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Abstract

:

The influence of welding angle, welding current, travel speed, pulse time, and torch height on the geometry, macrostructure, and mechanical properties of Tungsten Inert Gas (TIG) orbital welding on an SUS 304 stainless steel pipe is investigated in this study. The results show that an electrode angle of 45° produces better weld joints than angles of 30°, 60°, 90°, and 120°. Furthermore, the electrode angle of 30° results in an acceptable weld width but a low depth of penetration (DOP) value. Welding current and weld speed have a significant impact on heat dispersion during TIG welding of an SUS 304 stainless steel pipe. The high welding current may result in blow-hole flaws, particularly near the conclusion of the welding process when heat is accumulated. A long torch height of 2 mm causes unevenness in the weld joints because the arc may be distorted when compared to shorter torch height cases. The pulse time of 0.2 s is too lengthy for a low-welding current situation because it will generate a small weld pool. As a result, the weld pool solidification process speeds up, and porosity emerges in the weld bead. A pulse time of 0.1 s results in a better weld joint. To avoid blow-hole creation, the welding current should be gradually reduced during the process. In addition, the Taguchi results demonstrate that the welding current has the greatest effect on the ultimate tensile strength (UTS) value, followed by welding speed, pulse time, electrode angle, and torch height. Furthermore, the ideal parameters for the UTS value are an electrode angle of 45°, a torch height of 2.0 mm, a welding current of 174 A, a welding speed of 72 mm/min, and a pulse time of 0.3 s.
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1. Introduction


Tungsten Inert Gas (TIG) welding or Gas Tungsten Arc Welding (GTAW) are arc welding technologies in which the electrode does not melt and the welding process is conducted in an inert gas condition [1,2,3]. TIG welding is broadly applied in high alloy steels, stainless steel, and non-ferrous alloys. In particular, the TIG welding technique is also preferred in orbital welding for pipes in food and bio-medical industries [4,5,6]. The pipe’s quality requires high-quality welding to prevent it from leaking, because pipes leaking could lead to contamination, decreased productivity, and toxic dispersal [7,8,9]. Moreover, cleanliness in a condition of no oxidation of the surface of the stainless-steel tubes after welding is also a critical requirement. Therefore, forming gas is very important and affects the cleanliness and depth of penetration (DOP).



Orbital welding is the process of pipe welding in which the welding electrode is rotated around the pipe, and it melts the pipe substrate by the arc to create a welded joint [10,11]. The orbital welding process could be set up automatically; therefore, the welding defects are limited, and the welded joint quality is enhanced. Orbital welding could be modified to fit a specific application. For example, Figueirôa et al. [12] investigated the impact of welding position and parameter in orbital TIG welding of SAE 1020 steel pipe. The results indicated that implementing a pulsed current lead to better welding beads with higher strength and hardness, a wider shape, and a finer microstructure. Li et al. [13] developed a method to monitor and control the welding penetration by analyzing the development of the weld pool. The monitor and control system were successfully applied to create smooth and consistent weld beads. E Silva et al. [14] reported that the TopTIG technique of the GTAW method possesses the advantages of simplicity in operation and trajectory programming. Interestingly, Górka et al. [15] studied the orbital TIG welding of titanium tubes with titanium-clad steel. The research pointed out that the preparation of weld joints could reduce welding defects.



