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Abstract:



The most effective method to reduce CO2 gas emission from the steam power plant is to improve its performance by elevating the steam temperature to more than 700 °C. For this, it is necessary to develop applicable materials at high temperatures. Ni-based Alloy 617 and 12Cr steel are used in steam power plants, due to their remarkable mechanical properties, high corrosion resistance, and creep strength. However, since Alloy 617 and 12Cr steel have different chemical compositions and thermal and mechanical properties, it is necessary to develop dissimilar material welding technologies. Moreover, in order to guarantee the reliability of dissimilar material welded structures, the assessment of mechanical and metallurgical properties, fatigue strength, fracture mechanical analysis, and welding residual stress analysis should be conducted on dissimilar material welded joints. In this study, first, multi-pass dissimilar material welding between Alloy 617 and 12Cr steel was performed under optimum welding conditions. Next, mechanical properties were assessed, including the static tensile strength, hardness distribution, and microstructural analysis of a dissimilar material welded joint. The results indicated that the yield strength and tensile strength of the dissimilar metal welded joint were higher than those of the Alloy 617 base metal, and lower than those of the 12Cr steel base metal. The hardness distribution of the 12Cr steel side was higher than that of Alloy 617 and the dissimilar material weld metal zone. It was observed that the microstructure of Alloy 617 HAZ was irregular austenite grain, while that of 12Cr steel HAZ was collapsed martensite grain, due to repeatable heat input during multi-pass welding.
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1. Introduction


Environmental pollution from energy generation is a topical issue worldwide. There are four ways to improve this problem: the first is to generate energy from renewable energy resources, the second is to use nuclear energy, the third is to use carbon capture and storage before pollutants are released to the atmosphere, and the fourth is to increase energy efficiency by using A-USC (advanced-ultra super critical) thermal power plants that are capable of generating energy at temperatures above 700 °C [1]. A-USC thermal power plants have improved thermal efficiency, and reduced CO2 emissions [2,3]. However, at this elevated temperature, it is very difficult to find applicable materials that can withstand extreme environments. Ni-based super alloys and high chromium steel are suitable candidates for such extreme environments in the power generation industry due to their exceptional metallurgical stability at high temperatures, and excellent mechanical properties, such as high creep rupture strength, and good oxidation and corrosion resistance [4,5].



Alloy 617 is a nickel-chromium-cobalt-molybdenum based alloy that is most commonly used in gas turbines for combustion cans and ducts, as well as for industrial furnace components and applications. Alloy 617 is primarily known for its remarkable metallurgical stability [6]. It brings a wide variety of other outstanding properties, e.g., high temperature oxidation resistance due to added aluminum, and solid solution strengthening due to cobalt and molybdenum content [7]. It is easy to fabricate and can be easily joined through conventional welding techniques [8].



12Cr steel with the addition of Mo, Nb, N, W, and other elements possesses improved toughness, good oxidation and corrosion resistance at elevated temperatures, high tensile strength and ductility, and promising creep rupture strength. 12Cr steel is currently used for components in gas turbines, boilers, and steam power plant turbines [9,10].



A typical steam turbine rotor has three major stages: the high temperature and pressure stage, the middle temperature and pressure stage, and the low temperature and pressure stage. Since Ni-based super Alloy 617 is a very difficult material to work on, it is partially applicable to the high and low pressure stages. Use of Ni-based super Alloy 617 in lower pressure stage requires its joining with 12Cr steel, which is currently used in the low pressure stage [11]. In order to guarantee the mechanical reliability of dissimilar material weld between Ni-based Alloy 617 and 12Cr steel, it is necessary to develop welding technology between dissimilar materials and perform welding stress analysis, strength assessment, and the assessment of corrosion characteristics at the dissimilar material weld.



