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Abstract

:

In this study, dissimilar material welding between Alloy617 and 12Cr steel was performed using the buttering welding technique on the 12Cr steel side in order to increase the weldability. After multi-pass welding, post weld heat treatment (PWHT) was performed in order to reduce the welding residual stresses, and metallurgical microstructures were observed on dissimilar material weld. Additionally, the corrosion fatigue crack growth characteristics of dissimilar material weld was assessed according to Fracture Mechanics. Based on the results, the fatigue and corrosion fatigue strength of dissimilar material weld between Alloy617 and 12Cr steel did not show a big difference prior to and after post weld heat treatment. Fatigue and corrosion fatigue crack growth of dissimilar material weld were slightly faster than those of similar material weld of Alloy617. However, the characteristics of fatigue and corrosion fatigue crack growth did not show a big difference prior to and after PWHT.
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1. Introduction


Presently, the development of green energy and the reduction of environmental pollutants are urgent concerns in thermal power plants. Thus far, many researchers have attempted to develop technologies to solve these problems [1,2]. As a part of these efforts, some advanced countries have developed the A-USC (advanced ultra-super critical) thermal power plant, which operates steam turbines at high temperatures above 700 °C and at pressures above 250 bar. It is known that when the main steam temperature rises by 10 °C, the overall power generation efficiency is estimated to increase by more than 0.5% [3,4,5,6]. Developing suitable materials in these extreme operating conditions is difficult but necessary. Among the materials developed so far, the nickel-based alloys designated as Alloy617, Alloy625, and Alloy740 are good candidates as appropriate materials due to their excellent material properties such as heat resistance, corrosion resistance, and so on [7,8,9]. However, it is necessary firstly to guarantee the mechanical reliability of the weld for applying these Ni-based alloys to facilities of A-USC thermal power plant.



In the case of steam turbines, at the low pressure and temperature stage, corrosion and corrosion fatigue are considered to be the major damage mechanisms. Therefore, 12Cr steel is also an advisable applicant on this part due to its excellent corrosion resistance property. Furthermore, prime cost of 12Cr steel is much lower than that of Alloy617 [10]. So we suggest that in the high temperature and pressure stage, Alloy617 could be used, and a dissimilar material weld between Alloy617 and 12Cr steel could be used in the low pressure and temperature stage. The key technology for the application of 12Cr steel and Alloy617 to the low pressure and temperature stage is to develop and design a dissimilar material welding technology [11].



Therefore, in this study, dissimilar material welding between Alloy617 and 12Cr steel was performed using the buttering welding technique. Then, post weld heat treatment, observation of metallurgical microstructure, assessment of mechanical property, and corrosion fatigue crack growth characteristics were performed in order to secure the reliable fatigue design information on dissimilar material weld between Alloy617 and 12Cr steel.




2. Dissimilar Material Welding between Alloy617 and 12Cr Steel


2.1. Materials


Chemical compositions and mechanical properties are illustrated in Table 1 and Table 2. The major compositions of Alloy617 are Ni, Cr, Co, and Mo. 12Cr steel has Cr and Fe as major compositions. In this study, Thyssen617 was used as filler metal for buttering welding and multi-pass dissimilar material welding. The major compositions of Thyssen617 are Ni, Cr, Co, and Mo, like those of Alloy617. The static tensile strength of dissimilar material weld prior to and after post weld heat treatment (PWHT) is compared in Table 2. Mechanical properties including yield strength, tensile strength, and elongation of dissimilar material weld are larger than 12Cr steel, but less than Alloy617.




