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Abstract: Orbital TIG welding is widely applied to weld pipes to pipes in many fields, such as food, 

chemical, oil, gas, and transportation. Optimizing welding parameters such as voltage, current, and 

travel speed is critical to achieve a good quality weld. This study investigates the impacts of orbital 

welding parameters and filler wire diameters on the tensile strength of 304 stainless steel pipes. The 

304 stainless steel pipe has an outer diameter of 76 mm and a thickness of 2 mm. Filler wire is used 

with the workpiece and is available in three diameters of 0.8 mm, 1 mm, and 1.2 mm; wire feed 

speed from 3.8 mm/s to 5.6 mm/s; current from 90 A to 110 A; travel speed is fixed at 5.5 mm/s. The 

highest tensile strength of 562 Mpa is achieved with the heat input of 0.32 KJ/mm and wire feed 

speed of 3.8 mm/s. In addition, the best parameters via the Taguchi method were found. The 

parameters’ influence trends on the weld quality were also revealed. 

Keywords: filler wire speed; heat input; tensile strength; microstructure 

 

1. Introduction 

TIG welding is an arc welding process with a non-melting electrode [1]. TIG welding with the 

welding head to make a circular motion around the arc weld is called orbital welding, as shown in 

Figure 1. Orbital TIG welding is widely used in industries to weld pipes to transport materials such 

as oil, gas, and other liquids [2‒5]. Therefore, the strength of the orbital welding pipes is critical to 

prevent them from leaking under high pressure [6‒9]. There will be numerous risks to the public and 

environment if weld quality control is not ensured [10]. 
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Figure 1. The principle of orbital TIG welding. 

Heat input plays a critical role in forming welding joints during the welding process. A suitable 

heat input parameter will give the weld complete penetration [11‒14]. If the heat input is too high, it 

will cause the weld to overheat, burn, and poor quality [15]. In reverse, if it is low, the base metals 

will not be molten enough, leading to the poor penetration depth of the weld joints. The heat input 

depends on the welding curring, voltage, and travel speed. Besides, many welding parameters could 

influence the quality of orbital TIG welding joints. For instance, wire feed speed and filler wire 

diameter affect the weld’s heat input and formation process. Therefore, many authors have tried to 

optimize these factors to improve the orbital TIG welding quality. Singh et al. [16], for instance, 

applied both simulation and experiment investigations to study the orbital welding process of AISI 

316L stainless steel. They surveyed the impact of welding current, welding speed, and standoff 

distance via the L-9 orthogonal array via the Taguchi method. The optimal input parameters for 

tensile strength are a welding current of 40 A, welding speed of 1.08 mm/s, and standoff distance of 

1.6 mm. Using the Taguchi optimization method, Baskoro et al. [17] examined the orbital pipe 

welding process of SS316L steel. By changing the welding parameters, they focused on the tensile 

strength, distortion, bead width, ovality, and tapers. The results revealed that at a welding current of 

114.7 A, the tensile strength could reach 661.4 Mpa with a low distortion level. 

Interestingly, Mengistie et al. [18] also optimized the orbital welding process of AISI 1020 steel 

pipe by using an artificial neural network and genetic algorithm. The authors tried to improve the 

welding joints’ tensile strength and Rockwell hardness. The greatest ultimate tensile strength (UTS) 

that could be attained is 411.2 Mpa, with a hardness of 95 HRB by using the parameters set of welding 

current of 110 A, welding voltage of 24 V, travel speed of 300 mm/min, and arc length of 3 mm. These 

experimental results are close to the optimization result, pointing out the advance of the artificial 

neural network and genetic algorithm methods. Widyianto et al. [19] reported the impacts of welding 

current and sequence on the mechanical characteristics, microhardness, and distortion of the orbital 

pipe welding of SS316L steel. The results indicate a 51% decline compared to the original base metal. 

Moreover, increasing the welding sequence leads to a reduction in the microhardness of the welding 

bead. 

However, the above studies have not mentioned the influence of the filler wire diameters on the 

weld despite the fact that it could strongly affect the welding quality. This study will evaluate the 

weld quality with different welding currents, welding voltages, travel speeds, and welding wire sizes 

in the orbital welding process of SUS304 steel pipe. The welding joints are conducted through the 

tensile test and observed by a metallurgical microscope. The results could illuminate the orbital 

welding process, especially with SUS304 pipe. 
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2. Experimental Material and Method 

2.1. Experimental Material 

The material used in this study is grade SUS 304 stainless steel, following standard ASTM 

A276/A276M [20], with an outer diameter of 76 mm and a thickness of 2 mm. The filler wire used in 

this study is the same type as the workpiece. The nominal chemical composition of SUS 304 steel is 

shown in Table 1. 