A significant amount of research has been carried out on Ni-based alloys as well as Cr steel alloys in recent decades [4,10,12,13,14,15]. However, it is difficult to find a systematic study on the dissimilar material welding and welded joint of Alloy 617 and 12Cr steel. In this work, a dissimilar material welding between Alloy 617 and 12Cr steel was carried out using Direct Current Straight Polarity (DCSP) tungsten inert gas (TIG) welding technology, and an assessment of the mechanical properties and a microstructural analysis of the dissimilar material weld were performed.




2. Dissimilar Material Welding between Ni-Based Alloy 617 and 12Cr Steel


2.1. Materials and Welding Procedure


In this work, DCSP TIG welding technology was used for the dissimilar material welding process. Table 1 and Table 2 illustrate the chemical composition and mechanical properties of Alloy 617, 12Cr steel, and Thyssen 617, which is filler metal of a wire 1 mm in diameter. The welding conditions, such as the electrode shape, arc length, welding wave mode (CW or pulse), and welding heat input, were controlled using a real time monitoring system. The optimum welding conditions were determined by repeatedly performing preliminary welding with a variety of welding conditions at different shield gas composition and flow rates. Optimized dissimilar material welding conditions are summarized in Table 3.



Table 1. Chemical compositions of Alloy 617, Thyssen 617, and 12Cr steel.







	
Base/Filler Metal

	
Chemical Composition (% Weight)




	
Ni

	
Cr

	
Co

	
Mo

	
Al

	
C

	
Fe

	
Si

	
Ti

	
Cu

	
Mn

	
S






	
Alloy 617

	
44.3

	
22

	
12.5

	
9.0

	
1.2

	
0.07

	
1.5

	
0.5

	
0.3

	
0.2

	
0.5

	
0.008




	
Thyssen 617

	
45.7

	
21.5

	
11.0

	
9.0

	
1.0

	
0.05

	
1.0

	
0.1

	
1

	
-

	
-

	
-




	
12Cr

	
0.43

	
11.6

	
-

	
0.04

	
-

	
0.13

	
Bal.

	
0.4

	
-

	
0.1

	
0.58

	
-










Table 2. Mechanical properties of Alloy 617 and 12Cr steel.







	
Base Material

	
Y.S. (MPa)

	
T.S. (MPA)

	
Elongation

	
R.A. (%)

	
M.P. (°C)






	
Alloy 617

	
322

	
732

	
62

	
56

	
1330




	
12Cr

	
551

	
758

	
18

	
50

	
1375










Table 3. Multi-pass dissimilar material welding conditions between Alloy 617 and 12Cr steel.







	
Pass

	
Shield Gas

	
Current (A)

	
Voltage (V)

	
Welding Speed (cm/min)

	
Freq. (Hz)






	
1

	
Ar-2.5% H2

	
150

	
10

	
10

	
0.5




	
2

	
Ar-2.5% H2

	
150

	
13

	
10

	
0.5




	
3

	
Ar-2.5% H2

	
150

	
16

	
10

	
0.5




	
4

	
Ar-2.5% H2

	
150

	
16

	
10

	
0.5




	
5

	
Ar-2.5% H2

	
150

	
16

	
10

	
0.5




	
6

	
Ar-2.5% H2

	
150

	
16

	
10

	
0.5




	
7

	
Ar-2.5% H2

	
150

	
16

	
10

	
0.5










In order to prevent thermal distortion, which is formidably caused by welding heat input during the welding process, both ends of the base metal were fixed with welding jigs. Figure 1 shows that the welding direction was made parallel to the rolling direction of the base metals. The groove shape of Figure 2 was machined in a U-groove to narrow the gap welding [16,17]. Thyssen 617 was used as a filler metal and its chemical composition is shown in Table 1. When welding was completed for each pass, the surface condition of the weld bead was carefully observed, and the welding condition was confirmed. After finishing each pass, for the next pass, the surface of the weld bead was brushed using a copper brush, and the temperature checked was to allow it to cool sufficiently below 70 °C. After welding, the multi-pass welds were inspected by using the ultrasonic testing method.


