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ABSTRACT 

 
Dissimilar metals welding using shielded metal arc welding (SMAW) has been 

widely used in various industries such as automotive, maritime, 

transportation, and offshore structures. In this work, the Taguchi approach 
was applied for improving the tensile strength of dissimilar welding between 

AISI 4340 steel and 304 Austenitic stainless steel. The effects of four welding 

factors: electrode type, welding current, joint type, and welding speed on the 
tensile strength were studied. The various factors were assigned to an L9 

orthogonal array, and analysis of variance (ANOVA) was utilized to determine 

a significant contributing factor. It was found that electrode type and current 
welding factors significantly affect tensile strength. The optimum condition 

parameters for tensile strength were achieved with an electrode type (E309), 

welding current (110 A), joint type (II), and welding speed (2 cm/min).  
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Introduction 
 
The dissimilar joint of carbon steel to stainless steel has a widespread 

application in numerous sectors, such as nuclear power plants, automotive, oil 

and gas, petrochemical, and petroleum. Steel with various grades is one of the 
most widely used materials in various industries, which is very much needed 
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for heavy construction in the industry. Integrating multiple types of steel in 
heavy construction in an industry is unavoidable. Stainless steel can be used to 

achieve the non-corrosive behaviour of a structure. However, using stainless 

steel in all fields is not cost-effective for the industry. Hence low alloy steels 
can be used in conditions where corrosion is not a significant consideration to 

achieve an optimal design. Dissimilar welding in the industry plays an 

essential role in improving performance capability, high-efficiency 
formability, and minimizing lost costs [1]-[4]. 

In welding dissimilar metals, the properties of three metals must be 

recognized: the two metals being joined, and the filler metal used to join them. 
Each metal has unique mechanical and physical qualities that necessitate 

different welding requirements. There may be occasions when optimal control 

for one metal is not desired for another. In this circumstance, a compromise is 
essential. This is one reason why the development of dissimilar metal welding 

processes generally necessitates more research than conventional comparable 

metal welding procedures. 
Dissimilar metal welding is an innovative method of joining two 

dissimilar metals with differing chemical compositions, melting temperatures, 

and thermal expansion coefficients [5]-[8]. Joining two dissimilar metals can 
be performed in various methods. Each welding method will have advantages 

and disadvantages over other processes. Dissimilar welded joints should have 

sufficient strength and ductility to prevent failure of the welded joint. 
The microstructural and mechanical properties of joints are 

significantly influenced by welding parameters such as the voltage, welding 

current, arc travel rate, number of passes, root gap, and polarity of the 
electrode, etc [9]- [10]. Furthermore, the filler material and electrode type used 

in the SMAW method will affect the weld quality [11]. The selection of an 

adequate filler wire is the most challenging aspect of dissimilar metal welding. 
Unsuitable filler wire selection can produce metallurgical issues such as 

liquidation cracking at heat affected zone, weld solidification cracking, and 

occurring undesired secondary phases [12]. 
Many researchers are studying the joining of different materials and 

trying to figure out the best welding methods, optimum welding conditions, 

and optimum mechanical properties of the dissimilar joint [9][13][14]. Some 
welding methods, such as gas metal arc welding (GMAW), gas tungsten arc 

welding (GTAW), submerged arc welding (SAW), fusion welding, pressure 

welding, diffusion welding, brazing, and soldering have been utilized to join 
dissimilar materials [11]. Shielded metal arc welding (SMAW) is a versatile 

welding method commonly recognized in the fabrication of various metals 

since it considerably increases the weldments' quality. 
AISI 4340 and stainless steel 304 have received much attention since 

they provide higher corrosion resistance and mechanical characteristics. AISI 

4340 steel is low-alloy steel with a medium carbon content recognized for its 
toughness and strength in large sections. AISI 4340 steel is categorized as 
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nickel-chromium-molybdenum steel [15]. The AISI 4340 steel has impact 
resistance as well as wear and abrasion resistance in hardened conditions. AISI 

4340 steel properties offer good ductility in the annealed condition, allowing 

it to be bent or formed. The 304 austenitic stainless steel is the most versatile 
and widely utilized. The former term 18/8 refers to the nominal composition 

of type 304, which is 18% chromium and 8% nickel. It has been applied widely 

in chemical manufacturing, pressure vessels, medical equipment, commercial 
kitchens, and food production. 304 austenitic stainless steel has excellent 

environmental corrosion resistance and different corrosive media. However, it 

is prone to corrosion caused by chloride solutions or saline environments like 
the sea. Pitting is corrosion triggered by chloride ions that can spread beneath 

protective chromium barriers and degrade internal structure. 