2.2. The Procedure of Dissimilar Material Welding and Post Weld Heat Treatment


A narrow gap U-shaped groove was designed as illustrated in Figure 1. The 7-pass dissimilar material welding was performed using DCSP (direct current straight polarity) TIG (tungsten inert gas) welding technology. The welding processes including the electrode shape, arc length, welding wave mode (CW or pulse), welding heat input (voltage, current), and shield gas were controlled using a welding monitoring system (Monitech Co., Ltd., Busan, Korea). Welding conditions were determined through many repetitions of pre-welding tests. Prior to dissimilar material welding between Alloy617 and 12Cr steel, buttering welding was performed on the 12Cr steel side with Thyssen617 filler metal (Ф = 1.6) in order to increase the weldability between dissimilar materials. In the processes of multi-pass dissimilar material welding, when each pass was completed, the surface condition of the weld bead was confirmed through the careful observation [13]. Table 3 shows the determined experimental conditions for buttering and multi-pass welding. The welding direction was made parallel to the rolling direction of base metal, as shown in Figure 2.



Post weld heat treatment (PWHT) was performed in order to remove the welding residual stresses of dissimilar material weld. Figure 3 shows a schematic diagram of PWHT. PWHT was processed by heating time (heating rate: 220 °C/min)—holding time (4 h at 730 °C)—cooling time (furnace cooling), as shown in Figure 3 [14,15]. In the case of Alloy617 similar material welding, remarkable changes in mechanical properties were not found with PWHT [16].





3. Metallurgical Microstructure and Chemical Composition Analysis of Dissimilar Material Weld


3.1. Specimen and Procedure


In order to analyze metallurgical microstructures of the dissimilar material weld, optical microscope observation (JEOL Korea Ltd., Seoul, Korea) was conducted for the cross-section of the dissimilar material weld. The cross-section was divided into five regions as follows: (a) Alloy617 base metal, (b) Alloy617 heat affected zone (HAZ), (c) weld metal, (d) 12Cr steel HAZ, and (e) 12Cr steel base metal. These tests were performed in accordance with ASTM E407 [17]. The regions (a), (b), and (c) were etched with the etchant 88 (10 mL HNO3 + 20 mL HCl + 30 mL distilled water) for 20 s, and the regions (d) and (e) were etched with etchant 91 (5 mL HNO3 + 5 mL HCl + 1 g picric acid + 200 mL ethanol) for 10 s.




3.2. Results and Discussion


Figure 4 shows the results of optical microscope observation prior to PWHT. The region (a) was basically dominant as the austenite grains [13,18]. The austenite grains were also observed at the region (b), however, the distribution of the grain size was irregular. The HAZ was heated to a high temperature by the heat transfer from the welding heat input. Therefore, since the grains were grown with heat, the grain sizes at the HAZ were very complicated according to a temperature gradient from the molten pool. In the region (c) of the weld metal, the dendrite grains were observed and grain sizes were much larger than those of the other regions. In the region (d), the martensite grains were observed, but the grains were deformed due to solid phase transformation by the welding heat input. Additionally, in region (e), the tempered martensite grains were observed. Figure 5 shows the optical observation after PWHT. There are few changes in (a), (b), and (c) regions. At the 12Cr steel HAZ, lath martensite grains were deformed by repetitive welding heat input. The changes due to PWHT were slight, except for in 12Cr steel HAZ. This is because, as is well known, Alloy617 is hardly affected by heat and has good heat-resistance. Whereas, in region (d), the shape of the grain was unchanged, but the grain size was larger than prior to PWHT. This is due to the fact that the post weld heat treatment had a tempering effect on this part.




3.3. Chemical Composition Analysis


The chemical compositions of the dissimilar material weld were analyzed using SEM (scanning electron microscopy, JEOL. Korea Ltd., Seoul, Korea). As illustrated in Table 4, the major compositions at the base metal, HAZ, weld metal of the Alloy617 side are Mo, Cr, Co, and Ni. The Ni composition decreased slightly from the Alloy617 base metal to the weld metal. The other major compositions of Mo, Cr, and Co did not show big differences after welding. This is due to the fact that the compositions of Alloy617 and Thysses617 are very similar, as illustrated in Table 1. The major compositions at the HAZ and base metal of 12Cr steel side were determined to be Cr and Fe. However, at the buttering weld metal, Mo, Cr, Fe, and Co were analyzed. This is due to the fact that the compositions of Thyssen617 and 12Cr steel were diluted in the process of buttering welding. Table 5 illustrates the chemical compositions analysis results after PWHT. The major compositions at dissimilar material weld between Alloy617 and 12Cr steel after PWHT were not remarkably changed. However, the decrease of Cr from 12Cr HAZ and base metal shown is due to the sensitization effect generated in the process of PWHT [19].