Figure 1. Welding direction for dissimilar material welding between Alloy 617 and 12Cr steel.
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Figure 2. U-groove with narrow gap.
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2.2. Results of the Dissimilar Welding


Figure 3 shows the top view and cross section of the dissimilar material weld between Alloy 617 plate and the 12Cr steel plate. Figure 4 illustrates the weld bead appearance for each pass. These figures show that there were no weld defects or oxidation phenomenon on the weld surfaces.


Figure 3. Dissimilar weld: top view (left) and cross section (right).
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Figure 4. Weld bead appearance for each pass.
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Even though it was assumed that out-of-plane thermal distortion would be generated by repeatable welding heat input during the multi-pass welding processes, it was prevented by the constraint of the welding jigs.





3. Assessing Mechanical Properties of Dissimilar Material Welded Joint


Specimen and Procedure


The specimen dimensions and tensile test procedure, to assess the mechanical properties of dissimilar material welded joint between Alloy 617 and 12Cr steel, was followed as recommended in the ASTM E8M standard [18]. Figure 5 shows that the weld metal, the heat affected zone (HAZ), and both base metals of Alloy 617 and 12Cr steel are included within the range of the gauge length of the specimens. Before assessing the mechanical properties of the dissimilar material welded joint, tensile tests for base metals (Alloy 617 and 12Cr steel) were performed to measure their mechanical properties. Mechanical properties of the base metals and dissimilar material welded joint were assessed using a material testing system (INSTRON 8801, Instron Korea, LLC., Seoul, Korea) as shown in Figure 6 at room temperature. In the tensile test, the loading speed was controlled by the displacement of 1 mm/min.


Figure 5. Configuration of tensile test specimen (ASTM E8M).
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Figure 6. Test equipment (10 tons, Instron 8801).
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The hardness distribution on the section, including base metal, HAZ, and the weld metal of dissimilar material welded joint, were measured to analyze the effect of multi-pass dissimilar material welding on metallurgical hardness change. Figure 7 shows that hardness tests were performed to compare the hardness distribution for the three positions: top, middle, and bottom of the cross section. The hydraulic micro Vickers hardness tester (Mitutoyo MVK-H2, Mitutoyo Korea Corporation, Gunpo, Korea) was used as hardness test equipment. Hardness distribution of the multi-pass dissimilar material welded joint was measured at a 200 g press-fit load for 5 s.


Figure 7. Three positions across the cross section of dissimilar material welded joint for hardness distribution measurements.
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Optical microscopic observation, using Olympus PME 3 (Olympus Korea Co. LTD., Seoul, Korea), was carried out in order to analyze the microstructure of the dissimilar material welded joint between Alloy 617 and 12Cr steel. Specimen was fabricated from the cross section of the dissimilar material welded joint. In order to analyze the microstructures of dissimilar material welded plate, five position—(a) Alloy 617 base metal; (b) Alloy 617 HAZ; (c) weld metal; (d) 12Cr steel HAZ; and (e) 12Cr steel base metal—were optically observed as shown in Figure 8. Before analyzing the microstructures, the surface of specimen was etched according to ASTM E407 [19]. Three positions—(a), (b), and (c)—were etched for 20 s by using etchant 88 (10 mL of HCl + 20 mL of HNO3 + 30 mL of distilled water). The other positions—(d) and (e)—were etched for 10 s by using etchant 91 (5 mL of HCl + 5 mL of HNO3 + 1 g pf picric acid + 200 mL of ethanol). In addition, composition analysis for the five positions of the dissimilar welded joint was performed using energy dispersive X-ray spectroscopy (EDS, EDAX Inc., Mahwah, NJ, USA).