In conventional experimental methods analyses, industrial process 
variables were optimized by varying one variable while maintaining the other 

constantly. This procedure is expensive, time-consuming, and does not 

produce satisfactory results. the Taguchi method is a robust methodology that 
has been shown to improve the performance of manufacturing processes [16]-

[18]. Taguchi developed an orthogonal array matrix to design the experiments. 

This method uses an orthogonal array dependent on the number of levels and 
factors involved in the process. 

This research work investigates the contribution effects and 

optimization conditions of welding parameters, i.e., welding parameters, 
namely electrode type, welding current, joint type, and welding speed. The 

Taguchi method with L9 orthogonal array (OA) was applied to design the 

controllable parameters experiment and response variables. The optimal 
condition for maximizing tensile strength was pursued with the signal-to-noise 

(S/N) ratio value from the Taguchi method. Analysis of variance (ANOVA) 

statistically examined the significance level of each controllable parameter. 
Finally, the comparison process of the results from the experiment and 

measured values was prepared for confirmation and validation in this research 

work. 
 

 

Methodology  
 

The Taguchi method was chosen to determine the influence of the process 

parameters and the interaction between the process parameters and multi-
output response. The Taguchi method provides an efficient, structured, and 

reliable method for design, performance, quality, and cost optimization 

[17][19][20]. The significance of the process parameters on the output 
response was determined using ANOVA. In this work, parameter processes 

were designed to refer to an orthogonal array of L9, which consists of four 

welding parameters comprising electrode type (E308, E309, and E312), 
welding current (90, 100, and 110 A), joint type (V, II, and IV), and welding 
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speed (4, 2 and 1 cm/min) (Table 1). The experimental layout of nine 
experimental runs over three levels and four factors can be presented in Table 

2. 

 
Table 1: Factors and levels for the welding process 

 

Parameters Level 1 Level 2 Level 3 

Electrode type (A) E308 E309 E312 

Welding current (B) 90 100 110 
Joint type (C) V II VI 

Welding speed (D) 4 2 1 

 

304 austenitic stainless steel and AISI 4340 steel were chosen as the two 
steel grades for this study. The sample plates were machined into 162 × 110 

×10 mm dimensions. The joining process was conducted utilizing the SMAW 

method with various electrode types. Furthermore, universal testing machine 
type RAT-30P was used to analyze tensile strength.  

 

Table 2: Experimental layout and factors distribution of the orthogonal array  
 

Exp. 
No. 

Factor Experimental Value 

A B C D 
Electrode 

type  

Welding 

current 

(A) 

Joint 
type  

Welding 

speed 

(cm/min) 

1 1 1 1 1 E 308 90 V 4 
2 1 2 2 2 E 308 100 II 2 

3 1 3 3 3 E 308 110 VI 1 

4 2 1 2 3 E 309 90 II 1 
5 2 2 3 1 E 309 100 VI 4 

6 2 3 1 2 E 309 110 V 2 

7 3 1 3 2 E 312 90 VI 2 
8 3 2 1 3 E 312 100 V 1 

9 3 3 2 1 E 312 110 II 4 

 
The raw materials were properly cleaned to remove contamination such 

as rust, dust, oil, and moisture in order to avoid welding problems caused by 

contamination. For the tensile test, the specimens were machined from the 

weld plates refer to JIS Z 2201 standard. Figure 1 shows the schematic of the 

tensile specimen geometry. 
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Figure 1: The tensile specimen used in the present study according to JIS Z 

2201 standards 

 
where; 

D = Diameter or width across flats 

L = Gauge length 
P = Distance between grips 

size of specimen: 

L = 8.D 
P = L + 2D Approx. 