Table 1. Nominal composition of SUS304 austenitic stainless steel [20]. 

Grade C Mn Si P S Cr Ni N 

SUS 304 ≤0.07 ≤2.00 ≤0.75 ≤0.045 ≤0.030 17.5 ‒ 19.5 8.0 ‒ 10.5 ≤0.10 

2.2. Experimental Method 

The tubes are cut into pieces with a length of 100 mm and tacked together with a total length of 

200 mm. The type of welding head equipment is open arc welding, the wire feed type is continuous 

filler wire. The type of metal transfer is controlled under touching transfer. The electrode is a thorium 

electrode of type EWTh-2 with a diameter of 2.4 mm and a tip electrode angle of 45°. The shielding 

gas is argon with a gas flow rate of 12 LPM (liter per minute). 

After some initial tests to survey the welding process, the Taguchi method is used to design 

parameters with an L9 matrix, three factors that is filler wire diameter (Dw), current (I), and filler wire 

speed (Vf), are examined with three levels, as presented in Table 2. 

Table 2. Levels and factors of experimental parameters. 

Levels 
Factors 

Dw (mm) I (A) Vf (mm/s) 

Low 1 0.8 90 3.8 

Medium 2 1.0 100 4.5 

High 3 1.2 110 5.6 

The heat input value is calculated according to formula (1) [21]: 

HI = η ×
U(𝑉) ×  I (A)

 Vs (mm/s)
 (1) 

where HI is heat input (J/mm), and η is the weld thermal efficiency, which often is 0.6 for the GTAW 

method, U is arc voltage (V), Vs is travel speed (mm/s) and I is current (A). 

Besides, other welding parameters are fixed, such as a voltage of 20 V, an arc length of 2 mm, a 

travel speed of 5.5 mm/s, a cup diameter of 9 mm, and shielding gas Argon with a flow rate of 12 

LPM. The Taguchi design table and HI values are shown in Table 3. 

Table 3. Experimental parameters according to Taguchi design and the calculated HI values. 

No Dw (mm) I (A) Vf (mm/s) HI (KJ/mm) 

S1 0.8 90 3.8 0.26 

S2 0.8 100 4.5 0.29 

S3 0.8 110 5.6 0.32 

S4 1.0 90 4.5 0.26 

S5 1.0 100 5.6 0.29 

S6 1.0 110 3.8 0.32 

S7 1.2 90 5.6 0.26 

S8 1.2 100 3.8 0.29 

S9 1.2 110 4.5 0.32 
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After welding, the samples are tested by a visual assessment according to AWS D18.1 [22]. The 

welding samples are also experienced and a tensile test according to ISO 6892-1 [23]. The tensile test 

shape is presented in Figure 2; the test position is selected following the ASME IX standard [24]. 

Finally, the microstructures of the samples are also observed after cutting, molding, grinding, 

polishing, and etching, as shown in Figure 3. 

 

Figure 2. Dimension of the tensile testing sample (unit: mm). 

 

Figure 3. Flow chart to prepare microstructure sample. 

3. Results and Discussion 

3.1. Visual Test Results 

Table 4 shows the geometry of welds, while the assessment according to the AWS D18.1 

standard is presented in Table 5. The passed sample numbers are S3‒S7 and S9. On the other hand, 

sample numbers S1, S2, and S8 failed the AWS D18.1 standard because they failed to meet the weld 

height criterion. The height of these samples is already 0.3 mm higher than the criteria. In addition, 

sample S2 has a weld joint width greater than 4.0 mm, which can not meet the requirements. Table 4 

also shows that sample S2 has a dark gray color and has much porosity on the weld surface, indicating 

poor quality. The reasons for the failed S1 and S2 samples could be the small filler wire diameter of 

0.8 mm and low HI value of 0.26 KJ/mm. The low HI could reduce the penetration depth, leading to 

low welding quality [25]. 

The small filler especially causes the concentration of the molten metal, leading to a poor weld 

bead contribution. In reverse, other samples, such as S4‒S9, with larger filler wire diameters, have 

the better weld bead as the heat contribution is better. Samples S4, S5, and S6 have a filler wire 

diameter of 1mm for a more even welding and finer metal wavelengths. Samples S7, S8, and S9 with 

a filler wire diameter of 1.2 mm, the appearance image shows the smoothest and most uniform metal 

wavelength. 
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Table 4. The geometry of the outside of the weld. 