Orbital welding is widely applied to weld stainless steel pipes. For instance, Lothongkum et al. [16] investigated the orbital welding of 316 L steel plates. They proved that increasing the welding speed leads to an improvement in the pulse current. Moreover, increasing the welding speed to more than 6 mm/s gives rise to the formation of slag. In addition, Riffel et al. [17] welded an SUS 304 L stainless steel pipe automatically at a speed of 500 mm/min under the monitor of high-dynamic-range videography. The welded joint was successfully formed without any porosity, discontinuities, or lack of fusion. Kumar et al. [18] increased the penetration depth of the SUS 304 stainless steel pipe by mixing a hybrid flux with SiO2, Al2O3, and TiO2. The hybrid flux also improves the surface quality of the weld bead. Moreover, Niagaj et al. [19] investigated the orbital welding of the SUS 304 stainless steel pipe with a closed welding head. This report indicated that increasing the welding current and the welding speed could increase the penetration quality. However, increasing the welding current and the welding speed gives rise to the formation of defects at positions of 9 h and 12 h. Pradhan et al. [20] conducted both simulation and experiment research to optimize the orbital welding parameter of SUS 304 stainless steel. The authors proved that using ANSYS software could predict reliable responses with minimum errors. Moreover, the report also showed that the most important factors that strongly affect the weld temperature are the current and welding speed. Notably, Engelhard et al. [21] researched the residual welding stress in austenitic stainless steel pipes. The report indicated that to limit the residual stress, the pipe substrate should have a low carbon content of less than 0.03%, and the Nb: C should be greater than 13. Before welding, the pipes should avoid high levels of cold-working, hardening, and tensile residual stress. Additionally, during the welding process, the heat input should be applied at a uniform and low rate to avoid the formation of residual stress. Vänskä et al. [22] applied laser fiber to weld the SUS 304 stainless steel pipes. The tube welding could be formed at a high productivity rate due to the strong laser heat input. Furthermore, the weld bead has a high level of weld width and some oxidation spots on the surface. The bead surface, therefore, should experience a post-processing of pickling to remove the oxidation spots. Baskoro et al. [23] studied the orbital welding process of AISI 304 L stainless steel pipe by optimizing it with the ANOVA and Taguchi methods. During the welding process, the weld bead is created without using additional material. The study indicated that increasing the welding current results in a higher level of weld width and DOP; however, the ultimate tensile strength (UTS) value would be reduced. The influence of the welding sequence and welding current on distortion, mechanical properties, and metallurgical observations in orbital pipe welding with an SS 316 L pipe square butt joints is discussed in Widyianto et al.’s [24] study. The findings demonstrate that with a welding current of 120 A, maximum axial distortion, transverse distortion, ovality, and taper occurred with four sequences of 445 µm, 300 µm, 195 µm, and 275 µm, respectively. The orbital welding process on stainless steel AISI 316 L with various process parameters was investigated experimentally and through finite element simulation by Singh et al. [25]. For temperature distribution during orbital welding, the best input parameters are 40A current, 0.72 mm/s welding speed, and 1.8 mm standoff distance. Elmer et al. [26] studied the impact of sulfur concentration on weld penetration in orbital tube welds of austenitic stainless steel. The weld process specification must precisely describe the sulfur limitations for a particular weld in order to minimize variation in orbital tube junction penetration. Dak et al. [27] studied the microstructure, mechanical characteristics, and residual stresses of a dissimilar welded junction made of martensitic P92 and austenitic AISI 304 L stainless steel. The findings revealed that post-weld heat treatment reduced both circumferential and axial welding residual stresses. Kagay et al. [28] investigated the effects of hydrogen on the fatigue life of welded austenitic stainless steels using hole-drilled tubular specimens. Internal hydrogen reduction decreased both the total fatigue life and the fatigue crack start life of the non-welded and welded tubes. Aliha et al. [29] reported the properties of aluminum cylinders made through orbital friction stir welding. In both the “L” and “T” directions, the friction stir welding samples’ values for fracture energy and resistance to crack propagation are higher than those of the base aluminum material.



The effects of welding parameters, like the welding angle, welding current, travel speed, pulse time, and torch height, on the geometry, microstructure, and mechanical properties of TIG orbital welding on the steel pipe, however, have not been thoroughly studied and require further discussion. In the case of an SUS 304 stainless steel pipe with a small thickness in particular, the welding parameters must be carefully controlled to avoid grooves or blow-holes. Moreover, optimizing the welding parameters is critical for achieving high-quality weld joints. This study researches the influences of welding parameters, such as welding angle, welding current, travel speed, pulse time, and torch height, on the geometry, macrostructure, and mechanical properties of the TIG orbital welding on the SUS 304 stainless steel pipe. The manufacturing process is optimized using the Taguchi method. The results could be applied to improve the welding quality of TIG orbital welding on the SUS 304 stainless steel pipe.




