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ABSTRACT 

The present work investigates the weldability, microstructure, and mechanical 

properties of 6 mm thick 2507 super duplex stainless steel were welded by multi-pass 

shielded metal arc welding technique (SMAW) with ER2595 electrode using different 

heat inputs. The produced joint was characterized and evaluated by using 

radiographic inspection, liquid penetrant test, scanning electron microscopy, optical 

microscopy, hardness and tensile test. The results obtained demonstrated that the 

filler electrode, heat inputs and interpass temperature are the parameters control for 

produce of defect-free joint. The 2507 SDSS shielded metal arc welding show an 

improvement in hardness and yield strength compared to the base metal. The weld 

zone exhibited four distinct morphologies of austenite including secondary austenite 

(SA), Widmanstatten austenite (WA), intra-granular austenite (IGA), and grain 

boundary austenite (GBA), in addition to the presence of ferrite. The ferrite content 

in the weld zone remained close to the balance ratio of base metal and showed no 

significant variation when using different welding parameters. 
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INTRODUCTION 

Super duplex stainless steels (SDSS) of SAF2507 have gained significant attention in 

various industries such as Mining, marine, power stations, petrochemical, and other 

industries, [1–5]. 2507- SDSS characterized by its balanced composition of ferrite (α) 

and austenite (γ), [6–8], offers several distinct advantages in various applications. 
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Furthermore, the equal distribution of these two phases contributes to a unique 

combination of the material's mechanical properties. The ferrite phase contributes to 

the steel's high strength and toughness, making it capable of withstanding high loads 

and impacts. The austenite phase provides improved ductility and formability, 

allowing for ease of fabrication and shaping, [9, 10]. The combination of these 

mechanical properties makes super duplex stainless steel suitable for structural 

components, pressure vessels, and piping systems in demanding industries. 

 

SAF 2507 super duplex stainless steel also demonstrates good thermal conductivity 

and low thermal expansion, providing enhanced heat transfer capabilities and 

dimensional stability in high-temperature applications, [11]. This attribute is valuable 

in vessels, heat exchangers, boilers, and other thermal processing equipment, [12]. 

welding these alloys presents unique challenges due to their complex microstructure 

and susceptibility to thermal distortion and solidification cracking, [13]. However, the 

selection of an appropriate welding technique is critical to maintain the desired 

properties of the welded joints, [14]. 

 

Fusion welding processes such as gas metal arc welding (GMAW), shielded metal arc 

welding (SMAW), flux cored arc welding (FCAW), and gas tungsten arc welding 

(GTAW) can all be used to weld the 2507-SDSS alloy 2507 SDSS, [15 - 18]. Among 

these processes, the SMAW technique is distinguished by its ability to produce 

efficient welds. In addition, the SMAW weldments of 2507-SDSS indicate an 

acceptable ratio of γ /α by selecting the suitable welding parameters, joint design, and 

filler rod materials, [18]. SMAW offers several advantages for welding duplex 

stainless steel due to its versatility, simplicity, and suitability for various applications, 

[19]. 

 

In addition, SMAW is particularly advantageous for welding super duplex stainless 

steel due to its ability to provide a stable arc even in challenging positions and 

environments. The process offers excellent control over the heat input, which is 

crucial for preventing excessive heat and preserving the microstructural integrity of 

the super duplex stainless steel, [18]. Moreover, SMAW allows for efficient deposition 

of filler metal, resulting in strong and reliable weld, [20 - 26]. 

 

However, SMAW welding of stainless steel requires careful consideration of 

parameters such as electrode selection, current and voltage settings, travel speed, and 

preheat/post-weld heat treatment, [27 - 29]. Proper electrode selection, typically 

choosing a duplex stainless steel electrode, ensures a compatible composition and 

mechanical properties between the filler metal and the base metal. Appropriate 

adjustment of current, voltage, and travel speed achieves a balanced heat input, [8]. 