 

For hardness and metallography analysis, weld joint specimens were 
polished using the silicon carbide sandpaper sheets with various grit sizes from 

120 to 1200, then by final mechanical polishing with polishing paste. To 

display the microstructures at the specified zones of weldments, a mixture of 
2% Nital in alcohol at room temperature and 50% HCL in H2O for carbon 

steel and SS304, respectively. Optical investigations were carried out using 

STM6-LM measuring microscope Olympus. Hardness measurements have 
been carried out along the base metal area, heat affected zone, and fusion zone 

using type VKH-2E Vickers hardness test based on JIS B7725 as standard. To 

analyze changes in the welding joint microstructure after welding. 
Furthermore, X-Ray Diffraction (XRD) observations were performed using 

Rigaku MiniFlex 600 to determine the phases generated in fusion zone. 

 
 

Results and Discussion  
 
The tensile strength of the weld joint was measured through the tensile test 

referring to orthogonal array L9 with three replications. The tensile test results 

can be seen in Table 3. The output of the experimental value is used to obtain 
the combination of optimal parameters. Here the objective is to improve the 

tensile strength of dissimilar weld joints. Taguchi method with "the larger the 

better" is utilized to obtain an optimum condition of the welding process. From 
the response graphs illustrated in Figure 2 the highest yield of the tensile 

strength could be achieved at the combined settings of A2, B3, C2, and D2, 

i.e., electrode type of E309, welding current of 110 A, joint type of II, and 
welding speed of 2 cm/min. This combination of settings was not examined in 

the experiment, indicating that the orthogonal experiment may have 
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successfully identified the optimum factors in the multi-dimensional factor 
space. 

The relative significance of the factors was determined using the 

ANOVA approach. ANOVA is a data table showing the relative influences of 
factors and interactions in the columns of an orthogonal array. 

 

Table 3: Tensile strength of weld joint 
 

Ext. 
Factors 

Replication, tensile Strength (MPa) Average 
A B C D 

1 1 1 1 1 338,313 165,761 251,987 252,020 
2 1 2 2 2 186,481 193,172 174,614 184,756 

3 1 3 3 3 168,603 148,868 227,632 181,701 
4 2 1 2 3 293,858 485,364 353,864 377,695 

5 2 2 3 1 257,263 280,464 196,384 244,704 

6 2 3 1 2 446,192 543,439 461,360 483,664 
7 3 1 3 2 293,416 261,656 288,291 281,121 

8 3 2 1 3 836,877 214,764 362,812 471,484 

9 3 3 2 1 430,873 512,871 395,818 446,521 

 
 

 
 

Figure 2: Response graph of tensile strength against various factors 
 

The F-table utilized is the estimated point of the F distribution with the 

probability value (F0.05), where (F0.05; N1 = 2; N2 = 18) = 3.55. The 
ANOVA result shows that factor (D) is not significant enough to contribute to 

tensile strength because its F ratio is less than the F table. Furthermore, the 
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"pooling" procedure was carried out to minimize overestimation, as shown in 
Table 4.  

 

Table 4: ANOVA  
 

 
Pooling procedure revealed that factors A and B significantly improve 

the strength of the welded joint as shown by the much higher F ratio. The E309 

electrode has a high Cr concentration and a modest quantity of ferrite, which 
results in superior fracture resistance. The amount of composition and type of 

alloys such as chromium, manganese, and molybdenum contained in each 

electrode used has a significant influence on the mechanical properties of the 
welded joint, as shown in Figure 2. 