 S1 S2 S3 S4 S5 S6 S7 S8 S9 Marking Position 

1 

         

 

2 

3 

4 

5 

6 

7 

8 

Table 5. Visual assessment according to AWS D18.1 standard. 

Samples 

Critical Positions 

(A) 

Max. Misalignment 

(B) 

Max. Concavity 

(C) 

Max. Convenxity 

(D) 

Min. Face width 

S1 P F P P 

S2 P F F P 

S3 P P P P 

S4 P P P P 

S5 P P P P 

S6 P P P P 

S7 P P P P 

S8 P F P P 

S9 P P P P 

Note:  “F”: Failed; “P”: Passed 

3.2. Tension Test Results 

The tensile test results are presented in Table 6. The results indicate that the UTS values range 

from 72 Mpa to 562 Mpa. The lowest UTS value is 72 Mpa, which is the UTS of the S1 sample. This 

low value is the “failed” result in visual assignment according to AWS D18.1 standard, as shown in 

Table 5. On the contrary, sample S6 reaches the highest UTS value of 562 Mpa, greatly higher than 

the other samples. The relationships between HI and Dw on Utensile strength are illustrated in Figure 

4. The average UTS values are 137 Mpa, 251 Mpa, and 334 Mpa, corresponding to the HI values of 

0.26 KJ/mm, 0.29 KJ/mm, and 0.32 KJ/mm. The reason for this phenomenon is that the higher HI leads 

to a better melting rate of the base metal. Therefore, the penetration depth is higher. This once again 

demonstrates that HI plays a crucial role in increasing the depth of penetration of the weld. The 

higher penetration depth leads to a better UTS value of the weld joints [26]. Moreover, the average 

UTS of welds using Dw of 0.8mm, 1mm, and 1.2mm are 237 Mpa, 321 Mpa, and 162 Mpa, respectively. 
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Therefore, high UTS values are usually found in samples with HI of 0.29 KJ/mm and 0.32 KJ/mm and 

Dw of 0.8 mm and 1 mm. Specifically, the highest UTS value at HI of 0.29 KJ/mm is 385 Mpa with Dw 

of 0.8mm, and 562 MPa is the highest UTS value at HI of 0.32 KJ/mm with Dw of 1 mm. The results of 

this study also indicate that Dw of 1.2mm seems unsuitable for the HI values and base material 

thickness surveyed. Increasing the filler diameter can significantly impact the final weld quality. For 

example, the larger filler diameter could lead to a higher deposition rate, which means more materials 

are deposited. Moreover, a larger filler diameter can increase the HI rate that transfers to the base 

metal. Filler diameter also can impact the penetration depth and weld bead geometry, in which the 

larger filler diameters might provide deeper penetration and a wider bead. With a suitable HI of 0.32 

KJ/mm, the tensile strength reaches its highest value of 562 Mpa when using the filler diameter of 1.0 

mm, indicating 1.0 mm is the suitable diameter selection. However, the UTS value needs further 

analysis via the Taguchi method. In addition, other factors, such as wire feed speed, also impact the 

welding strength. 

Table 6. Average tensile strength results. 

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9 

UTS (Mpa) 72 385 255 206 196 562 132 172 184 

 

Figure 4. The relationship between HI and Dw on Ultimate Tensile Strength. 

Figure 5 shows the relationship between HI and Vf on tensile strength. From 0.26 KJ/mm to 0.29 

KJ/mm, increases in the wire feed speed led to an improvement in the UTS value of the weld. 

However, at 0.32 KJ/mm, only a 5.6 mm/s case has an improvement trend. The other wire feeding 

speed has declined. In other words, the HI rate and wire feeding feed strongly impact the tensile 

strength of the orbital 304 steel pipe [25‒27]. The results will be further investigated via the Taguchi 

method. 
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Figure 5. The relationship between HI and Vf on tensile strength. 

Figure 6 demonstrates the relationship between Dw and Vf on tensile strength. The average UTS 

values are 237.3 Mpa, 321.3 Mpa, and 162.7 Mpa, corresponding to the Dw of 0.8 mm, 1.0 mm, and 1.2 

mm. An increase in the Dw value from 0.8 mm to 1.0 mm leads to a rise in the tensile strength. 