In this respect, Gupta et al., [18] studied the effect of heat input on mechanical 

properties and microstructure characterization which welded by SMAW of 2507 

SDSS 5.5 mm thick plate. The E2595 electrode was used in the SMAW process to weld 

two samples with varying heat inputs: 0.54 kJ/mm, 1.10kJ/mm. The microstructure 

examinations, including optical microscope and scanning electron microscopy, 

revealed minimal differences in the heat affected zone (HAZ) between the two heat 
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inputs. Furthermore, both weldments demonstrated comparable mechanical 

properties. 

 

The present work aims to evaluate the effect of multi pass SMAW parameter on the 

welding of 6 mm thick plate 2507-SDSS and their impact on the microstructure and 

mechanical properties of the weldment. 

 

EXPERIMENTAL  

Material  

A 6 mm thickness SAF 2507-SDSS plates were utilized as initial materials with 200 

mm length, and 100 mm width. The 2507-SDSS plates were supplied by RAHUL 

Company, Bogra, Bangladesh. The chemical composition of SAF2507-SDSS is 

presents in Table 1 according to the supplier. 

 

Table 1. chemical composition of SAF2507-SDSS. 

Element Ni Cr Mo Mn Si P C S Fe 

(wt. %) 8 26 5 1.2 0.8 0.035 0.03 0.02 Bal. 

 

SMAW Procedure of SAF2507-SDSS 

The SMAW method has been utilized for the entire welding procedure; root, filling, 

and final passes with the filler rod of ER2595 filler metal with a diameter of 2.5 mm. 

The SMAW of the 2507-SDSS procedure was done according to ASME code section 

IX using the manual SMAW machine model Magmaweld RS 500 M, Istanbul, turkia. 

Because excessive heating has harmful influences on the properties of the welded 

SDSS alloys, [11], preheating was exempted. And the maximum temperature of the 

SMAW inter-pass involved was less than 110 °C, as suggested to minimize 

precipitations of the intermetallic phases. Table 2 shows the composition of the 

ER2595 welding consumables rod. Compared to the 2507-SDSS, the filler rod of 

ER2595 has a 0.84 % more nickel than the initial SDSS plates to form γ from solid 

delta α, [30]. Figure 1 displays a schematic drawing of the 2507-SDSS butt weld joint 

design; V- groove shape with an angle of 𝟔𝟎𝟎, a root face of 2 mm, and a root gap of 

4 mm. with multi- pass of SMAW. Table 3 lists the SMAW of the 2507-SDSS details. 

A manual stainless steel brush was applied to remove oxides scales during the SMAW 

process. 

 
Fig. 1 Joint configuration of the 2507-SDSS for the SMAW process. 
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Table 2 The nominal composition of the ER2595 (in wt. %). 

Element Ni Cr Mo Mn Si C P S Fe 

Content 

(wt. %). 

8.84 25.31 3.35 1.07 0.53 0.33 0.013 0.012 Bal. 

 

Table 3 SMAW welding parameter. 

Pass 

No. 

Interpass 

temp. 
oC 

Electrode Amps Volt 

Travel 

speed 

mm/min 

Heat input 

J/mm 

1 - 

E
R

2
5
9
5
 –

 2
.5

 m
m

 d
ia

m
eter

 

76 28 107 1192 

2 70 79 25.4 291 414 

3 80 78 26 210 579 

4 105 78 26 200 608 

5 110 78 26 185 658 

6 95 80 25 240 500 

7 85 81 24.5 251 476 

8 90 81 25 245 496 

9 60 81 25.2 200 612 

10 90  80 24.5 240 490 

11 95  79 24.8 250 515 

 

Evaluation and characterization of welded joints 

After SMAW technique, the nondestructive tests of visual inspection, liquid penetrant 

test, and the radiographic test were utilized to identify any welding defects present on 

both the surface and internal regions of the welded joint. Visual inspection allows for 

real-time evaluation of the surface condition, it enables the identification of visible 

defects, such as large cracks, corrosion, surface irregularities, or improper welds, 

which can be addressed promptly before they worsen. The liquid penetrant test, also 

known as dye penetrant test, used to detect surface defects of surface of welded joints 

such as cracks, surface porosity and discontinuities in materials. The radiographic 

test used to examine the internal structure of materials for defects or discontinuities. 