After establishing the optimum factor level, the confidence interval 

value for the mean under optimal conditions must be determined. The 
estimated optimum condition for the mean value for all data is y = 

296.9558407, and then the calculation is as follows: 

 

𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 𝑦̅ + (𝐴2̅̅̅̅ − 𝑦̅) + (𝐵3̅̅̅̅ − 𝑦̅) 
 

𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 442.3601593 
 

𝐶𝐼𝑚𝑒𝑎𝑛 = ±√𝐹𝛼;𝑣1;𝑣2 × 𝑀𝑆𝑒 × |
1

𝑛𝑒𝑓𝑓
| 

 

where: 

 

𝑛𝑒𝑓𝑓 =
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡

𝑠𝑢𝑚 𝑜𝑓 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑜𝑓 𝑚𝑒𝑎𝑛
 

 

Source Pooling SS DF F-ratio % Ratio F-table 

A  123776.86 2 8.30 28% 3.55 
B  107322.35 2 7.20 23% 3.55 
 Y  -  -  -  - - 
 Y  -  -  -  - - 
 Y  -  -  -  - - 

Pooled  163997.53 22 1 49%  

SSt  395096.74 26   100%  

Mean  2380934.83 1      

SStot 
 2776031.56 27      
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𝐶𝐼𝑚𝑒𝑎𝑛 = ±√𝐹𝛼;𝑣1;𝑣2 × 𝑀𝑆𝑒 × |
1

𝑛𝑒𝑓𝑓
| 

 

𝐶𝐼𝑚𝑒𝑎𝑛 = ±77.04503511 

 

The following is the result of the confidence interval obtained: 

𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 𝐶𝑙𝑚𝑒𝑎𝑛 ≤ 𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 ≤ 𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 + 𝐶𝑙𝑚𝑒𝑎𝑛 

 

365.315 ≤ 𝜇𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 ≤ 519.405 

 
The tensile strength value using optimum parameter; electrode type of 

E309, welding current of 110 A, II joint type, and welding speed of 2 cm/min 

was estimated in the range 365. 315 MPa and 519.405 MPa. In the fusion zone, 
there is an interaction between the composition of three types of materials: 

AISI 4340 steel, 304 austenitic stainless steel and filler. The heat flow strongly 

influences the phase transformation in the fusion zone and heat affected zone 
during welding. One of the parameters that affect the heat flow is the welding 

current. Generally, austenitic stainless steels with 5-10% δ-ferrite are 

significantly more resistant to solidification cracking than fully austenitic 
stainless steels [21]. Furthermore, when exposed to high temperatures (600-

850 °C), δ-ferrite can change to brittle σ-ferrite, affecting the mechanical 

properties of austenitic stainless steels unless the ferrite percentage is kept low. 
Referring to ANOVA, the parameters that contribute to tensile strength are the 

type of electrode and welding current. These two parameters play an important 

role in determining the formation of the phase, which determines the tensile 
strength produced. 

The weld hardness joint profile distribution using the E309 type 

through the Vickers method can be seen in Figure 2. Hardness value was 
examined on the heat-affected zone, fusion zone, and unaffected base metal 

zone of SS 304 and AISI 4340. 
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Figure 3: Hardness test profile on optimum parameter sample 

 

Figure 3 shows the hardness profile of the weld joint of SS 304 and AISI 
4340. Maximum hardness value was obtained on SS 304 zone (250.5 VHN) 

and minimum hardness value on AISI 4340 (187.7 VHN). The combination 

SS 304, AISI 43040, and E309 electrode composition on fusion zone were 
obtained hardness value on 225.9 VHN on the heat affected zone of AISI 4340, 

and there was an increase in hardness value compared to areas that were not 

exposed to heat. The increasing hardness value in this zone occurs due to grain 
refinement caused by the fast-cooling rate of heat input. However, the hardness 

value decreases on the SS 304 side due to the thermal cycle effect during 

welding. 
Brittle intermetallic phases are commonly seen in dissimilar welding, 

particularly involving stainless steel. In addition, steel phases have been 

discovered that can improve the weld joint strength or vice versa. These phases 
can occur due to thermal cycling, material composition, and filler utilized 

during welding. In terms of phase formation at the fusion zone, the Schaeffler 

diagram is widely used to predict phase formation in the fusion zone after 
welding [22][23]. The Schaeffler diagram is an essential tool for estimating the 

