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Abstract

:

This paper explores the distribution and features of residual stresses formed by super duplex stainless steel pipe welding. Experimental investigations, which encompass an elevated temperature tensile test and metallographic observation along with a hardness test and residual stress measurement, were first conducted to obtain the mechanical properties at high base metal temperatures and to confirm whether or not the duplex stainless steel undergoes martensitic phase development during the welding process. Finally, experiments were performed to scrutinize the residual stress evolution through the metallurgical phase transformation in the weld region and its vicinity. A sequentially coupled 3D thermal, mechanical and metallurgical finite element (FE) model capable of incorporating the experimental consequences was established next. A 3D FE simulation of the girth welding process was conducted, and the axial and hoop residual stress profiles along the girth were evaluated. The results substantiate that martensitic phase evolution occurs in the process of cooling during the welding of super duplex stainless steel, and they also highlight the significance of taking the metallurgical phase transformation into account in the numerical reproduction of the girth welding process for the accurate expression of weld-induced residual stresses, which is especially important for precisely predicting hoop residual stresses.
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1. Introduction


Duplex stainless steel, which exhibits a microstructure with nearly equal phases of ferrite and austenite, inherits the combined excellent material properties of ferritic and austenitic steels, e.g., outstanding mechanical strength against tension and fatigue, superior toughness and satisfactory weldability, as well as superb resistance to corrosion, pitting and stress corrosion cracking [1]. It is quickly replacing conventional carbon steel and austenitic stainless steel, especially in pipelines for the transportation of liquid and gaseous fuels, such as nitrogen and hydrogen, particularly where chloride or sulfide ions are present. In practice, because of its relatively long geometric configuration compared to diameter and wall thickness, girth butt welding is commonly used to fabricate duplex stainless steel pipe welds [2,3].



Welding is an important joining process and is widely employed in the production of diverse engineering and structural applications, the merits of which include simple arrangement, low manufacturing expenses and highly efficient joints [4,5]. In welded components, undesirable weld-induced residual stresses inevitably exist, which are produced by local plastic strains that are formed due to the non-uniform gradient of temperature during the process of welding. The magnitude and distribution of the residual stresses can be influenced by several factors, such as the geometry and joint design, the welding process parameters and the metallurgical condition of the material welded. The residual stresses in themselves can be harmful to structural soundness, leading to cracking, stress raising and brittle fractures [6]. When coupled with external loading, these stresses can deteriorate the fatigue strength and promote the crack growth rate. The accurate estimation of weld-induced residual stresses, thus, would greatly help to guarantee the integrity and safety of welded structures. Jiang and colleagues [7] assessed the residual stress distribution of duplex stainless steel multi-pass weld joints via the neutron diffraction and electron backscatter diffraction methods and investigated the formation mechanisms of the residual stresses. Moreover, they proposed a wavelength-dependent neutron diffraction method to measure the residual stresses in thick duplex stainless steel welded plate, and their method was successfully verified by the contour method [8]. Li et al. [9] measured the tensile and compressive residual stresses of square- and H-shaped lean duplex stainless steel welded sections through the non-destructive neutron diffraction method. Based on the experimental results, they recommended analytical models through which to estimate the weld-induced residual stresses of the fabricated sections. All of these works, however, employed experimental techniques to measure the residual stresses in duplex stainless steel welds since predicting residual stresses with accuracy is very challenging work, and this difficulty is attributed to the complexity of the welding process, which involves the use of traveling torches and the dependence of the material properties on temperature, etc. Thus, numerical simulation via the finite element (FE) method has become popular for evaluating weld-induced residual stresses. Meanwhile, it is known that the solid-state phase transformation (SSPT) during welding needs to be incorporated into FE simulations. The volumetric change that occurs in martensitic phase development due to the cooling of the austenitic phase could have a significant impact on the evolution of residual stresses.



A significant number of FE simulations have dealt with the girth welding of steel pipes to identify the residual stresses [10,11,12,13,14,15,16]. However, only a few studies have been performed that include an FE analysis of the residual stresses in girth-welded duplex stainless steel pipes. Jin et al. [17] assessed the residual stresses in girth-welded duplex stainless steel pipes (2205 grade); however, their simulation was limited to the rotational symmetry model, which can lessen the cost of computation but may render the analysis to be oversimplified [11]. On the other hand, a 3D FE analysis was conducted by Lee and Chang [18] to compare the residual stresses in austenitic and duplex stainless steel pipe welds. They showed the discrepancies in the magnitude and distribution of the girth-weld-induced residual stresses between them. However, none of these works addressed the metallurgical phase transformation and its relation to the evolution of weld-induced residual stresses. Thus, this work intends to scrutinize the characteristics and distribution of residual stresses produced by the girth welding of super duplex stainless steel pipes by considering the SSPT.




