

  metals-12-01691




metals-12-01691







Metals 2022, 12(10), 1691; doi:10.3390/met12101691




Article



Study on the Application of the GTAW Process in Strengthening the Welding Quality of Short Duplex Stainless Pipe



Ming-Che Lin, Chia-Chieh Cheng and Ching-Chien Huang *[image: Orcid]





Department of Mechanical Engineering, National Kaohsiung University of Science and Technology, Kaohsiung 80778, Taiwan









*



Correspondence: huangcc@nkust.edu.tw







Academic Editor: Antonio Riveiro



Received: 5 August 2022 / Accepted: 8 October 2022 / Published: 10 October 2022



Abstract

:

This study focuses on the results of the welding process when the Taguchi method is added to the design of experimental welding parameters when creating the welding procedure for gas tungsten arc welding (GTAW) by ASME Code for duplex stainless steel (UNS31803). A Vickers hardness tester is employed to collect and convert the tensile strength data for each test piece (weld bead, base material, and heat-affected area). A ferritic rate meter can quickly determine the ferric contents, which affect corrosion resistance and susceptibility to cracking. The test data are entered into the Taguchi technique to analyze the influence of each component on the welding quality. The L9 (34) orthogonal table is used to design the parameters for the experiment. We fixed the same shielding gas and flow rate. Backing gas at root, workpiece clamping angle, heat input, and interlayer temperature are employed as control factors for the four essential variables of the GTAW process. The ideal set of quality analysis and optimization parameters can be found. The welding parameters could be used to improve the welding quality of thin and short duplex stainless steel pipe fittings during argon welding.
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1. Introduction


The industry is facing enormous pressure from international net-zero emissions requirements. According to data from the Ministry of Economic Affairs, offshore wind power will provide 19.8 billion kWh of electricity in 2025, reducing carbon dioxide emissions by 10.47 million tons [1]. Compared with coastal wind turbines, offshore wind turbines are installed offshore, and the equipment structure needs to be more vital to withstand external forces such as sea wind erosion and ocean currents.



However, because part of the weight and volume of the underwater structure of the offshore wind turbine is quite large, it is mainly completed by “welding” between steels. Welding is often the preferred processing method in the industry because of its simple operation and rapid connection of materials [1]. Because the heat is concentrated in the local area of the welded part during the welding process, the heat source is rapidly heated and locally cooled on the base metal, causing rapid microstructural changes in the molten metal in the weld bead and heat-affected zone and at the same time generating thermal strain and thermal stress. Therefore, the actual operation process will affect the uniformity of welding quality, so the research on the optimization process of welding has attracted many researchers to invest in it [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Singh et al. [5] studied the thermal efficiency and penetration depth of inert tungsten arc welding; their study was conducted for the analysis of AISI 304L stainless steel. The welding method selected was GTAW, and the test part was compared with the actual welding condition and numerical simulation software. Firstly, a three-dimensional finite element model was established. The parameters selected in the welding process were input into the simulation software for analysis, and the maximum melting efficiency of 44% was calculated based on the isovolume method [4]. The investigations of Pujari et al. [6] revealed that the weld joint’s geometry significantly influences the welding channel’s mechanical properties, so the Taguchi method was used to analyze AA 7075-T6 aluminum alloy, and the welding method selected was GTAW. The experimental parameters were partially set as the following six parameters: peak current, primary current, frequency, pulse on time, gas flow rate, and welding speed. In this study, the specimens were verified by radiographic inspection (NDT). It was found that there were no cracks in the inner part of the welding channel, and the porosity was very low, so it was confirmed that choosing the appropriate parameters for GTAW welding could effectively improve the welding quality [5].



At high temperatures, the metallographic structure of duplex stainless steel is 100% ferrite. The austenite will not develop in time, leaving an excessive amount of ferrite iron structure after cooling down if the heat input during welding is minimal and the heat-affected zone cools down too soon. Even an adequate austenite structure can be achieved, this will lead to the growth of fertile iron grains in the heat-affected zone and the development of dangerous intermetallic phases, which would embrittle the welded joint. The most straightforward technique to avoid the problem mentioned above is to manage the welding’s heat input and the temperature at which the bead layers pass through each other—achieving a great mix of high tensile strength, toughness, and strong corrosion resistance in the final product after welding.