After applied the non-destructive tests, the welded joint was sectioned perpendicular 

to the welding direction using a wire cut machine, for the microstructure, 

macrostructure, hardness, and tensile test. The polished cross-section of the joint was 

subjected to optical microstructure analysis using eicher solution of CuCl2 in a 

mixture of 100 mL of HCl and 100 mL of ethanol, the specimens were immersed in 

this solution for a duration of 25 second. The SEM analysis for the welded joint was 

done using field emission scanning electron microscopy. As for phase analysis in the 

weld zone, α and γ phases are determined by using a ferrite scope.  The Vickers 

hardness test was performed on the cross-section of the welded joint using a load of 

2000 gf, dwell time of 15 seconds. Tensile specimens were extracted in a direction 
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perpendicular to the welding direction and prepared in accordance with the ASTM 

E8/E8M-16a standard, [31]. The tensile test specimen dimensions are presented in 

Fig. 2. The tensile test was conducted at room temperature, utilizing a universal test 

machine with ram head-speed of 0.5 mm/min. 

 

RESULTS AND DISCUSSION 

Nondestructive inspection Results. 

Fig. 3a presents the top view of 2507 SDSS with multi pass SMAWed. By visual 

inspection It is clear that the obtained joint using the design V- groove shape with an 

angle of 𝟔𝟎𝟎, a root face of 2 mm, and a root gap of 4 mm, no defects are detected 

indicating excellent surface appearance of multi pass SMAW. Figure 3(b, c) shows 

the liquid penetration test and radiography images, respectively of the welding joint 

after SMAW. For liquid penetration test it was observed that, very good appearance 

of the welded surface, good surface conditions without any surface defect detected. 

On the other hand, radiography image indicated that no internal defects detected 

along the joint length that is due to suitable joint design, suitable welding parameters, 

and adequate material flow. 

 

 

 
 

Fig. 2 Tensile test specimen Dimensions according to ASTM E8/E8M-16a; all 

dimensions in mm. 
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Fig. 3 (a) Top view of 2507 SDSS with multi pass SMAW, (b) image for liquid 

penetration test of 2507 SDSS with multi pass SMAW, (c) Radiographic images of 

the 2507 with multi pass SMAW. 

 

Macrostructure and Microstructure characterization 

Figure 4a illustrates the macrostructure image of the transverse cross-section of the 

SMAWed joint. It is clear that by employing a V-shaped groove with a 2 mm root 

face and a 4 mm root gap, a defect-free joint was obtained by using multi pass SMAW. 

Figure 4b presents the optical microstructure of the BM for 2507 SDSS where both 

ferrite (α) and austenite (γ) are easily identified. Moreover, the fusion welding 

characteristics of the welded joint reveal the presence of two distinct zones, the weld 

zone (WZ) and the heat-affected zone (HAZ), [18]. Some microstructural changes 

take place in the WZ region resulting in secondary austenite clusters (SA), inter-

granular austenite (IGA), grains boundaries austinite (GBA) and Widmanstätten 

austenite (WA) as shown in figure 4 c. The different welding zones with different 

magnifications are shows in figure 4 (d, e). It is important to note that achieving the 

desired microstructure in the weld zone is crucial for maintaining the mechanical and 

corrosion-resistant properties of the 2507 SDSS. Careful control of welding 

parameters, including heat input and cooling rate, is necessary to optimize the 

microstructural features and ensure the integrity of the welded joint. During the 

SMAW process, the high temperatures reached during welding cause the austenite to 

transform into a coarser grain structure. This can lead to the formation of 

Widmanstätten austenite (WA), which appears as elongated or lath-like structures. 