Figure 8. Positions of microstructure analysis for the dissimilar material welded joint.
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4. Results and Discussion


4.1. Tensile Test Results


Figure 9a compares the tensile test results of the base metals and the dissimilar material welded joint between Alloy 617 and 12Cr steel. The magnitudes of yield and tensile strength of the dissimilar material welded joint were assessed as 490 MPa and 767 MPa, respectively. These magnitudes are higher than Alloy 617, which has a 443 MPa yield strength and a 675 MPa ultimate tensile strength, and lower than 12Cr steel, which has a 700 MPa and 817 MPa yield and tensile strength, respectively. Failure of dissimilar welded joints occurred mostly at the HAZ of 12Cr steel. Figure 9b shows one of the fractured specimens that has failed at the HAZ of 12Cr steel.


Figure 9. (a) σ-ε curves of dissimilar weld; (b) dissimilar weld fractured specimen.
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Although tensile strength of 12Cr steel is higher than that of Alloy 617, but the failure of the dissimilar material weld occurred at the HAZ of 12Cr steel because the heat input during the dissimilar material welding process introduced sufficient metallurgical changes in 12Cr steel HAZ [20]. On the other hand, Ni-based Alloy 617 experienced lesser metallurgical changes compared with 12Cr steel due to heat input during the dissimilar material welding process. In fact, Ni-based Alloy 617 is primarily known for its remarkable metallurgical stability at high temperatures [6].




4.2. Hardness Distribution


Figure 10 compares the hardness distribution on the bottom, middle, and top positions of the cross section of the dissimilar material welded joint between Alloy 617 and 12Cr steel. The hardness distribution at the HAZ of 12Cr steel is higher than that of both the weld metal zone and the Alloy 617 base metal. The magnitude of the peak values were assessed as 460–490 Hv at the HAZ of 12Cr steel, and about 220–260 Hv at both the weld metal and the Alloy 617 base metal. It is notable that the hardness distribution of the weld metal zone and the Alloy 617 base metal is almost similar, and the peak values, too, do not show a major difference at the bottom, middle, or top positions in either zones. The reason for this behavior is the use of Thyssen 617 as filler material, which has a chemical composition similar to that of Alloy 617, as shown in Table 1. Another important observation is that the hardness distribution is nearly uniform on the right side of Figure 10 (weld zone and Alloy 617 zone), while irregular behavior of the hardness distribution is observed on the left side of the figure (HAZ and base metal of 12Cr steel). This behavior is a result of the fact that the microstructure and metallurgical changes in 12Cr steel and Alloy 617 are significantly different when they are affected by the welding heat input during the multi-pass welding process. In fact, it is known that the mechanical properties of Ni-based Alloy 617 are not sensitively influenced by heat [14,21]. As the bottom side experienced more heat cycles during the welding process, the hardness distribution at the bottom side was higher than the top side across the dissimilar material welded joint.


Figure 10. Micro hardness profile across the dissimilar metal welded joint.
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4.3. Microstructure and Composition Analysis


Figure 11 shows the microstructures of each position of the dissimilar material welded joint. The microstructure of Alloy 617 base metal in Figure 11a shows typical austenite grain. However, HAZ of Alloy 617 in Figure 11b shows irregular austenite grain size from the effect of the welding heat input during the multi-pass welding processes. The microstructure of the weld metal in Figure 11c made by the solidification of fusion metal from the dilution of Alloy 617, Thyssen 617 filler metal, and 12Cr steel, shows dendrite grain. The HAZ of 12Cr steel in Figure 11d shows collapsed martensite grain by the effect of the welding heat input during the multi-pass welding processes, while the microstructure of the 12Cr base metal in Figure 11e shows typical martensite grain.


Figure 11. Microstructure observation results of dissimilar metal weld: (a) Alloy 617; (b) Alloy 617 HAZ; (c) Dissimilar material weld; (d) 12Cr steel HAZ; (e) 12Cr steel.
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The composition analysis observed by energy dispersive analysis of X-rays (EDAX) for the five parts of the dissimilar material welded plate is illustrated in Table 4. The effect of the multi-pass welding process of the dissimilar materials is reflected as a slight change in composition of specimen when compared with Table 1. The major composition of the dissimilar metal weld is very similar to the Alloy 617 composition, except for Fe. Table 4 provides information about the composition change at the HAZ and the weld metal.



