 28 

 

2.2.3 Experimental procedure 

The MIG welding in this study involved striking an 

arc between a wire electrode and parent material, 

melting both to form a weld pool [15]. The wire served 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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as heat source and filler, fed through a copper contact 

tube carrying the welding current. 

 

Table 2: CCD L20(5)3 experimental design matrix 

Run Gas Flow 

Rate 

(kgm/s) 

Arc 

Current 

(Amp) 

Electrode 

extension 

(mm) 

1 6.0 80.0 26.0 

2 10.0 80.0 26.0 

3 6.0 100.0 26.0 

4 10.0 100.0 26.0 

5 6.0 80.0 30.0 

6 10.0 80.0 30.0 

7 6.0 100.0 30.0 

8 10.0 100.0 30.0 

9 4.6 90.0 28.0 

10 11.4 90.0 28.0 

11 8.0 73.2 28.0 

12 8.0 106.8 28.0 

13 8.0 90.0 24.6 

14 8.0 90.0 31.4 

15 8.0 90.0 28.0 

16 8.0 90.0 28.0 

17 8.0 90.0 28.0 

18 8.0 90.0 28.0 

19 8.0 90.0 28.0 

20 8.0 90.0 28.0 

 

Shielding gas protected the weld pool, chosen based 

on material and application, with the welding torch 

moving along the joint. FCA welding, using similar 

equipment and a continuous wire-fed electrode, was 

performed with shielding gas in this research. Both 

methods had wire feed rate and arc length controlled 

by the power source, while travel speed and wire 

position were manually adjusted. Stainless steel 

samples (120 x 120 x 1 mm) were cut and cleaned with 

acetone before welding. Mechanical properties of the 

welds were tested according to ASTM E8, E10, and 

E23 standards. 

 

2.2.3 Characterization of weldments 

Mechanical properties  

Tensile strength testing of AISI 1045 steel weldments 

was performed using three specimens per tensile 

testing condition, in accordance with ASTM E8 

standard, on a 50 kN Instron Universal Tensile 

Machine. Ultimate tensile stress (Equation 1) and joint 

efficiency (Equation 2) were calculated from 

maximum force measurements and comparisons with 

the base material. Also, hardness tests were conducted 

using a 5 kg Vickers hardness tester in compliance 

with ASTM E10. Twenty mirror-polished samples, 

each measuring 120 mm × 120 mm × 1 mm, were 

tested. Nine indentations were made across the weld 

zones, with a 2-second dwell time, and the results 

were averaged to determine nugget zone hardness. In 

addition, charpy impact tests were performed using a 

Galdabani V92Q machine, following ASTM E23. 

Twenty coupons, each measuring 120 mm × 120 mm 

× 1 mm, with 45° notches (0.25 mm radius, 2 mm 

depth) positioned perpendicular to the weld, were 

used. Three replicate tests were averaged per sample 

to determine impact strength (Equation 3). 

 

 

 
Figure 1: weldment (i) FCAW and (ii) MIGW 
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Ultimate tensile Stress (σ)= 
Maximum Force (Pmax)

cross−sectional  area (A) 
  

                 (1) 

                                                                           

Joint efficiency (η) = 
𝑈𝑇𝑆 𝑜𝑓 𝑤𝑒𝑙𝑑𝑒𝑑 𝑗𝑜𝑖𝑛𝑡

𝑈𝑇𝑆 𝑜𝑓 𝑏𝑎𝑠𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 x 100 %  (2)  

    

 

Impact strenght (Is)  =  
Absorbed energy(E𝑎) 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛(𝑡)
       (3)

     

Microstructural characterization 

The inner and microstructures of optimized 

weldments were analyzed using an optical microscope 

at various magnifications and a Scanning Electron 

Microscope (SEM) at the Nigerian Building and Road 

Research Institute (NBRRI) in Abuja-Nigeria, 

following a detailed preparation process involving 

polishing, grinding to a mirror finish, cleaning with 

acetone, and selecting one sample each from FCAW 

and MIGW techniques 

 

2.2.4 Analysis of experimental results 

Mechanical test results (hardness, tensile, impact) 

were analyzed using Signal to Noise (SN) ratio and 

ANOVA to optimize responses and assess each 

factor's contribution to tensile strength, impact energy, 

and hardness in FCAW and MIGW samples. SN ratios 

used the larger-the-better criterion (Equation 4), and 

ANOVA sum of squares were calculated via Equation 

5. 