2. Experimental Observation


Experimental investigations, which included a high-temperature tensile test to investigate the material properties of a base metal at elevated temperatures, a metallographic observation and hardness test to identify whether or not the heat-affected zone (HAZ) and the weld metal underwent a martensitic phase evolution associated with the SSPT during welding, and the measurement of residual stress distribution in the welded super duplex stainless steel, were firstly conducted. A 3D thermal, mechanical and metallurgical FE model was established next to predict the girth-weld-induced residual stresses incorporating the experimental consequences. Temperature-dependent material properties, work-hardening behavior and the metallurgical phase transformation were all considered in the FE simulation. From the FE analysis results, the residual stresses in girth-welded super duplex stainless steel pipes were scrutinized.



2.1. Tensile Test at Elevated Temperature


The base metal adopted for this study was S32750 super duplex stainless steel, the material composition and properties of which are given in Table 1. The elevated-temperature tensile test was used to obtain the mechanical properties, such as the yield stress, the ultimate strength and the elastic modulus at ambient and high temperatures, which are necessary input data for the FE welding simulation. The test specimen with spirals at both ends was prepared in accordance with the specifications in Korean standards [19] as shown in Figure 1. A universal testing machine furnished with an electrical furnace (MTS, Eden Prairie, MN, USA) was utilized, and the elevated-temperature tensile test was performed from room temperature to 900 °C with 100 °C intervals and a 1 mm/min strain rate. During the heating process, the temperature was managed to be within ±2 °C while allowing expansion of the specimen by controlling zero tensile force. Each specimen was held for about 20 min. at the target temperature before the testing began to ensure uniform temperature across the specimen. Three specimens were used at the testing temperature to gain the average value.




2.2. Metallographic Observation and Hardness Test


Metallographic observation was conducted to evaluate microstructures in the super duplex stainless steel weld. As indicated before, to accurately simulate weld-induced residual stresses, the SSPT during cooling after heating needs to be taken into account. Furthermore, it is known that conventional high-strength carbon steel with a similar strength grade to the base material experiences martensitic phase transformation during the process of welding [20]. Therefore, it is of critical significance to assess the microstructures of the weld metal and the HAZ, thus verifying whether the metallurgical phase transformation occurs or not.



Two S32750 super duplex stainless steel plates (500 mm × 250 mm × 10 mm) with a single ‘V’ butt joint configuration between them were prepared to fabricate the weld specimen with six passes via a gas tungsten arc (GTA) welding procedure using Thermanit 22/09 weld filler material. During the welding, the plates were not clamped and preheating was not imposed, and the inter-pass temperature was controlled to remain under 200 °C. The conditions and process parameters of welding are tabulated in Table 2, in which the arc voltage sets were fixed while controlling the heat input by adjusting the welding current and the welding speed. After completion, the microstructures were assessed by using an OLYMPUS PME3 optical microscope (OLYMPUS, Tokyo, Japan). Samples were extracted from the three compositions, i.e., the base metal, the HAZ and the weld metal at the midpoint of the welding process, which were polished with 1µm diamond paste on a cloth polishing wheel and were etched with Nital’s etchant for about 20~30 s. Figure 2a–e represent the microstructures, and it can be observed that the microstructure of the base metal comprises ferrite and austenite with the same volume fraction, and austenite islands in the ferrite matrix were oriented along the rolling direction. In the HAZ microstructure, coarsened ferrite and austenite were found and the arrangement of ferrite and austenite was quite different from the original distribution due to the thermal cycles. On the other hand, the occurrence of distinct forms of austenite, i.e., grain boundary austenite and the intragranular precipitates of austenite, were seen in abundance across the weld metal [21]. In addition to the ferritic and austenitic microstructures, partial martensitic phases were also found in the HAZ and the weld metal from the microstructures with lower magnification. Therefore, it can be inferred that the super duplex stainless steel experiences martensitic phase transformation in the weld metal and the HAZ in the process of cooling during welding.