4. Assessing Fatigue Strength of the Dissimilar Material Welded Joint


4.1. Specimen and Equipment


Figure 6 shows the configuration of tensile and fatigue test specimen. The test specimen includes the weld metal, HAZ, and base metals of dissimilar material welded joint between Alloy617 and 12Cr steel. All specimens were prepared in the perpendicular direction to the weld line and machined in accordance with the ASTM E8M standard [20]. The material testing system (Instron Korea, Seoul, Korea) was used for tensile and fatigue tests as shown in Figure 7.




4.2. Test Conditions and Procedure


Table 6 illustrates fatigue test conditions in air prior to and after PWHT. The fatigue tests in air were carried out by applying the load decreasing method, and the fatigue tests started from σmax = 673.2 MPa prior to PWHT and σmax = 661.5 MPa after PWHT, which corresponds to 90% of the static tensile strength ((σu)before = 748 MPa and (σu)after = 735 MPa) prior to and after PWHT of the dissimilar material weld. The load ratio (R = Pmin/Pmax) was 0.1, the frequency was 10 Hz, the loading type was sinusoidal, and the fatigue limit was determined by the load at which the fatigue test specimen did not fail up to 106 cycles. Corrosion fatigue tests were also carried out using the load decreasing method. Table 7 illustrates the corrosion fatigue test conditions under pH = 3.5, 3.5 wt. % NaCl solution. It is known that corrosion fatigue is to occur at the outlet conditions of steam turbines. These are the real operating conditions (1 atm, 70 °C) of the low pressure and temperature stage of steam turbine. The introduction of chemical cleansings and seawater creates this unique corrosive medium. Corrosion fatigue tests started from σmax = 294.12 MPa, which corresponds to the 90% of the fatigue limit in air of dissimilar material weld (= 326.8 MPa). In corrosion fatigue tests, applied the load ratio (R) and loading type were the same as those in air. However, the frequency applied was 1 Hz to make a corrosion reaction between the surface of specimen and corrosive solution.




4.3. Results and Discussion


The S-N curves of the dissimilar material welded joints between Alloy617 and 12Cr steel in air and in a corrosive environment prior to and after PWHT were compared in Figure 8. The plotted data indicates the mean values of the fatigue data obtained by the three time tests. Fatigue and corrosion fatigue test specimens failed at the HAZ of 12Cr steel. This is due to the fact that the material properties of two base metals. The chemical compositions of Alloy617 base metal, buttering weld and weld metal are similar but those of 12Cr steel are far different as shown in Table 1. And the magnitude of welding residual stresses of 12Cr steel HAZ was much higher than that of Alloy617 HAZ [12]. Furthermore, metallurgical changes generated in the process of buttering welding and multi-pass dissimilar material welding were different, as illustrated in Figure 4 and Figure 5. Fatigue strength in air for prior to and after PWHT did not show a big difference. However, the fatigue limits prior to and after PWHT were assessed at 326.8 MPa and 319.7 MPa, which are approximately 45% of the static tensile strength of the dissimilar material weld prior to PWHT (748 MPa) and after PWHT (735 MPa). The corrosion fatigue strength of dissimilar material welded joints between Alloy617 and 12Cr steel was lower than those in air. These results are due to the fact that, apart from the differences of material properties of two base metals and the magnitude of welding residual stresses and metallurgical changes mentioned above, as is well known Alloy617 has excellent thermal properties but the 12Cr steel does not [7,8,9]. From the results, the corrosion fatigue limits prior to and after PWHT were assessed at 196.08 MPa and 191.82 MPa, which are 60% of the fatigue limits of dissimilar material weld prior to PWHT (326.8 MPa) and after PWHT (319.7 MPa).