2. Experimental Methods


The pipe’s material is SUS 304 stainless steel with nominal compositions; it has a diameter of 76 mm, a thickness of 1.5 mm, a length of 100 mm, and a tensile strength of 500 MPa. The chemical composition of the SUS 304 stainless steel pipes is presented in Table 1. Before orbital welding, the pipes are fixed to ensure that the slit between them is less than 0.075 mm. The pipes are welded at different electrode angles, welding currents, welding speeds, pulse times, and torch heights, as shown in Table 2. The electrode angle is selected in a range of 30°–120°, the torch height is 1.0–2.0 mm, the welding current is 92 A–174 A, the welding speed is 72 mm/min–216 mm/min, and the pulse time is 0.1 s–0.3 s. The TIG process uses the pulsed arc welding method. The welding current in Table 2 is the peak current, and the base welding current is set at 50% of the value of the peak current. The welding machine used the Direct Current Electrode Negative (DCEN) method, in which the electrode is the negative pole and the workpiece is the positive pole of the welding arc. The shielding gas is pure Argon with a flow rate of 10 L/min.



The welded pipe is tested according to ASME IX standards by selecting the weak positions of 12 a.m. and 6 p.m., as shown in Figure 1a. The tensile test sample is machined following the ASME standard, as presented in Figure 1b. The experimental equipments are presented in Figure 2. This research uses the welding machine JASIC TIG 250A, Weldcom – Jasic company, Shenzhen, China with a welding control panel system. Before welding, the welding sample is fixed to the automatic welding fixture. The electrode angle is modified using an electrode grinding machine and checked with an angled fixture. The sample macrostructure is observed using the metallurgical microscope Oxion OX.2153-PLM EUROMEX, Euromex Microscopen bv, Arnhem, The Netherlands. The tensile test is conducted using the SANS model CHT4106, Shenzhen SANS Testing Machine Co., Ltd., Shenzhen, China tensile test machine. The weld width is evaluated according to the ASME IX standard, as shown in Table 3. In this study, with a thickness of 1.5 mm, the weld width should be equal to or greater than 4.5 mm. Moreover, the DOP value should be not less than 0.9 t, or 1.35 mm, according to ASME PBE standards. After welding, the pipe is cut and machined to a tensile test shape and a macrostructure test shape, as shown in Figure 1c, d. Before observing the macrostructure on a microscope, the sample is cut, molded, ground, polished, and etched with HCl and HNO3 solution.




3. Results and Discussion


3.1. Geometry, Macrostructure, and Tensile Test


The welded samples are tested via geometry measurement, macrostructure test, and tensile test. Figure 3 presents the geometry, macrostructure, and tensile test results of a typical TIG sample of sample 7. Figure 3a shows that the weld bead is successfully formed and has a good appearance. Moreover, Figure 3b indicates three zones of the welding sample: the welded zone, the heat-affected zone, and the based substrate zone. The macrostructure of the sample presents an austenite matrix phase [21]. The stress–strain diagram of sample 7 is shown in Figure 3c. The UTS value of sample 7 is 597 MPa, which is greater than the original pipe. This sample is classified as a passed case. The results of the other samples are presented in Table 4.