Table 4. Composition analysis of dissimilar material welded joint (wt. %).







	
Elements

	
Alloy 617 Base Metal

	
Alloy 617 HAZ

	
Weld Metal

	
12Cr HAZ

	
12Cr Base Metal






	
Mo

	
10.29

	
10.70

	
9.57

	
-

	
-




	
Cr

	
22.09

	
21.50

	
21.11

	
13.00

	
10.28




	
Fe

	
-

	
-

	
12.03

	
87.00

	
89.72




	
Co

	
13.29

	
13.76

	
10.32

	
-

	
-




	
Ni

	
54.33

	
54.05

	
46.97

	
-

	
-










Figure 12 shows the fractured tensile test specimen and microscopic observation using a scanning electron microscope (SEM) on the fractured surface of the weld, which occurred on the HAZ of 12Cr steel. As mentioned above, the microstructure of the HAZ of 12Cr steel showed collapsed martensite grain by the effect of welding heat input during the multi-pass welding processes. Additionally, as illustrated in Table 4, the major compositions (Cr and Fe) were slightly changed in the HAZ of 12Cr steel. Even though the microstructure in the HAZ of 12Cr steel shows both collapsed martensite grain and the complicate grain size, as shown in Figure 12b,c, some dimples were observed by the fractography on the fractured surface of the HAZ. Therefore, it was supposed that the failure mode in the HAZ of 12Cr steel was a brittle fracture combined ductile characteristics.


Figure 12. Fractography of the dissimilar metal weld at the 12Cr steel side: (a) at 1 mm resolution; (b) at 50 µm resolution; (c) at 2 µm resolution.
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5. Conclusions


This paper performed and analyzed a dissimilar material welding between Ni-based Alloy 617 and 12Cr steel by DCSP TIG welding technology. In order to guarantee the mechanical reliability of the dissimilar material weld, the mechanical properties, including the tensile strength, the hardness distribution, and changes in microstructure were assessed. The conclusions are as follows:

	
Dissimilar material welding technology using DCSP TIG welding between Ni-based Alloy 617 and 12Cr steel was developed. Optimized major conditions for the DCSP TIG welding were determined as shield gas (Ar-2.5% H2 mixed gas), 150 Amp, and 10–16 V.



	
The magnitudes of yield strength and tensile strength of the multi-pass dissimilar material welded joint were assessed as 490 MPa and 767 MPa, respectively. Dissimilar material welded joints mostly failed at the HAZ of 12Cr steel. The mechanical properties of the dissimilar material weld, including yield and tensile strength, were higher than those of the Alloy 617 base metal, and less than those of the 12Cr base metal.



	
The hardness distribution at the HAZ of 12Cr steel is higher than that of the weld metal zone and the Alloy 617 base metal. The magnitudes of the peak values were assessed as 460–490 Hv for the HAZ of 12Cr steel, and about 220–260 Hv for both the weld metal and the Alloy 617 base metal. The hardness distributions for the weld metal zone and Alloy 617 HAZ and the base metal did not show a significant difference.



	
The microstructures of the dissimilar material welded joint, including the Alloy 617 base metal and the HAZ, the weld metal, and the 12Cr steel HAZ and 12Cr base metal, were metallurgically changed via welding heat input during the multi-pass welding process. The microstructures of Ni-based Alloy 617 base plate and the HAZ of Alloy 617 were analyzed as a typical austenite grain and an irregular austenite grain. However, 12Cr steel HAZ and the 12Cr base metal were analyzed as collapsed martensite and martensite grain, respectively. The microstructure of the weld metal was analyzed as dendrite grain.
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