     (4) 

 

      
(i = 1, 2, 3........, 20)                                         (5) 

 

Where n = number of observation and r = response 

value 

 

2.2.5 Multi-response optimization 

Multi-response optimization of experimental data was 

conducted using Grey Relational Analysis (GRA), 

following the methodology outlined by Abutu et al. 

[17] and Irechukwu et al. [18], which involves 

calculating the Grey Relational Generation (GRG) 

using Equation 6 from SN ratio values using larger-

the-better attributes, determining the Grey Relational 

Coefficient (GRC) using Equation 7, computing the 

Grey Relational Grade (GR-grade) by utilizing 

Equation 8, and identifying optimal conditions for 

single response optimization. 

Larger ( )
ij i

ij

i j

p p
thebetter attributes y

p p

−
− =

−
   (i = 

1, 2, 3, 4…. u and j = 1, 2, 3, 4…. v)                     (6)  

 

 

Where, pi= pi1,pi2, . . . , pij , . . . , pin), pij= the 

performance value of attribute j of alternative i and 

ip = max{pij, i = 1, 2, . . . , u} and ip = min{pij,  i= 

1, 2, . . . , v}. 

 

min max

max

( , )oj ij

ij

E
GRC GRC GRC

E

 

 

+
=

+
           (7)      

                                       

Where, E is the distinguishing coefficient. Abutu et al. 

[17] and Irechukwu et al. [18], reported that 0.5 is the 

widely accepted value of E. 

   

τij= p0j – pij, 𝜏 min = min (𝜏ij, i =1, 2, . . . , u; j = 1, 2, . 

. . , v) and 𝜏max = max ( ij, i =1, 2, . . . , u; j = 1, 2, . . . 

, v), 

 

GR-grade = 
exp

Individual GRC

Number of erimental responses
     (8)

                                    

3.0  RESULTS AND DISCUSSION  

 

3.1  Characterisation of Parent Material 

The X-ray Fluorescence (XRF of the parent materials 

was presented in Table 3. It can be observed that the 

carbon content of the sample tested was 0.376% and 

iron content of <25-22%. Medium-carbon steel has a 

carbon content that falls between 0.3%-0.6%. 

Increased carbon means increased hardness, tensile 

strength, decreased ductility and more difficult 

machining. Hence, the sample tested was a Galvanised 

medium-carbon steel. Also, X-ray diffraction results 

which determine the crystallographic structure, 

chemical composition and physical properties of the 

parent material was presented in Figure 2.The result 

of x-ray diffraction (XRD) analysis presented in 

Figure 2 represent the intensity of the signal for 

various angles of diffraction at their respective two 

theta positions correspond to a certain spacing 

between the crystals of atoms in the samples, 

determined by the angle of diffraction from the 

incident x-ray beam sent into the sample. The intensity 

of the peaks was related to the amount of molecular in 

that phase or with that spacing. The   greater the 

intensity of the peak, the greater the amount of the 

crystals or molecular with that district spacing. The 

width of the peaks was inversely proportional to the 














−  −

n

i
iyn

NS
1 2

11
log10)(/ 

 −= 22
)(

1
)( ii y

n
ytotalsquareofSum
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crystal size [22]. A thinner peak corresponds to a 

bigger crystal. A broader peak means that there may 

be a smaller crystal defect in the crystalline structure 

or that the sample might be amorphous in nature a 

solid lacking perfect crystallinity [23]. For smaller 

samples, the pattern determined using XRD analysis 

can be used to determine a sample composition. The 

sample composition was crystalline in nature.     

 

Table 3: Chemical composition of AISI 1045 alloy steel. 