However, increasing the Dw further to 1.2 mm results in a reduction in the UTS value. The low UTS 

value of the weld joint could be the filling wire diameter melting rate. This means that a larger 

diameter and a higher wire feeding Sspeed could result in a poorer melting rate, and therefore, the 

penetration depth is lower [28‒30]. Dw of 0.8 mm and 1.0 mm is generally better than Dw of 1.2 mm. 

 

Figure 6. The relationship between Dw and Vf on tensile strength. 
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3.3. Microstructure 

The overview microstructure of all samples is presented in Table 7. According to Figure 6 and 

Table 7, the samples with an HI of 0.26 KJ/mm are not fully penetrated. Therefore, it is also the cause 

of the low UTS of the samples in this group. In addition, observing samples with an HI of 0.29 KJ/mm, 

samples S5 and S8 were not fully penetration, but sample S2 was. The appearance of the S2 shows a 

dark gray color and lots of porosity on the surface, and the micrograph shows that the internal 

structure is also porous. The prediction is that this sample is overheated. The reason is that the contact 

surface between the two pipes has not been carefully cleaned, and the gas flow adjustment of the 

backing gas and gas entering the welding head is not careful, leading to more gas for backing gas and 

reducing the amount of gas for the welding head. For samples with an HI of 0.32 KJ/mm, there is a 

complete penetration in the S6 sample, and two samples, S3 and S9, are not fully penetration. Observe 

the parameters of these three models, S3 and S9 cs, and the maximum wire feed speed. 

Table 7. Overview microstructure image. 

HI=0.26 (KJ/mm) HI=0.29 (KJ/mm) HI=0.32 (KJ/mm) 

Dw = 0.8mm 

   

S1 
D=1.0 W=3.0 

S2 
D=2 W=4.6 

S3 
D=0.76 W=2.8 

Vf =3.8 UTS=72 Vf =4.5 UTS=385 Vf =5.6 UTS=255 

Dw = 1mm 

   
S4 D=1.4 W=3.3 S5 D=0.8 W=3 S6 D=2 W=3.8 

Vf =4.5 UTS=206 Vf =5.6 UTS=196 Vf =3.8 UTS=562 

Dw = 1.2mm 

   
S7 D=0.8 W=3.5 S8 D=0.7 W=2.9 S9 D=0.72 W=3.5 

Vf =5.6 UTS=132 Vf =3.8 UTS=172 Vf =4.5 UTS=184 

Note 

D: Depth of weld (mm) 

W: Width of weld (mm) 

Vf: Wire feeding speed 

(mm/s) 

UTS: Ultimate Tensile  

Strength (Mpa) 

HI: Heat Input (KJ/mm) 

 

According to Chen et al. [31], the diameter of the molten metal bridge (ds) depends on the filler 

wire speed (Vf) and the metal transfer period (T) from the filler metal to the pool weld with the 

formula: 
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ds(mm) = Vf(mm/s) × T(s)  (2) 

When Vf increases, the period and the metal supply will decrease. This phenomenon also makes 

the filler metals more inclined to penetrate the arc center before they are melted, which takes away 

the heat of the weld pool and prevents the arc from reaching the weld pool. In Figure 6, samples with 

a Dw of 1.2 mm are not fully penetrated but possess an extensive breadth. The problem occurs when 

the models S7 and S9 with the largest Vf give a large width while the Vf of S8 is the smallest for a 

smaller width. The metal transfer period of S8 is the largest of the three samples so that the metal 

width will be more significant. The microscopic observation sampling location selection has the start 

or end of the metal transfer period, where the weld size is usually smaller. Possessing the largest Dw 

also increases the arc resistance and heat removal of the weld pool of these models. Samples with Dw 

of 0.8 mm and 1 mm have a smaller Dw, but when combined with different Vf and HI levels, the 

quality of the weld is also affected. Only sample S6 combines maximum HI, minimum Vf, and average 

Dw, providing the best UTS. For more proof that S2 is overheating, the microstructure is further 

investigated in the following figure. 

Observing the microstructure of samples S7, S8, and S9, there is a significant misalignment 

between the weld root and the gap of the two pipe ends. The possible cause is the use of an unsuitable 

diameter of filler wire for the pipe thickness and HI that leads to heat loss in the weld pool, which 

significantly reduces weld penetration. As a result, the UTS of these samples is below 200 Mpa, which 

is lower than the UTS of sample S3 at 255 Mpa, despite having nearly the same penetration depth but 

the weld root in S3 is less misaligned compared to S7, S8, and S9. Similarly, the S1 weld also exhibited 

misalignment and low penetration, resulting in the lowest UTS value of 72 Mpa. As for sample S4, 

due to misalignment during tack welding and the formation of a large gap, its penetration was also 

low, with a UTS of 206 Mpa. These findings highlight the importance of selecting an appropriate filler 

wire for HI, as it directly impacts weld penetration, tensile strength, and the overall quality of the 

weld. 