5. Assessing Fatigue Crack Growth Characteristics of the Dissimilar Material Weld below the Fatigue Limit


5.1. Test Specimen and Procedure


The test specimen for assessing corrosion fatigue crack growth characteristics was designed and manufactured as CT (compact tension) type recommended in ASTM E647 as shown in Figure 9 [19]. The CT specimen includes the weld metal, the HAZs of the both sides, and the base metals. As illustrated in Section 4.3, since the fatigue specimen was mostly failed at the HAZ on the 12Cr steel side of dissimilar material weld, a notch for precrack of the specimen was machined at the HAZ on the 12Cr steel side by electric discharge machining technology. All specimens were precracked 3 mm before the test [21]. The test equipment used was a material testing system of Figure 7. The fatigue and corrosion fatigue tests were conducted under the conditions illustrated in Table 8 and Table 9. The tests started from the low limits of the dissimilar material welded joint of Figure 8, respectively. In order to measure fatigue crack growth on real time, electric potential variation during fatigue crack growth was measured by the DCPD (direct current potential drop) method using the nano volt meter (Agilent Co. model 34420A, Daegu, Korea). Additionally, the crack length increase by fatigue crack growth was calculated using a correction curve which indicates the relationship between electric potential and crack length in air.




5.2. Results and Discussion


Figure 10 and Figure 11 show the relationships between the crack growth rate (da/dN) and the stress intensity factor range (ΔK) in air and in corrosion environment. Alloy617 similar welds’ results [12] were used as reference data for comparison with dissimilar material weld. In Figure 10, crack growth rate at the HAZ of 12Cr steel prior to PWHT is slightly faster than after PWHT in the large ΔK range. This is due to the removal of welding residual stresses by PWHT and metallurgical change (sensitization) by multi-pass welding and PWHT. In the case of Alloy617 similar weld, the crack growth rate after PWHT was faster than that prior to PWHT. This is due to the fact that Alloy617 was influenced by PWHT [13]. However, it does not show a big difference between similar and dissimilar material weld in air. Table 10 illustrates the C and m values of Paris’ law. In Figure 11, the corrosion fatigue crack growth rates at the HAZ of 12Cr steel before PWHT is slightly faster than after PWHT in the large ΔK range, like that in air. This is due to corrosion sensitivity from removing welding residual stresses and metallurgical change including sensitization by multi-pass welding and PWHT. In the case of an Alloy617 similar weld, the corrosion fatigue crack growth rates do not show any difference prior to and after PWHT. This is due to the fact that Ni-based Alloy617 has excellent heat and corrosion resistant characteristics. However, even though the corrosion fatigue crack growth rates do not show a big difference between similar and dissimilar material weld as shown in Figure 11, the corrosion fatigue crack growth rates both prior to and after PWHT are faster than those in air. The C and m values of Paris’ law in corrosion fatigue are arranged in Table 10.





6. Conclusions


This study aimed to secure the reliability of the dissimilar material welding between Alloy617 and 12Cr steel using the buttering welding technique, metallurgical microstructure analysis, and assessment of corrosion fatigue crack growth characteristics.



The summarized conclusions are as follows:

	
Dissimilar material welding technology between Alloy617 and 12Cr steel using the buttering welding technique on the 12Cr steel side has been proposed.



	
In the case of dissimilar material welding between Alloy617 and 12Cr steel, microstructures of base metal, HAZ, and weld metal of the Alloy617 side are not remarkably changed. However, metallurgical microstructures of the 12Cr steel side are influenced by the heat transfer from repeated welding heat input during the multi-pass welding process.



	
Low limits of fatigue strength and corrosion fatigue strength for dissimilar material welded joint were assessed by 326.8 MPa and 196.08 MPa prior to PWHT, and 319.7 MPa and 191.82 MPa after PWHT. Low fatigue and corrosion fatigue limits both prior to and after PWHT do not show a big difference, as about 45% of static tensile strength and 60% of the low fatigue limits of dissimilar material welded joint.