Sample 

Elements 

First 

Spark (%) 

Second 

Spark (%) 

Average 

Spark (%) 

Sample 

Elements 

First 

Spark (%) 

Second 

Spark (%) 

Average 

Spark (%) 

C 0.300 0.452 0.376 Ti 0.025 0.032 0.028 

AL 0.011 0.017 0.014 Zn >0.036 >0.036 >0.036 

Mg 0.012 0.014 0.013 S 0.018 0.035 0.026 

Zr 0.0015 0.0031 0.0022 Nb 0.027 0.031 0.029 

Si 0.066 0.090 0.078 As 0.019 0.027 0.023 

Cu 0.026 0.025 0.026 Cr 0.016 0.030 6.023 

B 0.0037 0.0062 0.0050 V 0.017 0.021 0.019 

La 0.032 0.046 0.039 Bi 0.0028 0.0061 0.0044 

Mn 0.171 0.149 0.160 Ni 0.069 0.094 0.084 

Sco 0.028 0.040 0.034 W 0.023 0.056 0.040 

Sn 0.011 0.015 0.013 Ca 0.0038 0.0064 0.0051 

Fe <26.28 <24.16 <25.22 Mo 0.085 0.119 0.102 

P 0.0084 0.016 0.012 Pb 0.014 0.033 0.023 

    Ce 0.031 0.045 0.033 

 

 
Figure 2: Graph of result sample tested for x-ray diffraction. 

 

3.2  Experimental Results 

The average values from the characterization of Flux-

Cored Arc (FCA) and Metal Inert Gas (MIG) 

weldments, along with their joint efficiencies, are 

summarized in Tables 4 while the Signal to noise (SN) 

ratio values for weldments obtained from FCAW and 

MIGW is presented in Table 5. The results shown in 

Table 4 showed that tensile strength tests on the base 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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metal yielded a UTS of 642.44 MPa, closely matching 

the 639.8 MPa reported by Singh et al. [21] for 

galvanized medium carbon steel. For FCAW, average 

hardness ranged from 104.67 to 199.22 HV, UTS from 

339.54 MPa (52.85% joint efficiency) to 632.72 MPa 

(98.49% joint efficiency), and impact strength from 

4.74 to 26.59 J/mm, with property variations linked to 

changes in welding parameters and improvements 

attributed to enhanced grain refinement and mixing at 

moderate gas flow rates.  

Although the UTS values were generally lower than 

the parent material, the high joint efficiencies indicate 

good bonding properties. Similarly, for MIGW, 

average hardness ranged from 74.22 to 202.11 HV, 

UTS from 98.94 MPa (15.40% joint efficiency) to 

640.43 MPa (99.69% joint efficiency), and impact 

strength from 5.25 to 16.59 J/mm, with property 

changes also reflecting the influence of welding 

parameters and improvements due to better grain 

refinement and mixing. Despite UTS values being 

below that of the base metal, substantial joint 

efficiencies confirm strong weld bonding. 

 

Table 4: Experimental results of sample characterization (FCAW and MIGW) 

 

Runs 

MIGW FCAW 

Hardness 

(HVN) 

UTS 

(MPa) 

Impact 

Strength 

(J/mm) 

Joint 

efficiency 

(%) 

Hardness 

(HVN) 

UTS 

(MPa) 

Impact 

Strength 

(J/mm) 

Joint 

efficiency 

(%) 