Hardness measurements were also implemented by utilizing a Vickers hardness (HV10) testing machine (Mitutoyo, Kawasaki, Japan) to evaluate the hardness of the weldpiece. Table 3 lists the averaged hardness values at three points through the thickness across the base metal, the HAZ and the weld metal at the midpoint of the welding process. Referring to the test results, hardening of the HAZ and the weld metal can be identified; this is believed partially to be grain refinement attributed to the recrystallization of the microstructure and partially to be the martensitic phase development observed in the microstructural analysis.




2.3. Residual Stress Measurement


The residual stresses on the surface of the welded duplex stainless steel plate were determined by measuring the released strains with strain gauges employing the sectioning technique, the detailed procedure of which is given in [22]. The measurement points, i.e., the positions of the strain gauges located on the top surface of the welded steel plate, are shown in Figure 3, in which the gauges are intensively attached to the weld region and its vicinity. The measured residual stresses are given in the results section.





3. FE Simulation


3.1. Model Geometry and Material Properties


A 3D thermal simulation using the finite element method (FEM) of the girth-butt-welding process was carried out on a duplex stainless steel pipe with the dimensions of 240 mm (outer diameter) × 240 mm (length) × 6 mm (thickness). The single-pass GTA welding process was employed to join the steel pipes, and the parameters were a voltage of 22 V, current of 230 A and speed of 1.3 mm/s, analogous to industrial practice [23]. Only one half of the weldpiece was modeled due to the symmetric condition, and the 3D FE model with mesh refinement in the weld region and its vicinity using eight-noded isoparametric solid elements is displayed in Figure 4, where the boundary constraints are indicated by arrows. In the weld and its vicinity in which a high temperature gradient exists, a more refined mesh is required to reproduce an accurate temperature field. Element size becomes incremental with distance from the weld centerline. A mesh convergence study was carried out to assess the dependence of FE mesh size on the accuracy of analysis. As a result, it was determined that the present FE mesh with the smallest element size of 0.9 mm (axial) × 1.5 mm (thickness) × 25.6 mm (circumference) produced sufficiently accurate outcomes while reducing the computational cost. In the FE simulation, the material properties depending on the temperature of the S32750 super duplex stainless steel were taken into consideration. Figure 5 shows varying physical constants (e.g., thermal conductivity, density and specific heat) with temperature [24,25]. As described earlier, the high-temperature mechanical properties were obtained by the experiment. Figure 6 shows the temperature dependency of the mechanical properties, where the yield stress, the tensile strength and Young’s modulus are smoothly reduced to the melting point to reproduce the low strength [26]. In this work, autogenous welding is assumed, which implies that the base metal, the HAZ and the weld metal share the same material properties [27].



During the welding process, since the weld metal and the neighboring base metal are subjected to thermal cycling, the material points in these areas experience repeated plastic deformation. Thus, work hardening occurs in the weld region and its vicinity. Strain hardening has a remarkable effect on the evolution of weld-induced residual stresses and hence was incorporated into the numerical simulation. The duplex stainless steel was regarded to have the same strain-hardening rates at high temperatures as the carbon steels, i.e., linear strain hardening is assumed with the rate of 500 MPa for the temperature range 20~700 °C and 20 MPa for the temperatures above 1000 °C, and a linear transition between the hardening rates at 700 °C and 1000 °C is assumed [28].




3.2. FE Formulation


The numerical simulation of welding requires complex numerical approaches to take the interactions between the heat transfer, the mechanical field and the metallurgical phase transformation into account. The welding process is in essence a coupled thermo-mechanical process in which the temperature and phase evolution significantly affect the structural field with negligible inverted influence. Thus, this study utilizes a sequentially coupled 3D FE formulation based on the in-house FE code [29] to numerically mimic the girth-welding process associated with residual stress evolution. The analysis procedure for weld-induced residual stresses consists of two steps: heat transfer analysis, which determines the heat-flow-induced time-dependent temperature and subsequent phase evolution, followed by mechanical analysis on the basis of the resulting temperature history solutions.



3.2.1. Heat Transfer Analysis


The partial differential governing equation is


   ∂  ∂ x      K x    ∂ T   ∂ x     +  ∂  ∂ y      K y    ∂ T   ∂ y     +  ∂  ∂ z      K z    ∂ T   ∂ z     + Q = ρ c   ∂ T   ∂ t    



(1)




where  T  is the temperature and  K ,  c  and  ρ  stand for the thermal conductivity, the specific heat and the density, respectively.  Q  signifies the moving heat generation rate per unit volume.