Table 4 shows the weld width, penetration depth, and ultimate tensile strength of the orbital weld SUS 304 samples. In group A, with an electrode angle of 30°, the UTS values are 296 MPa, 334 MPa, 421 MPa, 481 MPa, and 618 MPa, corresponding to samples 1, 2, 3, 4, and 5. Sample 5 only has a good UTS value of 618 MPa, which is higher than the value of the original pipe (500 MPa). Other samples have lower UTS values due to the DOP values being insufficient. Moreover, the presence of the weld seams in samples 1, 2, and 3 also contributes to the reduction of the UTS value compared to the original pipe, as shown in Figure 4. In other words, with the parameters of samples 1, 2, and 3, the pipes are not molten well; as the welding current and the torch height are not enough, the DOP value is not sufficient. Moreover, sample 4 has better DOP than samples 1, 2, and 3, with a DOP value of 950 µm, which is also lower than the standard value of 1350 µm. Furthermore, the weld widths of sample 1 and sample 2 are also not sufficient. Combined with the low DOP values, the UTS values of samples 1 and 2 are relatively low. Sample 3 and sample 4, with better weld width, present higher rates of UTS value. Because the low welding current leads to a reduction in the energy capacity, while the low torch height results in a narrow molten weld bead [18], in summary, the low electrode angle of 30° requires high levels of torch height and welding current to form a good weld bead.



In group B, with an electrode angle of 45°, the UTS values are 500 MPa, 597 MPa, 326 MPa, 629 MPa, and 617 MPa, corresponding to samples 6, 7, 8, 9, and 10. Interestingly, only sample 8 has a failed result in the UTS value, which is only 326 MPa. In sample 8, despite the welding current being high enough, the increased travel speed value of 216 mm/min and the low pulse time of 0.1 s led to a decline in the weld heat input [16]. Moreover, Figure 5 shows that the DOP of sample 8 is only 0.35 mm, which is very low compared to the standard value of 1.35 mm. Furthermore, sample 6 only obtains a UTS value of 500 MPa, which is not higher than that of the original pipe. The reason for this phenomenon is the low torch height of 1 mm of sample 6, which leads to a low value of weld width as the heat could not diffuse further. Samples 7, 9, and 10 have good UTS values. However, sample 10 has a low DOP value of 0.96 mm, which is lower than the required standard of 1.35 mm. In sample 10, because of the high torch height of 2 mm, the DOP value is insufficient as the heat input is scattered in a broad area. In general, samples 7 and 9 passed the quality evaluation.



In group C, with an electrode angle of 60°, the UTS values of samples 11, 12, 13, 14, and 15 are 323 MPa, 403 MPa, 554 MPa, 459 MPa, and 154 MPa. Only sample 13 has a good UTS value of 554 MPa. Sample 13 has good geometry with a high weld width and DOP values, as shown in Figure 6. On the contrary, sample 11, with a groove in the weld bed, leads to a strong reduction in the UTS value, which is only 323 MPa. Furthermore, samples 12, 14, and 15, with low values of weld width and DOP, do not obtain sufficient UTS values. Sample 15, especially, only gains a UTS value of 154, which is very low. The reason could be the high rate of the torch height and the low rate of the pulse time reduced to heat the input concentration; therefore, the weld width and the DOP values are very low compared to other samples in the group [16]. Generally, sample 13 passes the quality evaluation.



In group D, with an electrode angle of 90°, the UTS values of samples 16, 17, 18, 19, and 20 are 582 MPa, 403 MPa, 209 MPa, 240 MPa, and 536 MPa. Sample 16 and sample 20 have good UTS values of 582 MPa and 536 MPa, respectively, due to the high level of DOP, as shown in Figure 7. However, the DOP value of sample 16 is 3.85 mm, which is also not enough. Only sample 20 has a good DOP value of 5.78 mm. Other samples have low DOP values; therefore, the UTS values are lower than those of the original pipe. In particular, the low DOP values of samples 17, 18, and 19 result in a poor geometry of the welded bead, thus reducing the strength of the welded joints. With a torch height of 1.0 mm, the weld width of sample 16 is 3.83 mm, which is lower than sample 20. Because sample 20 has a longer torch height of 2 mm, the weld width could reach 5.78 mm. Finally, the groove in the surface of sample 20 is deeper, leading to a lower UTS value when compared to sample 16. In summary, at an electrode angle of 90° and a torch height of 2 mm, sample 20 passes the quality evaluation.