	
Crack growth rate at the HAZ of 12Cr steel prior to PWHT is slightly faster than after PWHT in the large ΔK range. However, it does not show a big difference between similar and dissimilar material weld in air. Corrosion fatigue crack growth rates at the HAZ of 12Cr steel prior to PWHT is slightly faster than before PWHT in the large ΔK range like that in air. However, even though the corrosion fatigue crack growth rates do not show a big difference between similar and dissimilar material weld, the corrosion fatigue crack growth rates of both prior to and after PWHT are faster than those in air.
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Figure 1. Design of narrow gap U-shaped groove. 
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Figure 2. Welding direction. 
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Figure 3. Schematic diagram of post weld heat treatment. 
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Figure 4. Optical microscope results prior to PWHT; (a) Alloy 617 base metal, (b) Alloy 617 heat affected zone, (c) Weld metal, (d) 12Cr steel HAZ, and (e) 12Cr steel base metal. 
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Figure 5. Optical microscope results after PWHT; (a) Alloy 617 base metal, (b) Alloy 617 HAZ, (c) Weld metal, (d) 12Cr steel HAZ, and (e) 12Cr steel base metal. 
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Figure 6. Specimen for mechanical property test. 
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Figure 7. Material testing system (Instron 8801, 10 tons). 
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Figure 8. Comparison of fatigue and corrosion fatigue strength between prior to and after PWHT. 
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Figure 9. Corrosion fatigue test results comparison of prior to and after PWHT. 
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Figure 10. Relationship between da/dN–ΔK in air (reproduced from [12], with permission from World Scientific, 2018). 
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Figure 11. Relationship between da/dN–ΔK in corrosion environment. 
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Table 1. Chemical compositions of base metals (wt. %).
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	Base Metal
	Ni
	Cr
	Co
	Mo
	Al
	C
	Mn
	Fe
	Si
	S
	Ti
	Cu





	Alloy617
	Bal.
	22
	12.5
	9
	1.2
	0.07
	0.5
	1.5
	0.5
	0.008
	0.3
	0.2



	12Cr steel
	0.43
	11.62
	-
	0.04
	-
	0.13
	0.58
	Bal.
	0.4
	-
	-
	0.1



	Thyssen617
	Bal.
	21.5
	11.0
	9.0
	1.0
	0.05
	0.1
	1.0
	0.1
	0.2
	-
	-
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Table 2. Mechanical properties of Alloy617, 12Cr steel, and dissimilar material weld (reproduced from [12], with permission from World Scientific, 2018).
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	Material
	Yield Strength (MPa)
	Tensile Strength (MPa)
	Elongation (%)
	Reduction of Area (%)
	Melting Point (°C)





	Alloy617
	322
	734
	62
	56
	1330



	12Cr steel
	551
	758
	18
	50
	1375



	Dissimilar material weld prior to Post weld heat treatment
	478
	748
	48
	-
	-



	Dissimilar material weld after PWHT
	496
	735
	42
	-
	-
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Table 3. Dissimilar material welding conditions.
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	Pass
	Shield Gas
	Voltage (V)
	Current (A)
	Welding Speed (cm/min)
	Heat Input (J/mm)





	Butt.
	Argon + 2.5% H2
	120
	10
	10
	0.9



	1
	Argon + 2.5% H2
	120
	10
	10
	0.9



	2
	Argon + 2.5% H2
	150
	13
	10
	1.17



	3
	Argon + 2.5% H2
	180
	16
	10
	1.44



	4
	Argon + 2.5% H2
	180
	16
	10
	1.44



	5
	Argon + 2.5% H2
	180
	16
	10
	1.44



	6
	Argon + 2.5% H2
	180
	16
	10
	1.44



	7
	Argon + 2.5% H2
	180
	16
	10
	1.44
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Table 4. Chemical compositions analysis results prior to PWHT (wt. %).
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	Elements
	Alloy617 Base Metal
	Alloy617 HAZ
	Weld Metal
	Buttering Weld Metal
	12Cr HAZ
	12Cr Base Metal