From the viewpoint of the arc welding process, the heat input can be split into two heat sources: the heat from the welding arc and that from the melt droplets, which are modeled by the surface heat source and the volumetric heat source, respectively. Details on the combined heat source model can be found in [12,30]. The heat flux was applied correspondingly to the movement of the welding torch. During the heating and subsequent cooling, both radiation and convection take place and their coupled impact is reflected by the heat transfer coefficient depending on the temperature  h , defined by [10]


  h =       0.0668   T   ( W /  m 2    ° C )                                     0   ° C < T < 500   ° C       0.231   T − 82.1   ( W /  m 2    ° C )                 T > 500   ° C        



(2)







The latent heat of fusion was exploited to model the liquid-to-solid phase transformation of the weld pool, and the augmented thermal conductivity for temperatures above the melting point as shown in Figure 5 was assumed to take the convective stirring effect into account [12]. The latent heat and melting temperature were 500 J/Kg K and 1773 K, respectively [24].




3.2.2. Mechanical (Structural) Analysis


The next step, i.e., the mechanical analysis, utilizes the previous temperature histories for thermal loading for the thermal stress calculation. The two fundamental equations used for the structural analysis are as below.








	
Equilibrium equation:










   σ  i j , j   + ρ  b i  = 0  



(3)




where    σ  i j     indicates the stress tensor and is symmetrical, i.e.,    σ  i j   =  σ  j i    , and    b i    is the body force.



	
Stress–strain constitutive equation:






The incremental form of the relationship can be described by


    d σ     =   [    D d    ]   d ε     −       c   d T  



(4)




in which   [    D d    ]   represents the matrix for the stress–strain relationship and is separated into   [    D d e    ]   and   [    D d p    ]   for the elastic and the plastic range, respectively, and       c     comprises parameters which reflect the stress increment owing to the temperature dependence of the material properties.   d σ  ,   d ε   and   d T   denote the increments of the stress, the strain and the temperature.



The same FE mesh refinement scheme as in the heat transfer analysis was adopted to expedite nodal data mapping between the two analyses, in which the filler activation/deactivation technique [31] was employed to simulate the variation of weld metal deposition with time. The full Newton–Raphson iterative scheme [32] was utilized to solve the nonlinear problem.




3.2.3. Metallurgical Phase Transformation


SSPT is causative of variations in both the volume and the yield stress of steel which undergoes weld-induced thermal cycles and produces transformation-induced plasticity. In super duplex stainless steel weld, the martensitic transformation that occurs during rapid cooling is the phase transformation related to the considerable volume change and the transformation plasticity of the material. During the welding process, as the duplex stainless steel is heated above the    A 1    temperature, the ferrite starts to change into austenite, and as the temperature becomes higher than the    A 3    temperature, the microstructure is assumed to fully transform into austenite. When the duplex stainless steel is subjected to austenitic phase transformation, it experiences a reduction in volume, as shown schematically in Figure 7. In this study, in accordance with the peak temperature that the material point reaches in the heating process, we determined whether martensitic phase transformation occurs at this point or not, i.e., all the points at which the maximum temperature is higher than the    A 3    temperature were regarded to undergo martensitic transformation on cooling to room temperature. Note that the metallurgical phase transformation only takes place in a specific temperature range, i.e., the phase transformation begins to occur at the onset temperature (   M s   ) and is finished at the end temperature (   M f   ), which causes volume expansion as shown in Figure 7 and produces transformation-induced plasticity. The evolution of weld-induced residual stresses caused by the volumetric expansion and the transformation plasticity can be simply simulated by assigning the changed coefficient of thermal expansion to the temperature range of phase transformation [20]. The modified thermal expansion coefficient can be determined through the residual stress measurement, i.e., the extent of residual stress relaxation directly associated with the proportion of martensitic phase transformation can be captured from the experiment and is modeled by adjusting the thermal expansion coefficient in the phase transformation temperature range. Details on the modeling procedure are also specified in [20]. The volumetric reduction during austenitic transformation and the increase in the yield stress that originated in the martensite formation were not considered, since the impacts of the volume and the yield stress change were negligible [28,29].