In group E, with an electrode angle of 120°, the UTS values of samples 21, 22, 23, 24, and 25 are 343 MPa, 53 MPa, 583 MPa, 345 MPa, and 458 MPa. Only sample 23 has good UTS values of 583 MPa. Samples 21, 22, 24, and 25 have low DOP values; therefore, the UTS values are smaller than 500 MPa. Notably, sample 22 has an extremely low DOP, leading to a minor UTS value of 53 MPa due to a big gap between two pipes, as shown in Figure 8. Moreover, the low welding current of sample 22 also leads to a low value of DOP [13]. In addition, sample 21 has a good weld width of 4.88 mm, but the DOP value is only 0.9 mm. Therefore, the UTS value of sample 21 is not sufficient. Generally, sample 23 passes the quality evaluation.



In summary, five samples pass the evaluation of weld width, DOP, and UTS value: samples 5, 7, 9, 13, 20, and 23, as shown in Table 5. Samples 3, 4, and 21 have good weld widths, but the DOP and UTS values fail. The reasons are the long pulse time (200 ms) combined with the high weld speed (180 mm/min); therefore, the distance between the weld pools is too far. The structure of the weld beads lacks continuity, leading to poor DOP and UTS values. The low electrode angle of 30° often results in a good weld width but a poor DOP value as the heat input scatters mostly in the sample surface.



In reverse, samples 6 and 16 achieve good DOP and UTS values, but the weld width is not sufficient. The main reason is the short length of the arc, which is only 1 mm, leading to the concentration of heat in a narrow area. Thus, the DOP value is good, but the weld width is poor. Furthermore, sample 10 passes the UTS evaluation, but the DOP and weld width values are not sufficient. The reason is that the DOP value of sample 10 is mostly close to the 3 t standard, and the groove on the sample surface has a positive value.



When considering the weld root, due to the formation of the weld bead, the full penetration depth could be lower than 1500 µm, which is the thickness of the tube. For example, sample 7 is fully penetrated, but the DOP values are only 1360 µm. This sample is not as good as other passed samples. On the other hand, sample 11 has a negative groove; therefore, despite the weld width and the DOP values being good, the UTS value fails. Moreover, some weld defects appear on the macrostructure of sample 11, thus reducing its tensile strength, as shown in Figure 5. Remarkably, group B with an electrode angle of 45° gains the highest rate of passed samples according to ASME IX in terms of the UTS value, with four passed samples. This phenomenon indicates the advantage of the electrode angle of 45°.




3.2. Taguchi Analyzed for UTS Value


The manufacturing process can be optimized using the Taguchi method [30,31,32]. Additionally, it supports experiments’ design, especially when several variables are taken into account. Minitab 20.3 version software, an L25 orthogonal array, five factors, and five levels are used in the analysis, as shown in Table 1. The response table for signal-to-noise ratios for the UTS value is presented in Table 6. The results show that the welding current has the strongest effect on the UTS value, followed by the welding speed, pulse time, electrode angle, and torch height. As shown in Figure 9, an increase in the welding current in the examined range leads to an increase in the UTS value. Moreover, Figure 9 indicates that the optimal parameters for the UTS value with the “larger is better” option are an electrode angle of 45°, a torch height of 2.0 mm, a welding current of 174 A, a welding speed of 72 mm/min, and a pulse time of 0.3 s. In the surveyed range, it appears to achieve the highest UTS value, as shown in Figure 9, with the highest point at 45° in the “electrode angle” section. Because the electrode angle has a direct impact on the width of the penetration, an electrode angle of 45° will result in a more cylindrical arc due to the decreased arc tension. In the surveyed range, it appears to achieve the highest UTS value, as shown in Figure 9, with the highest point at 45° in the “electrode angle” section. Because the electrode angle has a direct impact on the width of the penetration, an electrode angle of 45° will result in a more cylindrical arc due to the decreased arc tension.