In this paper, the authors are interested in investigating the welding quality of the typical GTAW process on the offshore wind power site. We fixed the same shielding gas and flow rate to understand the influences of the different kinds of backing gas at the root, workpiece clamping angle, heat input, and interlayer temperature for welding quality. Since we are considering a practical welding process in which these variables are not expected to undergo significant variation, we fixed the same shielding gas and flow rate in the GTAW process. Furthermore, for simplified analysis, the ferrite iron’s hardness and percentage (weld bead, base metal, and heat-affected zone) of the welded test piece are measured using a ferritic rate meter and the Vickers hardness tester using the Taguchi method. The measurement data are imported together with the two test data into the Taguchi approach using the UNS S31803 duplex stainless steel to analyze the contributions of each piece to the welding quality.




2. Experimental Design


The Taguchi method [16] can effectively increase product quality with small amounts of experimental data, and was used to simplify the experiment design using an orthogonal array and the signal-to-noise (S/N) ratio representing product quality or manufacturing process stability. The S/N ratio measures the proportion of meaningful signals (Psignal) to meaningless noises (Pnoise) in communication quality. A higher S/N ratio represents better production quality. The equation reads as follows [17]:


  S / N = 10    log     P  s i g n a l      P  n o i s e      



(1)







Statistical mean square deviation (MSD), converted into S/N ratio in signal processing, is calculated using the formula as follows [17]:


  S / N = − 10 log   M S D    



(2)







The S/N ratio can distinguish between the Larger-The-Better (LTB), Smaller-The-Better (STB), and Nominal-The-Best (NTB) quality levels. In this study, to explore the influence of different welding parameters on the target value of the desired hardness, the formula of LTB is calculated as follows [17]:


  S / N = − 10 log    1 n    ∑   i = 1  n   1   y i 2       



(3)







The target value of the percentage of ferrite iron, the formula of NTB, is calculated as follows [17]:


  S / N = 10 log       y ¯  2     S 2       



(4)




where y denotes measurable response statistic,   y ¯   represents the sample mean, and s2 is the sample variance of n units. The Taguchi method’s parameter design will first use the L8 orthogonal table to identify four crucial factors and two levels for factor testing to confirm each factor’s contribution; then, the L9 orthogonal table will be used to identify four factors and three levels of the orthogonal table for precise experiments. In the experiment, UNS31803 duplex stainless steel was used as the base material, the welding method was the GTAW process, and ER2209 stainless steel welding rods were used as the welding consumables. S31803 duplex stainless steel is a hollow stainless steel thin round tube assembly of ø33.4 (mm) × t3.38 (mm) × L50 (mm), welded with S31803 solid rod for duplex stainless, ASME AWS SFA-5.9 ER2209 × ψ2.4 (mm). The welding method uses the GTAW process and ER2209 stainless steel electrodes as the consumable rod. The chemical composition requirements of the UNS S31803 base metal and ER2209 filler are shown in Table 1 and Table 2. The actual welding process is shown in Figure 1.



Following the essential variables of ASME section IX code, after evaluation and analysis, the factors of welding quality engineering were selected as the control factors, i.e., (1) backing gas at root, (2) workpiece clamping angle (o), (3) heat input (A), and (4) interlayer temperature (°C), etc. Each factor was analyzed with Taguchi’s direct table experiment using three levels, as shown in Table 3.




3. Results and Discussion


After the experimental plan completes the welding test piece, the workpiece’s weld bead’s outside and interior will be examined. The metallographic structure of the weld bead, base metal, heat-affected zone (HAZ), and hardness data is helpful for subsequent data analysis using the Taguchi method. Sandpaper is used to remove the surface-attached oxides and oil stains from the test piece’s inspection points. The surface of the weld bead, the heat-affected zone’s surface, and the test piece’s base metal is measured next using the ferritic rate meter. the percentage of ferrite iron (called α-Fe content) on the surface is found, followed by taking the average of five measurements in the same spot. To get the correct measurement value when using the ferritic rate meter, the measuring rod needs to be kept perpendicular to the measuring surface, as demonstrated in Figure 2. We give the data and S/N ratio calculated by Equation (4) in Table 4.