4. Results and Discussion


Results are first reported for the residual stress measurements described in Section 2.3. The symbols shown in Figure 8a represent the measured longitudinal residual stresses (acting parallel to the weld line), which are the most detrimental to the structural integrity, at the mid-length cross-section of the weldpiece perpendicular to the weld line. Note that the distribution and magnitude of the measured residual stresses perpendicular to the weld line along the weld length are very similar to each other, except for the weld start and end regions. The residual stresses are reported at the top layer and are portrayed against the distance from the weld centerline. The lower stresses in the weld metal and the HAZ can be interpreted as being caused by the martensitic phase transformation. For the purposes of verification, a numerical simulation of the welding process with or without taking the SSPT into account was also carried out, and the outcomes were superimposed on the strain gauge measurements. Specific details on the numerical reproduction are given later. It can be seen that the simulated longitudinal stresses that took the metallurgical phase transformation into account agree very well with the experimental measurements; however, the stresses predicted with no consideration of the phase transformation are much higher than the measured residual stresses within and near the weld region. The higher tensile stresses in the weld area and its neighborhood decrease to compressive stresses away from the weld line for self-equilibrium. The distribution of transverse residual stress (acting perpendicular to the weld line, i.e., acting along the plate width) is presented in Figure 8b, in which good agreement between the test results and the simulated prediction is also seen. The transverse stresses are almost totally in tension and gradually converge to zero. Hence, the simulation method employed was considered appropriate for analyzing weld-induced residual stresses and thus can be expanded to predict the residual stresses in girth-welded super duplex stainless steel pipes.



Figure 9 and Figure 10 portray the girth-weld-induced axial residual stresses, which act normally in relation to the weld line, along the axial distance on the inside and the outside surfaces (see Figure 4), respectively. The residual stress distributions at different positions along the circumference were reported to explore the 3D effect, i.e., the circumferential variation in the residual stress distribution. The residual stresses simulated without taking the metallurgical phase transformation into account are also reported for comparison. From the simulated results, bending axial stress profiles across the girth-welded pipe thickness can be observed in the weld region and its vicinity, i.e., the axial residual stresses are tensile on the inside surface and compressive on the outside surface along the circumference. The simulated results also reveal that the formation of martensite in the HAZ and the weld metal has little impact on the evolution of axial residual stresses. It is thus inferred that the axial residual stresses are formed primarily by the circumferential shrinkage induced by the cooling process, which leads to local inward deformation at the weld zone, thus resulting in the axial bending moment through the pipe thickness. The compressive stresses are produced on the inside surface and the tensile stresses on the outside surface far from the weld area for self-equilibrating purposes, all of which gradually decrease to zero. It also needs to be recognized that despite the similarity of the residual stress profiles along the circumference on the respective surfaces, the stress values are different from each other. This signifies that the axial stress distribution is sensitive to the circumferential location. This is because the internal constraint varies spatially, which can be attributed to the movement of the welding torch along the girth. In addition, the end effect at the welding start/stop position makes the circumferential variation of the stress profile heavy.



The curves shown in Figure 11 and Figure 12 are the profiles of hoop residual stresses acting parallel to the weld line on the inside and the outside surface, respectively, obtained with and without allowing for the metallurgical phase transformation effect. The results show that the axial residual stresses affect the magnitude and distribution of the hoop residual stresses. This is the reason why the hoop residual stresses in and around the weld region on the outside surface subjected to axial compression are less tensile than those on the inside surface. Analogous to the preceding axial residual stresses, the spatial variation along the girth is present due to the moving arc. In addition, a considerable discrepancy between the hoop stresses that remain in and around the weld zone, which were predicted with and without considering the effect of SSPT, respectively, exists. The lower stresses are attributed to the volumetric expansion of the material points which experience the austenite-to-martensite phase transformation. It also needs to be recognized that the degree of stress relief varies along the circumference. Meanwhile, the hoop stresses in the base metal located just beside the HAZ, where the thermal history does not reach the transformation temperature and thus the metallurgical phase transformation does not occur, rise significantly since there is no volumetric change to relieve the high stresses. The tensile stresses decrease drastically to compressive stresses far from the weld centerline, followed by convergence to zero. A rapid alteration in the hoop residual stresses is also seen in the overlapping region. These results substantiate that both the axial and the hoop residual stress profiles along the girth are not axisymmetric at all, and they also highlight the significance of taking the metallurgical phase transformation into account in numerical simulations of the welding process for an accurate description of the residual stresses in girth-welded duplex stainless steel pipes.