	Mo
	10.98
	9.77
	10.88
	8.71
	1.36
	-



	Cr
	22.03
	20.25
	20.31
	21.59
	11.80
	11.84



	Fe
	-
	2.29
	3.00
	13.13
	85.56
	86.93



	Co
	12.47
	11.95
	12.31
	10.68
	-
	-



	Ni
	54.07
	53.17
	51.25
	45.89
	-
	-
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Table 5. Chemical compositions analysis results after PWHT (wt. %).
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	Elements
	Alloy617 Base Metal
	Alloy617 HAZ
	Weld Metal
	Buttering Weld Metal
	12Cr HAZ
	12Cr Base Metal





	Mo
	10.87
	10.15
	10.56
	8.94
	1.27
	-



	Cr
	22.26
	21.19
	20.83
	21.39
	10.56
	10.28



	Fe
	-
	2.48
	3.11
	13.25
	86.69
	88.43



	Co
	12.43
	11.84
	12.46
	10.71
	-
	-



	Ni
	54.03
	53.08
	51.86
	45.53
	-
	-
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Table 6. Conditions of fatigue test in air.
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Load Ratio (R)

	
Frequency

	
Applied Load (MPa)




	
Prior to PWHT

	
After PWHT






	
0.1

	
10 Hz

	
0.9σu = 673.2

	
0.9σu = 661.5




	
0.8σu = 598.4

	
0.8σu = 588.0




	
0.7σu = 523.6

	
0.7σu = 514.0




	
0.6σu = 448.8

	
0.6σu = 441.0




	
0.5σu = 374.0

	
0.5σu = 367.5




	
0.45σu = 326.8

	
0.45σu = 319.7











[image: Table]





Table 7. Conditions of corrosion fatigue test.






Table 7. Conditions of corrosion fatigue test.





	
Load Ratio (R)

	
Frequency

	
Applied Load (MPa)




	
Prior to PWHT

	
After PWHT






	
0.1

	
1 Hz

	
0.9σL = 294.12

	
0.9σL = 287.73




	
0.8σL = 261.44

	
0.8σL = 255.76




	
0.7σL = 228.76

	
0.7σL = 223.79




	
0.6σL = 196.08

	
0.6σL = 191.82




	
Environmental conditions

	
Temp.

	
70 °C

	
70 °C




	
Solution

	
NaCl 3.5 wt. %

pH = 3.5

	
NaCl 3.5 wt. %

pH = 3.5











[image: Table]





Table 8. Tests conditions for fatigue crack growth rate.






Table 8. Tests conditions for fatigue crack growth rate.





	
Conditions

	
Contents




	
Prior to PWHT

	
After PWHT






	
Loading condition

	
Maximum Load

	
12,334 kN

	
12,066 kN




	
Environmental condition

	
Temp.

	
Real temperature

	
R.T.




	
Solution

	
In air

	
In air
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Table 9. Test conditions for corrosion fatigue crack growth rate.






Table 9. Test conditions for corrosion fatigue crack growth rate.





	
Conditions

	
Contents




	
Prior to PWHT

	
After PWHT






	
Loading condition

	
Maximum Load

	
7400 kN

	
7239 kN




	
Environmental condition

	
Temp.

	
70 °C

	
70 °C




	
Solution

	
NaCl 3.5 wt. %

pH = 3.5

	
NaCl 3.5 wt. %

pH = 3.5
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Table 10. Experimental estimation of C and m of Paris’ law.






Table 10. Experimental estimation of C and m of Paris’ law.





	
Conditions

	
m

	
C (m/cycle)






	
In air

	
Prior to PWHT

	
4.97

	
3.20 × 10−12




	
After PWHT

	
4.71

	
7.00 × 10−12




	
In corrosion

	
Prior to PWHT

	
6.51

	
2.53 × 10−14




	
After PWHT

	
6.31

	
3.88 × 10−14












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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