To collect and convert the tensile strength data for each test piece, a Vickers hardness tester is also employed in Figure 3. The same test piece was used to analyze the hardness values of welded specimens (welding bead, base material, and heat affected area). We follow the ASTM A370 [16] and ASTM E140 [17,18] specifications and convert the approximate tensile strength, as shown in Table 5.



The Taguchi method is used to analyze the characteristics of α-Fe content in the welding specimen, and the variance analysis is performed through the analysis software. Then the contribution of each factor is calculated. The higher the degree of contribution, the greater is the degree of change in the analysis results. The degree of contribution is the proportion of the sum of squares (SS) of each factor to the total sum of squares, and the contribution of each factor in this test is shown in Table 6.



The same Taguchi method was used to analyze the Vickers hardness values of welded specimens, and the analysis software was used to analyze the variance and calculate the contribution of each factor. Then, the contribution of each factor is calculated, and the contribution of each factor of Vickers hardness in this study is shown in Table 7.



The size of the difference between the values of the experimental S/N ratio was ranked to compare the difference between the maximum value and the minimum value. The smaller factor ranking indicates the more significant difference in effect, and also represents the higher the importance, as shown in Table 8. Next, the impact of the experiments on the S/N ratio is shown in Figure 4, from which it can be seen that the experimental factor levels of the α-Fe content of UNS31803 duplex stainless steel in the L9 direct cross table are A2, B3, C3, and D1, respectively.



The difference between the numerical values of the S/N ratio of each experiment is also sorted, and the difference between the maximum value and the minimum value is compared. The smaller the factor ranking, the more significant is the difference in effect and the higher the importance, as shown in Table 9. Next, the experiment’s impact on the S/N ratio is shown in Figure 5, from which it can be seen that the Vickers hardness experiment factor levels of UNS31803 stainless steel in the L9 direct cross table are A3, B2, C2, and D1, respectively.




4. Conclusions


After analyzing the results and verifying the results of this study using the UNS S31803 duplex stainless steel, the following conclusions were obtained:




	
In this study, we performed gas tungsten arc welding under the same environmental conditions to optimize the quality of Vickers hardness and the quality of α-Fe content. We tested the combinations using the Taguchi method of direct cross-tabulation, and analyzed them to find a better combination of control factor levels.



	
The data were obtained from the welding test by arranging the combinations in Taguchi’s direct cross-tabulation table. After compiling them, Taguchi analyzed each control factor’s data. The combination of A3, B2, C2, and D1 (backing gas with argon gas, workpiece clamping angle 90°, current 65 A, and interlayer temperature 100 °C) with the α-Fe content of 57.00% and tensile strength of 1453 MPa is the stable combination with the better Vickers hardness quality.
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Figure 1. Actual welding diagram of GTAW process for duplex stainless steel pipe. 
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Figure 2. Percentage detection of the test piece with a ferritic rate meter. 
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Figure 3. Vickers hardness values of welded specimens. 
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Figure 4. S/N ratio factor response graph of α-Fe content of UNS31803 duplex stainless steel in L9 direct cross table. 
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Figure 5. S/N ratio factor response graph of Vickers hardness test of UNS31803 duplex stainless in L9 direct cross table. 
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Table 1. S31803 chemical composition requirements (%).






Table 1. S31803 chemical composition requirements (%).





	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni





	0.03
	1
	2
	0.03
	0.02
	21–23
	2.5–3.5
	4.5–6.5
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Table 2. ER2209 filler chemical composition requirements (%).






Table 2. ER2209 filler chemical composition requirements (%).