The microstructure of HAZ comprises large grains of α-phase with interconnected γ  

phase networks on α  grains boundaries (GBA) and smaller grains of Widmanstatten 

austenite (WA). Additionally, there is presence of intra-granular and grain boundary 

austenite (IGA), which form within the ferrite grains. The formation of secondary 

austenite clusters (SA) were also observed in some of the reheating areas especially in 
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the third and fourth passes, [18]. Widmanstatten austenite (WA), secondary austenite 

clusters (SA), intra-granular austenite (IGA) and grain boundaries austenite (GBA) 

are significant features of the microstructure for all heat inputs [18, 32 - 33]. For the 

current investigations, no intermetallic are observed in the weld zone across all the 

applied heat inputs.  

 

 
 

Fig. 4 (a) Macrostructure image of 2507 SDSS with multi pass SMAWed joint, (b) 

Optical microstructure image of the BM, (c) Optical microstructure image of WZ, 

(d, e) Optical Microstructural images of the various zones for SMAWed joint. 

 

3.3 Ferrite / austenite content 

Figure 5 presents the percentage of α content during measurement by using a ferrite-

scope for the weld joint of 2507 SDSS produced through the multi pass SMAW 

technique. Table 4 shows the ferrite reading content measurement of welded joint of 

2507 SDSS with multi pass SMAW. The measurements reveal that in the base metal 

(BM), the α and γ percentage phases are 50.6% and 49.4%, respectively. These 

findings align closely with previous reports by other authors on the as-received 2507 

SDSS [17,18,34]. Furthermore, α and γ percentage phases for the SMAWed joint are 



 

102 
 

47% and 53 % respectively. These phase ratios are relatively close to the equilibrium 

ratio of α and γ in the BM. According to previous reports, The welded joint could be 

classified as a high-quality joint when the proportion of the γ phase in the DSS welded 

joint exceeds 30%, [33]. The weld zone of the SMAWed joint exhibits a slightly higher 

austenite proportion (53%) compared to the BM (47%). This increase can be ascribed 

to the utilization of ER2595 wire during the welding process, which contains a higher 

nickel content than the 2507 SDDS. Meanwhile, the multi pass SMAW technique 

which applied in this study maintained α and γ phases without inducing ferritization. 

Therefore, these results endorse the use of multi pass SMAW for welding 2507 SDSS, 

specifically under the recommended welding conditions established in the current 

work, while preserving the desired α:γ ratio. 

 

 
 

Fig. 5 Ferrite content percentage during measurement by using a ferrite-scope. 

 

Table 4 Ferrite content measurements for 2507 SDSS BM, WZ of the SMAWed 

joint. 

Samples Readings of ferrite No. (%) AV. Reading of α 

phase (%) 

Calculated γ 

Phase (%) 

Base 

Metal 

52        51        48        51      51   50.6 49.4 

SMAW 52.1     46        45        49      42.9 47 53 
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Hardness and tensile characteristics 

Figure 6 illustrates the hardness profile of the 2507 SDSS produced through the multi 

pass SMAWed. The hardness measurements were taken along two transverse lines in 

the cross-section of the welded joints. It is evident that the maximum hardness values 

reach up to 369 HV at the center of the stir zone. The hardness gradually decreases 

as we move to the HAZ, with value of 272.1 HV. Compared to the as-received base 

material (BM), the hardness value is 319 HV. The variations in hardness within the 

weld zone can be attributed to differences in the microstructure, particularly in terms 

of the morphology and distribution of micro-constituents, [18]. The presence of a 

higher proportion of the γ phase contributes to an improvement in the hardness of 

the WZ, [10, 35] . Conversely, the presence of significantly coarser ferrite grains in 

HAZ leads to a decrease in hardness. 

 

 
 

Fig. 6 Vickers hardness measurements of the 2507 SDSS SMAWed joint. 