Figure 7 shows the optical micrograph showing the microstructure of the weld zone and fusion 

zone of samples S2 and S6. The analysis at larger magnification with samples S2 and S6 is conducted 

because these two samples are entirely penetrating. In S2 sample, there are interdendrite structures 

with coarse grain size, leading to the decrease of UTS value of 385 Mpa. On the contrary, the 

interdendrite structures in sample S6 are much finer, leading to a better UTS value of 562 Mpa. This 

result is consistent with the report of Kumar et al. [32], which also reveals the impact of interdendrite 

structure size on the UTS of the weld joints. Because the HI of sample S6 is higher than that of sample 

S2, as shown in Table 3. Moreover, sample S6 was filled with a wire diameter of 1mm at a Vf of 

3.8mm/s, whereas the wire diameter used in sample S2 was 0.8mm with a Vf of 4.5mm/s. These results 

indicate that although sample S6 had a higher HI, the larger diameter wire and slower wire feed 

speed compared to sample S2 caused the solidification rate of the S6 weld to be faster. Consequently, 

the microstructure of sample S6 was finer, and the fusion zone was smaller and more compact than 

that of sample S2. These results indicate that changing the filler wire diameter significantly affects 

HI, as it absorbs heat to melt and deposit metal into the weld pool. This adjustment can help balance 

HI, preventing excessive penetration, distortion, or oxidation in stainless steel. 
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Figure 7. Optical micrograph showing the microstructure of the weld zone and fusion zone of samples S2 and 

S6. 

3.4. Taguchi Analysis 

Based on the Taguchi analysis method and Minitab software, the results presented by the 

Taguchi method are shown in Tables 8 and 9 and Figure 8. 

Table 8. Response Table for Signal to Noise Ratios (more prominent is better). 

Level Dw (mm) I (A) Vf (mm/s) 

1 45.66 41.95 45.62 

2 49.04 47.42 47.76 

3 44.14 49.47 45.46 

Delta 4.90 7.53 2.30 

Rank 2 1 3 
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Figure 8. SN ratio for larger tensile strength is better. 

Table 9. The best parameters are obtained from the Taguchi method of analysis. 

Dw (mm) I (A) Vf (mm/s) HI (KJ/mm) 

1 110 4.5 0.32 

Table 8 displays the response table for the Signal to Noise ratio. The welding current has the 

highest impact rank, followed by the wire feeding diameter. The welding speed ranks in the lowest 

position. The direct impact of the welding current on the HI value could explain the high-ranking 

effect of the welding current on the tensile strength. The optimal results in Figure 8 are presented in 

Table 9: Dw of 1.0 mm, welding current of 110 A, and welding speed of 4.5 mm/s, with the 

corresponding HI of these parameters of 0.32 KJ/mm. The predicted tensile strength from these 

parameters is 432.4 Mpa, which is lower than the highest UTS value of 562 Mpa. 

4. Conclusions 

This study investigates the influences of orbital welding parameters such as voltage, current, 

travel speed, and filler wire diameters on the tensile strength of 304 steel pipes. The results show that 

the best sample has a UTS value of 562 MPa with Vf of 3.8 mm/s, HI 0.32 KJ/mm and Dw 1 mm. 

Moreover, high tensile values are obtained at HI levels of 0.32 KJ/mm, Vf from 3.8 mm/s to 4.5 mm/s, 

and Dw from 0.8 mm to 1 mm. When HI increases, the tensile strength increases. However, if HI rises 

too high, the weld will overheat, and the tensile strength will decrease. With an HI value of 0.32 

KJ/mm or less, it is unsuitable for the 1.2 mm filler wire diameter to create a good welding joint. The 

welding current has the highest impact rank, followed by the wire feeding diameter. The welding 

speed ranks in the lowest position compared to other parameters. The direct impact of the welding 

current on the HI value could explain the high-ranking effect of the welding current on the tensile 

strength. The optimal results are Dw of 1.0 mm, welding current of 110 A, and welding speed of 4.5 

mm/s, corresponding to a predicted tensile strength of 432.4 Mpa. 
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