4. Conclusions


In this study, the effects of the welding angle, welding current, travel speed, pulse time, and torch height are examined in relation to the geometry, macrostructure, and mechanical characteristics of TIG orbital welding on an SUS 304 stainless steel pipe. Some important points that could be mentioned are:




	-

	
The electrode angle of 45° achieves a higher rate of good welding joints than the angles of 30°, 60°, 90°, and 120° due to the suitable weld width in orbital welding of a thin SUS 304 stainless steel pipe. Moreover, the electrode angle of 30° has a good weld width but a low DOP value.




	-

	
The welding current and weld speed have a great impact on the distribution of the heat during the TIG welding of the SUS 304 stainless steel pipe. The high welding current could lead to blowholes as the pipe is molten, especially at the end of the welding process when the heat is accumulated.




	-

	
A long torch height of 2 mm results in an unevenness of the weld joints as the arc could be distorted compared to the shorter torch height cases.




	-

	
A pulse time of 0.2 is too long for a low-welding current case because it will form a small weld pool. Therefore, the weld pool solidification process is short, and porosity appears in the weld bead. A pulse time of 0.1 s creates a better weld joint. However, if the welding current is high and the welding speed is low, the pulse time needs to be higher to prevent the negative groove appearance.




	-

	
Taguchi’s results show that welding current has the strongest effect on the UTS value, followed by the welding speed, pulse time, electrode angle, and torch height. The optimal parameters for the UTS value with a larger or a better option are an electrode angle of 45°, a torch height of 2.0 mm, a welding current of 174 A, a welding speed of 72 mm/min, and a pulse time of 0.3 s.
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Figure 1. Sample shape according to ASME IX standard and sample preparation: (a) Positions for selecting tensile test sample according to ASME IX standard, (b) tensile test sample shape according to ASME IX standards, (c) machined tensile samples, and (d) macrostructure test samples. 
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Figure 2. Experimental equipment: (a) Welding machine JASIC TIG 250A, (b) welding control panel system, (c) automatic welding fixture, (d) electrode grinding machine with angled fixture, (e) metallurgical microscope Oxion OX.2153-PLM EUROMEX, and (f) SANS model CHT4106 tensile test machine. 
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Figure 3. Geometry, macrostructure, and stress–strain diagram of sample 7: (a) weld width, (b) macrostructure, and (c) stress–strain diagram. 
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Figure 4. Geometry and macrostructure of samples in group A: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, and (e) sample 5. 
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Figure 5. Geometry and macrostructure of samples in group B: (a) sample 6, (b) sample 7, (c) sample 8, (d) sample 9, and (e) sample 10. 
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Figure 6. Geometry and macrostructure of samples in group C: (a) sample 11, (b) sample 12, (c) sample 13, (d) sample 14, and (e) sample 15. 
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Figure 7. Geometry and macrostructure of samples in group D: (a) sample 16, (b) sample 17, (c) sample 18, (d) sample 19, and (e) sample 20. 
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Figure 8. Geometry and macrostructure of samples in group E: (a) sample 21, (b) sample 22, (c) sample 23, (d) sample 24, and (e) sample 25. 
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Figure 9. Main effects plot for SN ratios (larger is better). 
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Table 1. Chemical composition of SUS 304 steel pipes.
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	C
	Si
	Mn
	P
	S
	N
	Cr
	Ni





	0.07% max
	1% max
	2% max
	0.045% max
	0.015% max
	0.11% max
	17.5–19.5%
	8–10.5%










 





Table 2. Welding parameters of the TIG orbital welding process for 25 samples of SUS 304 steel pipes.
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Group

	
No.