 

Figure 7 (a, b) shows the tensile test specimen of the BM and SMAWed joint before 

the test. After conducting the test, figure (c) displays the fracture location occurred 

at the HAZ indicated in the red circle. Tensile properties including ultimate tensile 

stress (UTS), yield stress (YS), and elongation (E%) for the SMAWed joint, compared 

to the BM are shown in Fig. 8. it is clearly obtained that the UTS value for BM sample 

of 1273 MPa is relatively close to the SMAWed sample value of 1244 MPa. the E% 

values for BM sample is 50 % which is larger than the SMAWed sample of 14.5 %. 

When looking at the YS values, it can be observed that SMAWed sample obtain the 

highest value compared to the BM sample, which the YS value for SMAWed joint is 

442 MPa, the YS value for BM is 302 MPa. A noticeable enhancement of 

approximately 59 % in the yield strength detected for the SMAWed joint over the Ys 

of the as received metal BM. The observed enhancement in yield stress may be 

attributed to the grain refinement in the WZ, [36]. 
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Figure 9 shows SEM micrographs of the fracture area of the 2507 SDSS BM in the 

tensile test samples. The micrographs reveal elongated grains of both austenite (γ) 

and ferrite (α) phases aligned at a 45o degree angle, indicating the presence of ductile 

deformation in the BM sample as shown in figure 8 c. Ductile fractures are 

characterized by extensive plastic deformation and the presence of elongated dimples, 

deep dimples in various sizes and shapes (rounded and elongated) on the fracture 

surface. On the other hand, Figure 8b displays clear evidence of microstructural 

changes resulting from SMAWed.  It is disclosed in the form of Shallow dimples and 

micro-cracks. Those features indicate ductile fracture mode. During the tensile test, 

the original microstructure experiences high stress, leading to significant plastic 

deformation. This induces distortions in the form of shallow dimples, as presents in 

figure 8d. 

  

 
 

Fig. 7 (a) tensile test sample of the2507SDSS BM, (b) specimen of the SMAWed joint 

before tensile test (c) specimen of the welded joint after tensile test. 

 

 
Fig. 8 Ultimate tensile stress, yield stress, and elongation properties of 2507 SDSS 

BM and SMAWed samples. 
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Fig. 9 SEM microphotographs of the fracture area of (a) BM, (b) the SMAWed 

sample, (c) a magnified image of the BM within the dashed rectangular area, and (d) 

a magnified image of the SMAWed sample within the dashed rectangular area. 

 

CONCLUSIONS 

The effect of different shieled metal arc welding parameters including filler electrode, 

heat inputs and interpass temperature on microstructure feature and mechanical 

properties of SMAWed 2507 SDSS were examined and evaluated. Based on the 

obtained results, the following conclusions can be stated:  

1. Successful and defect-free joints of super-duplex stainless steels can be achieved by 

multi-pass shielded metal arc welding (SMAW) using ER2595 filler metal. 

2. The weld zone microstructure exhibited four distinct morphologies of austenite 

including secondary austenite (SA), Widmanstatten austenite (WA), intra-granular 

austenite (IGA), and grain boundary austenite (GBA), in addition to the presence of 

ferrite. 

3. Significant hardness enhancements have been observed in the weld zone for the 

SMAWed joint reached up to 369 HV compared to the BM of 319 HV. 

4. The welded joint obtained ultimate tensile strength close to that of the BM, 

significant yield strength enhancements were observed compared to the BM. The 

yield strength of the welded joint is enhanced over the BM by 51% 
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5. The welding parameters affect the α and γ phase percentage within the weld zone. 

α and γ percentage phases for the SMAWed joint are 47% and 53 %, respectively. 

These phase ratios are relatively close to the equilibrium ratio of α and γ in the BM 

that achieves to 50.6% and 49.4%, respectively. These results endorse the use of multi 

pass SMAW for welding 2507 SDSS, specifically under the recommended welding 

parameters in the present study. 
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