1 
145.67 463.00 16.59 

72.07 189.00 609.65 13.30 94.90 

2 
115.44 332.96 5.250 

51.83 168.63 535.65 12.18 83.38 

3 
184.89 600.16 8.360 

93.42 142.38 462.49 26.59 71.99 

4 
163.22 512.35 14.16 

79.75 192.25 632.72 11.84 98.49 

5 
170.44 517.13 9.450 

80.49 183.44 593.04 9.200 92.31 

6 
177.33 572.81 8.360 

89.16 182.56 586.26 17.61 91.26 

7 
112.00 362.39 9.270 

56.41  104.67 339.54 9.950 52.85 

8 
185.67 580.09 8.430 

90.29 189.11 623.83 9.130 97.10 

9 
99.33 278.97 5.430 

43.42 186.22 575.03 9.100 89.51 

10 
74.22 98.94 7.020 

15.40 140.44 458.41 4.110 71.35 

11 
202.11 640.43 10.65 

99.69 188.78 591.04 7.150 92.00 

12 
194.00 614.48 11.96 

95.65 188.44 590.53 12.99 91.92 

13 
188.78 614.56 10.03 

95.66 170.11 521.82 8.850 81.22 

14 
184.67 595.59 7.710 

92.71 156.22 487.70 13.30 75.91 

15 
172.67 549.88 13.22 

85.59 183.44 600.19 4.740 93.42 

16 
178.56 574.17 5.040 

89.37 144.89 448.87 6.980 69.87 

17 
180.44 591.26 5.310 

92.03 197.33 616.85 13.61 96.02 

18 
194.89 616.25 8.920 

95.92 169.89 503.50 11.05 78.37 

19 
164.67 496.97 10.03 

77.36 199.22 620.67 11.24 96.61 

20 
175.11 535.88 12.37 

83.41 189.22 601.51 5.220 93.63 
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Table 5: Signal to noise ratio values for FCAW and MIGW 

 FCAW MIGW 

Runs Hardness 

(dB) 

UTS (dB) Impact 

Strength 

(dB) 

Hardness 

(dB) 

UTS (dB) Impact 

Strength 

(dB) 

1 45.529 55.702 22.477 43.267 53.312 24.397 

2 44.539 54.578 21.713 41.247 50.448 14.403 

3 43.069 53.302 28.494 45.338 55.565 18.444 

4 45.677 56.024 21.467 44.256 54.191 23.021 

5 45.270 55.462 19.276 44.632 54.272 19.509 

6 45.228 55.362 24.915 44.976 55.160 18.444 

7 40.396 50.618 19.956 40.984 51.184 19.342 

8 45.534 55.901 19.209 45.375 55.270 18.517 

9 45.401 55.194 19.181 39.942 48.911 14.696 

10 42.950 53.225 12.277 37.411 39.907 16.927 

11 45.519 55.432 17.086 46.112 56.129 20.547 

12 45.504 55.425 22.272 45.756 55.770 21.555 

13 44.615 54.350 18.939 45.519 55.771 20.026 

14 43.875 53.763 22.477 45.328 55.499 17.741 

15 45.270 55.566 13.516 44.744 54.805 22.425 

16 43.221 53.042 16.877 45.035 55.181 14.049 

17 45.904 55.804 22.677 45.127 55.436 14.502 

18 44.603 54.040 20.867 45.796 55.795 19.007 

19 45.987 55.857 21.015 44.332 53.927 20.026 

20 45.539 55.585 14.353 44.866 54.581 21.847 

3.3 Analysis of Experimental Results 

3.3.1 Analysis of variance 

The combined analysis of ANOVA results for FCAW 

and MIG welding on AISI 1045 steel demonstrates 

that gas flow rate is the most influential parameter 

affecting weld quality across both processes. For 

FCAW, gas flow rate contributes 44.65% to hardness 

(Table 6) and 41.83% to UTS (Table 7) while 

electrode extension is dominant for impact strength 

(Table 8) at 36.97%. In MIG welding, gas flow rate's 

influence is even more pronounced, with contributions 

of 71.82% for hardness {Table 9) and 77.55% for UTS 

(Table 10), and it remains the leading factor for impact 

strength (Table 11) at 36.99%. Arc current and 

electrode extension have smaller but notable impacts 

in both methods, and the error (noise) is consistently 

low, indicating reliable experimental results. These 

findings align with earlier studies by Şeker et al. [32] 

and Abd-Rahman et al. [33] which also highlighted 

the critical role of gas flow rate in minimizing porosity 

and enhancing weld quality in both FCAW and MIG 

welding.  