5. Conclusions


This work, by using an FE simulation technique, reproduces the girth welding of a super duplex stainless steel pipe to elucidate the distribution and features of weld-induced residual stresses. Our experimental investigations included an elevated temperature tensile test to determine the high-temperature mechanical properties, which are a prerequisite to the FE welding simulation, and a metallographic observation along with a hardness test and residual stress measurement to check whether or not the duplex stainless steel experienced martensitic phase transformation during the welding process and to assess the extent of the residual stress relaxation. A sequentially coupled 3D thermal, mechanical and metallurgical FE model able to take the experimental consequences into account was next presented, and its validity was confirmed. The metallurgical phase transformation was incorporated into the FE model through the modified thermal expansion coefficient associated with the volume change. A 3D FE simulation of the girth-welding process was performed, and the axial and the hoop residual stress distributions along the circumference were scrutinized, focusing on the impact of the phase transformation on the axial and hoop residual stress evolution. Based on the achieved outcomes, the following key conclusions can be made:




	(a)

	
Super duplex stainless steel undergoes martensitic phase evolution in the HAZ and the weld metal in the process of cooling during welding.




	(b)

	
The martensitic phase transformation has little impact on the evolution of axial residual stresses, i.e., the axial residual stresses are mainly formed by circumferential shrinkage during the cooling process. On the other hand, a considerable release of hoop residual stresses in the weld region and its vicinity takes place owing to the volume change in the process of phase transformation. Thus, the metallurgical phase transformation cannot be disregarded in numerical simulations of the girth-welding process to provide an accurate expression of the weld-induced residual stresses.




	(c)

	
A 3D FE model should be utilized to accurately simulate the distribution of residual stresses and their characteristics along the circumference in girth-welded super duplex stainless steel pipes, since the residual stresses are by no means axisymmetric, and are caused by both the spatial deposition of the weld filler and the welding start/end effect.




	(d)

	
Knowledge of the distribution and characteristics of the residual stresses found in this work can assist the production of an efficient and economic design of welded super duplex stainless steel structures.
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Figure 1. Configuration of the test specimen. 
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Figure 2. Optical microstructure: (a) base metal (×500), (b) HAZ (×500), (c) weld metal (×500), (d) HAZ (×200) and (e) weld metal (×200). 






Figure 2. Optical microstructure: (a) base metal (×500), (b) HAZ (×500), (c) weld metal (×500), (d) HAZ (×200) and (e) weld metal (×200).
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Figure 3. Residual stress measurement location. 
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Figure 4. Three-dimensional FE mesh model. 
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Figure 5. Physical constants at high temperatures. 
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Figure 6. Mechanical properties at elevated temperatures. 
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Figure 7. Schematics of the volume changes during austenitic and martensitic phase transformations. 
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Figure 8. Comparison of the residual stress measurements with the FE analysis results, both with and without considering the SSPT: (a) longitudinal residual stresses and (b) transverse residual stresses. 
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Figure 9. Axial residual stresses on the inside surface at locations with different circumferential angles from the welding start/stop position: (a) 90°, (b) 180°, (c) 270° and (d) 360°. 
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Figure 10. Axial residual stresses on the outside surface at locations with different circumferential angles from the welding start/stop position: (a) 90°, (b) 180°, (c) 270° and (d) 360°. 
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Figure 11. Hoop residual stresses on the inside surface at locations with different circumferential angles from the welding start/stop position: (a) 90°, (b) 180°, (c) 270° and (d) 360°. 
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Figure 12. Hoop residual stresses on the outside surface at locations with different circumferential angles from the welding start/stop position: (a) 90°, (b) 180°, (c) 270° and (d) 360°. 
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Table 1. Chemical composition and mechanical properties.






Table 1. Chemical composition and mechanical properties.





	
Chemical Composition (mass, %)




	
C

	
Mn

	
P

	
S

	
Si

	
Ni

	
Cr

	
Mo

	
N






	
0.019

	
1.848

	
0.028

	
0.0004

	
0.468

	
5.065

	
22.255

	
2.535

	
0.1535




	
Mechanical Properties




	
Yield stress (MPa)

	
Ultimate strength (MPa)

	
Elongation (%)




	
678

	
839

	
35











 





Table 2. Welding conditions and process parameters.






Table 2. Welding conditions and process parameters.





	PASS
	Current (A)
	Voltage (V)
	Velocity (mm/s)





	1
	140
	12
	0.9



	2
	160
	12
	1.9



	3
	170
	12
	1.7



	4
	170
	12
	1.2



	5
	170
	12
	1.3



	6
	160
	12
	1.0










 





Table 3. Hardness across the weld specimen (HV10).






Table 3. Hardness across the weld specimen (HV10).





	

	
Base Metal

	
HAZ

	
Weld Metal

	
HAZ

	
Base Metal






	
Point number

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15




	
Averaged value

	
235

	
236

	
235

	
252

	
252

	
253

	
251

	
254

	
255

	
253

	
255

	
254

	
235

	
235

	
235
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