	
Electrode Angle (°)

	
Torch Height (mm)

	
Welding Current (A)

	
Pulse Time (ms)

	
Welding Speed (mm × min−1)






	
A

	
1

	
30

	
1

	
92

	
100

	
72




	
2

	
30

	
1.25

	
112

	
150

	
108




	
3

	
30

	
1.5

	
133

	
200

	
144




	
4

	
30

	
1.75

	
152

	
250

	
180




	
5

	
30

	
2

	
174

	
300

	
216




	
B

	
6

	
45

	
1

	
112

	
250

	
144




	
7

	
45

	
1.25

	
133

	
300

	
180




	
8

	
45

	
1.5

	
152

	
100

	
216




	
9

	
45

	
1.75

	
174

	
150

	
72




	
10

	
45

	
2

	
92

	
200

	
108




	
C

	
11

	
60

	
1

	
133

	
150

	
216




	
12

	
60

	
1.25

	
152

	
200

	
72




	
13

	
60

	
1.5

	
174

	
250

	
108




	
14

	
60

	
1.75

	
92

	
300

	
144




	
15

	
60

	
2

	
112

	
100

	
180




	
D

	
16

	
90

	
1

	
152

	
300

	
108




	
17

	
90

	
1.25

	
174

	
100

	
144




	
18

	
90

	
1.5

	
92

	
150

	
180




	
19

	
90

	
1.75

	
112

	
200

	
216




	
20

	
90

	
2

	
133

	
250

	
72




	
E

	
21

	
120

	
1

	
174

	
200

	
180




	
22

	
120

	
1.25

	
92

	
250

	
216




	
23

	
120

	
1.5

	
112

	
300

	
72




	
24

	
120

	
1.75

	
133

	
100

	
108




	
25

	
120

	
2

	
152

	
150

	
144











 





Table 3. Evaluation standards of weld width according to ASME IX standard and DOP according to ASME BPE standard.
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Sample Thickness—t (mm)

	
Weld Width (mm)

	
DOP (mm)






	
<0.25

	
6 t

	
0.9 t




	
≥0.25 and <0.50

	
5 t




	
≥0.50 and <1.00

	
4 t




	
≥1.00 and <1.75

	
3 t




	
≥1.75 and <2.54

	
2.50 t




	
≥2.54 and <3.00

	
2.25 t




	
≥3.00 and <4.00

	
2 t




	
≥4.00

	
1.80 t











 





Table 4. Weld width, penetration depth, and ultimate tensile strength of the orbital weld SUS 304 samples.
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Group

	
No.

	
Weld Width (mm)

	
DOP (mm)

	
UTS (MPa)






	
A

	
1

	
2.72

	
0.60

	
296




	
2

	
3.63

	
0.74

	
334




	
3

	
4.67

	
0.70

	
421




	
4

	
4.99

	
0.95

	
481




	
5

	
5.28

	
1.50

	
618




	
B

	
6

	
4.04

	
1.43

	
500




	
7

	
4.55

	
1.36

	
597




	
8

	
2.84

	
0.35

	
326




	
9

	
6.90

	
1.50

	
629




	
10

	
4.32

	
0.96

	
617




	
C

	
11

	
5.54

	
1.40

	
323




	
12

	
3.77

	
0.53

	
403




	
13

	
6.72

	
1.50

	
554




	
14

	
3.61

	
0.8

	
459




	
15

	
2.22

	
0.25

	
154




	
D

	
16

	
3.83

	
1.50

	
582




	
17

	
3.73

	
0.71

	
403




	
18

	
2.71

	
0.45

	
209




	
19

	
3.57

	
0.62

	
240




	
20

	
5.78

	
1.38

	
536




	
E

	
21

	
4.88

	
0.90

	
343




	
22

	
2.41

	
0.23

	
53




	
23

	
4.79

	
1.50

	
583




	
24

	
3.44

	
0.58

	
345




	
25

	
3.89

	
0.64

	
458











 





Table 5. Summary of 6 passed samples among 25 samples of the orbital weld SUS 304 process.
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Group

	
No.

	
Electrode Angle (°)

	
Torch Height (mm)

	
Welding Current (A)

	
Welding Speed (mm/min)

	
Pulse Time (ms)

	
Results




	
Weld Width,

≥3 t

	
DOP,

≥0.9 t

	
UTS,

≥500 MPa






	
A

	
5

	
30

	
2

	
174