 

 

Table 6: ANOVA for hardness   

Factor DOF SS MS F P% 

Gas Flow Rate (kgm/s) 4 4989 1247.25 57.83 44.65 

Arc Current (Amp) 4 3452 863 40.015 30.89 

Electrode extension (mm) 4 2582.6 645.65 29.94 23.11 

Error  7 150.97 21.57  1.351 

Total 19 11174.57 588.14  100 
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Table 7: ANOVA for UTS 

Factor DOF SS MS F P 

Gas Flow Rate (kgm/s) 4 48194 12048.50 15.78 41.83 

Arc Current (Amp) 4 33637 8409.25 11.02 29.19 

Electrode extension (mm) 4 28044 7011.00 9.18 24.34 

Error  7 5343.737 763.39  4.64 

Total 19 115218.7 6064.14  100.00 

Table 8: ANOVA for impact strength 

Factor DOF SS MS F P 

GasFlow Rate (kgm/s)  4 151.00 37.75 24.24 31.64 

Arc Current (Amp) 4 138.90 34.73 22.30 29.11 

 Electrode extension (mm) 4 176.40 44.10 28.32 36.97 

Error  7 10.90 1.56  2.28 

Total 19 477.20 25.12  100.00 

 

Table 9: ANOVA for hardness  

Factor DOF SS MS F P 

Gas Flow Rate (kgm/s) 4 17080 4270.0 27.05988663 71.82 

Arc Current (Amp) 4 3492 873.0 5.532384317 14.68 

Electrode extension (mm) 4 2105 526.3 3.334956754 8.85 

Error  7 1104.587 157.8  4.64 

Total 19 23781.59 1251.7  100.00 

 

However, the current results diverge from some prior 

research that emphasized arc current or wire feed rate 

as the primary influences, likely due to differences in 

base material, process parameters, or experimental 

design [34]. Overall, both FCAW and MIG welding 

show that optimizing gas flow rate is essential for 

achieving high-quality welds in AISI 1045 steel, with 

gas flow rate emerging as the dominant factor for 

hardness and tensile strength, while electrode 

extension is particularly important for impact strength 

in FCAW.

Table 10: ANOVA for UTS 

Factor DOF SS MS F P 

Gas Flow Rate (kgm/s) 4 283228.00 70807.00 39.62 77.55 

Arc Current (Amp) 4 40964.00 10241.00 5.73 11.22 

Electrode extension (mm) 4 28520.00 7130.00 3.99 7.81 

Error  7 12509.65 1787.09  3.43 

Total 19 365221.65 19222.19  100.00 

 

Table 11: ANOVA for Impact strength 

Factor DOF SS MS F P 

Gas Flow Rate (kgm/s) 4 69.27        17.32  21.04   36.99  

Arc Current (Amp) 4 56.83        14.21  17.26  30.35  

Electrode extension (mm) 4    55.40        13.85  16.82  29.58  

Error  7    5.76          0.82    3.08  

Total 19 187.26          9.86   100.00 

 

3.3.2 Grey relational analysis 

The results of the Grey Relational Analysis (GRA) 

applied to the experimental performance data are 

detailed in Tables 12–14 where the response values 

were normalized and converted into comparable 

sequences. Table 12 presents the Grey Relational 

Generation (GRG) values derived from the signal-to-

noise ratios, Table 13 provides the Grey Relational 

Coefficients (GRC) and Grey Relational Grades. The 

resulting factor effects for FCAW and MIGW are 
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summarized in Tables 13 and 14, while Figures 5 and 

6 display the main effect plots that reveal the optimal 

multi-response conditions for FCAW and MIGW, 

respectively. 

 

Table 12: Results of grey relational generation for the two welding process 

Seq. 