	C
	Si
	Mn
	Cu
	Cr
	Mo
	N
	Ni





	0.02
	0.41
	1.4
	0.04
	23
	3.18
	0.151
	8.7
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Table 3. Taguchi direct cross-tabulation table control factor and three levels comparison table.
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	Factor
	Experimental Parameters
	Level 1
	Level 2
	Level 3





	A
	Backing gas at root
	Through Air
	No airflow
	Argon



	B
	Workpiece clamping angle
	Horizontal (0°)
	Vertical (90°)
	45°



	C
	Heat intake
	Electric current 60A
	Electric current 65A
	Electric current 70A



	D
	Temperature between layers
	100 °C
	120 °C
	150 °C
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Table 4. The percentage of ferrite iron measured in the duplex stainless steel material.
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	A
	B
	C
	D
	Weld Bead
	HAZ
	Base Metal
	    y ¯    
	S/N





	1
	1
	1
	1
	1
	55.95
	47.98
	63.66
	55.86
	−17.89



	2
	1
	2
	2
	2
	56.55
	48.58
	65.10
	56.74
	−18.34



	3
	1
	3
	3
	3
	57.03
	48.95
	64.49
	56.82
	−17.81



	4
	2
	1
	2
	3
	58.74
	47.07
	62.57
	56.13
	−18.14



	5
	2
	2
	3
	1
	57.55
	47.99
	62.64
	56.06
	−17.43



	6
	2
	3
	1
	2
	56.61
	47.83
	62.57
	55.67
	−17.40



	7
	3
	1
	3
	2
	56.42
	48.87
	65.84
	57.04
	−18.59



	8
	3
	2
	1
	3
	57.32
	48.82
	66.86
	57.67
	−19.11



	9
	3
	3
	2
	1
	55.34
	48.99
	65.18
	56.50
	−18.23
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Table 5. Vickers hardness values were measured in the duplex stainless steel material. Unit: MPa.
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	Test Piece Number
	Weld Bead
	HAZ
	Base Metal





	1
	930
	1025
	785



	2
	950
	1055
	825



	3
	930
	1000
	880



	4
	980
	1055
	880



	5
	980
	1080
	785



	6
	950
	1025
	860



	7
	980
	1080
	785



	8
	1000
	1055
	860



	9
	950
	1025
	840
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Table 6. Analysis of variation and contribution of α-Fe content of UNS31803 Duplex stainless steel.
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	Factor
	Degree of Freedom
	SS
	MS
	Contribution





	A
	2
	1.49640
	0.74820
	62.29%



	B
	2
	0.38984
	0.19492
	16.23%



	C
	2
	0.13368
	0.06683
	5.56%



	D
	2
	0.38245
	0.19123
	15.92%



	Total
	8
	2.40236
	
	100%
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Table 7. Variation and contribution analysis of Vickers Hardness of UNS31803 duplex stainless steel.
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	Factor
	Degree of Freedom
	SS
	MS
	Contribution





	A
	2
	0.73508
	0.36754
	44.86%



	B
	2
	0.18452
	0.09226
	11.26%



	C
	2
	0.27242
	0.13620
	16.62%



	D
	2
	0.44673
	0.22336
	27.26%



	Total
	8
	1.63875
	
	100%
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Table 8. S/N ratio factor response table of α-Fe content of UNS31803 duplex stainless steel in L9 direct cross table.
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A

	
B

	
C

	
D




	
Back Ventilation

	
Work Clamping Angle

	
Current

	
Interlayer Temperature






	
Level 1

	
−18.01

	
−18.21

	
−18.13

	
−17.85




	
Level 2

	
−17.66

	
−18.29

	
−18.24

	
−18.11




	
Level 3

	
−18.64

	
−17.81

	
−17.94

	
−18.35




	
Effect

	
0.99

	
0.48

	
0.29

	
0.50




	
Rank

	
1

	
3

	
4

	
2
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Table 9. S/N ratio factor response table of Vickers hardness value test experiment of UNS31803 duplex stainless steel in L9 direct cross table.
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A

	
B

	
C

	
D




	
Back Ventilation

	
Work Clamping Angle

	
Current

	
Interlayer Temperature






	
Level 1

	
62.06

	
62.02

	
62.15

	
62.34




	
Level 2

	
61.73

	
62.27

	
62.24

	
62.08




	
Level 3

	
62.43

	
61.93

	
61.83

	
61.79




	
Effect

	
0.70

	
0.34

	
0.41

	
0.55




	
Rank

	
1

	
4

	
3

	
2
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