composition of austenitic Cr-Ni steel welds with carbon concentrations as low 

as 0.12%. All concentrations of composition are represented as a percentage 
of the total weight. Figure 4 shows the formation of phases prediction due to 

the interaction of the alloy composition used, which refers to the calculation 

of Nieq and Creq. 
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Figure 4: AISI 4340 steel and 304 austenitic stainless steel fusion zone 

prediction with E309 electrode 

 
Figure 4 shows phases prediction optimum parameter AISI 4340 steel 

and 304 austenitic stainless steel weld joint using E309. In this work, due to 

the square groove weld (weld joint type II) being an optimum parameter, the 
approximate dilution ratios are 20% and 80% for filler and base metal, 

respectively [21]. The Schaeffler diagram reveals that the utilization of the 

E309 electrode for welding AISI 4340 steel and 304 austenitic stainless steel 
exhibits austenite microstructure, as shown in Figure 4. The fusion zone with 

austenite microstructure in this condition tends to be prone to hot cracking. 

Low-melting eutectics, such as S and P, and alloy elements like Ti and Nb, 
produce hot cracking in stainless steel welds [24]. Ferrite number (FN) are 

based on magnetic measurement, which are possible because the body center 

cubic delta ferrite is ferromagnetic, while the face center cubic austenite is not. 
In this work, FN prediction was not valid to carried out due to the calculation 

of weld metal composition (Creq = 16.1 and Nieq = 16.2) falls outside the 

isoferrite line of DeLong diagram [25]. Position of weld metal composition 
can be seen on the Figure 5. 
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Figure 5: DeLong diagram for calculating ferrite number 

  

 
 

Figure 6: Epitaxial growth near the fusion boundary of SS 304 welded with 
AISI 4340 filler E309 

 

At the fusion line, three grains are visible in the base metal; all dendrites 
develop from each grain point in one direction, which differs from grain to 

grain. Epitaxial development near the fusion line may be seen in the welds in 

Figure 6. Epitaxial growth can also occur when the workpiece is composed of 
many phases, as shown in Figure 6. At the fusion line from the base metal to 

the weld metal, both austenite and ferrite grow epitaxially. The presence of 
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heat input during the welding process contributed significantly to grain size 
and phase formation in the fusion zone and HAZ. Some Widmanstätten ferrite 

structures was observed at HAZ. It is separated into two zones: the normalized 

zone, which has been heated to slightly over A3, and the overheated zone, 
which has been heated to much above A3 and up to the melting point of the 

material. The grain enlargement in the overheated zone is substantial, and the 

structure is partially Widmanstätten-oriented.  
 

 
 

Figure 7: XRD analysis of AISI 4340 and SS 304 weld joint 

 
Figure 7 shows the phase results in the fusion zone of AISI 4340 and 

SS 304. XRD results were investigated refer to Crystallography Open 
Database (COD). It can be seen that the red lines show the crystallization 

contained in the joint. The higher the intensity, the higher the crystallization. 

On the other hand, the lower the peak list, the lower the crystallization. The 
graph above shows the highest peak list, namely Fe2Si. The data shows the 

highest peak in the weld metal area, 44.45. In XRD observations, by detecting 

an angle of 2θ, the phase content is formed. It can be seen that at the highest 
intensity, 44.45 contains a gamma phase (γ -Fe). Several peak lists show the 

austenite phase at intensity 30.00, 44.45, and 75.00. The α -ferrite (α-Fe) phase 

is shown on the peak list with an intensity of 45.00 and 65.00.  
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Conclusion 
 

Using the Taguchi method, process parameter optimization improves the 

tensile strength of dissimilar welding of AISI 4340 and SS 304. The optimum 
condition parameters for tensile strength were obtained with an electrode type 

(E309), welding current (110 A), joint type (II), and welding speed (2 cm/min). 

ANOVA showed that electrode type and welding current play an essential role 
in improving tensile strength. The Schaeffler diagram reveals that the 

utilization of optimum welding parameters for AISI 4340 steel and 304 

austenitic stainless steel exhibits austenite microstructure.  
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