FCAW MIGW 

GRG for 

Hardness 
GRG for 

UTS 
GRG for 

Impact 

energy 
GRG for 

Hardness 
GRG for 

UTS 

GRG for 

Impact 

energy 

Xo 1.000 1.000 1.000 1.000 1.000 1.000 

1 0.918 0.940 0.629 0.673 0.826 1.000 

2 0.741 0.732 0.582 0.441 0.650 0.034 
3 0.478 0.496 1.000 0.911 0.965 0.425 

4 0.945 1.000 0.567 0.787 0.881 0.867 

5 0.872 0.896 0.432 0.830 0.885 0.528 

6 0.864 0.877 0.779 0.869 0.940 0.425 

7 0.000 0.000 0.474 0.411 0.695 0.511 

8 0.919 0.977 0.427 0.915 0.947 0.432 

9 0.895 0.846 0.426 0.291 0.555 0.063 
10 0.457 0.482 0.000 0.000 0.000 0.278 

11 0.916 0.891 0.297 1.000 1.000 0.628 

12 0.914 0.889 0.616 0.959 0.978 0.725 

13 0.755 0.690 0.411 0.932 0.978 0.578 

14 0.622 

0.872 

0.582 

0.915 

0.629 

0.076 

0.910 

0.843 

0.961 0.357 

15 0.918 0.809 

16 0.505 0.448 0.284 0.876 0.942 0.000 

17 0.985 0.959 0.641 0.887 0.957 0.044 

18 0.753 0.633 0.530 0.964 0.979 0.479 
19 1.000 0.969 0.539 0.795 0.864 0.578 

20 0.920 0.919 0.128 0.857 0.905 0.754 

 

Table 13: Results of grey relational coefficient and grades for the two welding processes 

FCAW MIGW 

Seq GRC for 

Hardness 

GRC 

for 

UTS 

GRC for 

Impact 

energy 

GR-

Grade  

GR-

Grade 

Rank 

GRC for 

Hardness 

GRC 

for 

UTS 

GRC for 

Impact 

energy 

GR-

Grade 

GR-

Grade 

Rank 

1 0.859 0.893 0.574 0.776 4 0.605 0.742 1.000 0.782 5 

2 0.659 0.651 0.545 0.618 11 0.472 0.588 0.341 0.467 14 

3 0.489 0.498 1.000 0.663 17 0.849 0.935 0.465 0.750 19 

4 0.900 1.000 0.536 0.812 2 0.701 0.807 0.790 0.766 6 

5 0.796 0.828 0.468 0.697 7 0.746 0.814 0.514 0.691 20 

6 0.786 0.803 0.694 0.761 5 0.793 0.893 0.465 0.717 3 

7 0.333 0.333 0.487 0.385 19 0.459 0.621 0.506 0.529 18 

8 0.861 0.957 0.466 0.761 5 0.855 0.904 0.468 0.742 15 

9 0.827 0.765 0.465 0.686 16 0.414 0.529 0.348 0.430 16 

10 0.479 0.491 0.333 0.435 20 0.333 0.333 0.409 0.359 17 

11 0.857 0.820 0.415 0.697 7 1.000 1.000 0.573 0.858 1 

12 0.853 0.819 0.566 0.746 8 0.924 0.958 0.645 0.842 2 

13 0.671 0.618 0.459 0.582 10 0.880 0.958 0.542 0.793 8 

14 0.570 0.545 0.574 0.563 12 0.847 0.928 0.437 0.738 9 

15 0.796 0.855 0.351 0.667 9 0.761 0.860 0.724 0.782 5 

16 0.503 0.475 0.411 0.463 13 0.802 0.895 0.333 0.677 10 

17 0.971 0.925 0.582 0.826 3 0.815 0.921 0.343 0.693 11 

18 0.669 0.577 0.515 0.587 14 0.932 0.960 0.490 0.794 12 

19 1.000 0.942 0.520 0.821 1 0.710 0.786 0.542 0.679 13 

20 0.862 0.860 0.364 0.696 18 0.777 0.840 0.670 0.762 7 
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 Table 14: Resulting factor effects for FCAW and MIGW 

Level Gas Flow Rate (kgm/s) Arc Current (Amp) Electrode extension (mm) 

 FCAW MIGW FCAW MIGW FCAW MIGW 

 1 0.6857 0.4302 0.6975 0.8578 0.5825 0.7933 

 2 0.6300 0.6880 0.7130 0.6644 0.7171 0.6913 
 3 0.6648 0.7619 0.6325 0.6707 0.6623 0.6877 

 4 0.7381 0.6732 0.6551 0.6967 0.6510 0.6699 

 5 0.4346 0.3586 0.7457 0.8425 0.5627 0.7375 

 

 
Figure 3: Main effect plots for GRA of FCAW 

 

The highest value of Grey relational grade for FCAW 

and MIGW are 0.826 (run 17) and 0.858 (run 11). 

Adedipe et al. [20] have revealed that higher Grey 

relational grade was desired to achieve optimal 

performance. The data obtained from GR-Grade was 

used to obtain the resulting factor effects for FCAW 

and MIGW presented in Table 14. The values in bold 

represent the optimal levels of experimental factors. 

 

 
Figure 4: Main effect plots for GRA of MIGW 

 

3.4  Microstructure of Weldment 

The SEM images of the tensile test fractured surfaces 

for the GRA-optimized FCAW and MIGW samples 

(Figures 5, at 100 μm scales) revealed distinct 

microstructural characteristics that directly influence 

their mechanical properties. In the FCAW weldment 

(Figure 5a), the finer grain structure, uniform grain 

distribution, and evidence of phase transformations 

(ferrite and austenite) indicate a refined 

microstructure. Grain refinement is critical because 

smaller grains increase the grain boundary area [35], 

which impedes dislocation movement and enhances 

strength and toughness this explains the higher tensile 

and yield strengths typically observed in FCAW 

welds compared to MIGW. However, the presence of 

inclusions or slag-related features, though not 

compromising structural integrity, can act as stress 

concentrators and may slightly reduce ductility and 

fatigue resistance [35]. 

 

In contrast, the MIGW weldment (Figure 5b) exhibits 

a smoother surface finish and fewer inclusions due to 

the protective gas shielding, which minimizes 

oxidation and impurity entrapment. This cleaner 

microstructure contributes to improved ductility and 

elongation, making MIGW welds more suitable for 

applications requiring higher toughness and aesthetic 

quality. The finer grain structure in MIGW also 

enhances mechanical properties, but the lower 

inclusion content means fewer potential sites for 

crack initiation, resulting in better overall reliability 

and fatigue performance. 

 

 
Figure 5: Microstructure of GRA-optimised (a) 

FCA (b) MIG weldment at 100 µm scale 

 

Overall, the optimization of welding parameters in 

both processes has led to desirable microstructural 

features grain refinement and minimized defects 
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which are directly responsible for the observed 

improvements in mechanical properties. Grain 

refinement increases strength and toughness, while 

the reduction of inclusions and porosity ensures 

higher ductility and fatigue resistance. These findings 

confirm that both FCAW and MIGW, when 

optimized, produce weldments with robust 

mechanical performance suitable for demanding 

engineering applications. 

 

4.0  CONCLUSIONS 

This study optimized Metal Inert Gas (MIG) and Flux 

Cored Arc (FCA) welding parameters for AISI 1045 

alloy steel, a medium-carbon steel widely used for its 

strength and toughness. From the results obtained, the 

following conclusion can be drawn; 

 

i. XRF identified the material as galvanized 

medium-carbon steel (0.376% C, 22–25% Fe), 

while XRD analysis revealed a crystalline 

structure with characteristic peaks indicating 

crystal size and defects. 

 

ii. Mechanical tests showed FCAW and MIGW 

welds varied in hardness, UTS, and impact 

strength, improving with grain refinement and 

moderate gas flow; however, UTS remained 

below base metal, despite high joint efficiency. 

 

iii. Optimal welding parameters for FCAW were 

4.6 kgm/s GFR, 73.2 A, 28 mm EE (hardness) 

and 10 kgm/s, 73.2 A, 26 mm EE (UTS); for 

MIGW, 8 kgm/s, 73.2 A, 24.6 mm EE (hardness 

& UTS) and 6 kgm/s, 106.8 A, 26 mm EE 

(impact strength). 

 

iv. ANOVA showed gas flow rate most influenced 

hardness and UTS in both processes; electrode 

extension mainly affected FCAW impact 

strength; errors were under 5%. 

 

v. Microstructure analysis confirmed grain 

refinement and phase changes in both welds; 

MIG welds had smoother surfaces and fewer 

inclusions; no porosity or cracks were observed, 

highlighting the role of parameter optimization. 
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