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Abstract
Objectives: This investigation analyzes the microstructure, mechanical and
corrosion characteristics of SMO 254 joints welded using constant current
TIG (CCTIG) and pulse current TIG (PCTIG) with alloy 625 (ERNiCrMo-3) filler
metal. Method: Optical microscopy and SEM with EDAX were employed for
microstructural characterization and phase analysis. Mechanical properties
were assessed through Vickers microhardness, tensile, and Charpy impact
tests, followed by fracture analysis. Findings: EDAX point analysis indicates
reduced Mo segregation and the absence of Nb segregation in PCTIG
weldments. The overall corrosion resistance remains acceptable despite a
slightly higher corrosion rate in PCTIG weldments. The study highlights the
superior mechanical properties and microstructural control achieved with
PCTIG welding, making it a preferable technique for SMO 254 joints. Novelty:
Notably, the research establishes PCTIG as a superior method for welding
SMO 254, demonstrating that it not only refines the grain structure but also
significantly enhances mechanical properties, particularly toughness, by 50%
compared to CCTIG.
Keywords: SMO 254; SASS; Microstructural characterization; Mechanical
properties; CCTIG; PCTIG

1 Introduction
Austenitic stainless steels exhibit superior resistance to corrosion and possess
remarkable strength. 6%Moly alloys are frequently found to include significant amounts
of Fe 53.42%, Ni 19.04%, Cr 19.88%, and N 0.199 %, which help them resist corrosion
and stress cracking. Super austenitic stainless steel is used in pipelines, special tanks,
pumps, power plant heat exchangers, paper, chemical, petrochemical, and flue gas
desulfurization devices, and refining sectors. These alloys are part of the austenitic
stainless steel family. Super austenitic stainless steels (SASS), also known as 6% moly
alloys, are easily weldable, but the key challenges are preventing hot cracking and
maintaining corrosion resistance. The standard grade of SASS is SMO 254, highly
alloyed stainless steel that contains nickel, chromium,molybdenum, and nitrogen. SMO
254 stainless steel is prone to nickel, chromium, and, notably, molybdenum micro-
segregation due to the primary austenitic solidification mode (1). GTAW processes
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provide several notable advantages, including ease of use, low cost, strong metallurgical connections between joints, attractive
appearance, and enhanced weld properties (2). Constant current GTAW process is commonly used in industry for welding
different austenitic stainless steel. Current pulsing offers superior weld metal characteristics over constant current, including
less heat input, improved weld bead geometry, increased arc stability, and decreased HAZ (3). Segregation causes Mo depletion
in the dendritic core, which is susceptible to corrosive attack. Localized corrosion can occur when a Ni-based filler metal
forms an unmixed zone between a partly melted zone and a weld nugget (4). With the 316L filler weld, Chetan (5) observed
increased tension and toughness strengths and chromiumcarbide precipitate in the autogenousweld joint between 316L and 430
alloys. Autogenous welds exhibited greater pitting and sensitization. Using ERNiCrCoMo-01, ERNiCrMo-4, 10, and 14 fillers,
Mahesh (6) studied alloy 617 joints by CCTIG welding. The authors discovered Mo-rich phases using fillers ERNiCrMo-4, 10
and 14 and cellular and columnar structures in the weld zone.They also identified Cr- rich phases in ERNiCrMo-1 filler metal.
Yelamasetti (7) used continuous and pulsed TIG welding methods to examine the metallurgical and physical characteristics of
weld joints of SS 316 and alloy 400. During a metallurgical examination, grain refinement was found in the PCTIG weldment
at HAZ. Ultimate tensile strength was observed around 554 and 542MPa in PCGTAW and CCGTAWweldments, respectively.
PCTIG compared to CCTIG, the yield strength to UTS ratio is more excellent. Compared to CCTIG joint, the PCTIG joint
is more complex. Yahya (8) examined Inconel 601 and 304 SS filler with continuous and pulse currents. Author noted absence
of segregation in weld metal. Further there is improved grain refinement due to less heat input and this increased mechanical
property of pulse weld joints. But solid and ductile autogenous welding is produced. Fahd (9) achieved complete penetration
with reduced heat input in his investigation of the pulsing effect in titanium alloy welding, and weld metal had a higher tensile
strength than base metal.The cause of grain strengthening is an increased cooling rate in the fusion zone. By using TIGwelding
to examine the effect of 310 Austenitic and 410 Ferritic stainless-steel fillers in 430 Ferritic stainless steel, Shanmugasundar (10)
study revealed that filler metal influences dilution, Cr/Ni equivalent ratio, mechanical, metallurgical features. The literature
survey underscores the well-established benefits of super austenitic stainless steels, particularly SMO 254, in terms of corrosion
resistance and mechanical strength. Previous research has explored the challenges associated with welding super austenitic
stainless steels (SASS), focusing on issues such as preventing hot cracking and maintaining corrosion resistance. This study
addresses this gap by providing new insights into the effects of CCTIG and PCTIG on SMO 254 joints, offering novel findings
on microstructural control, mechanical performance, and corrosion behavior.

2 Methodology
This investigation employed an SMO 254 plate, which is4 mm thick, as the base metal.ERNiCrMo-3 (alloy 625), having a 2.4
mm diameter, is the filler material utilized. A wire cut EDM machine cut four pieces of 50 x 45 x 4 mm. A single v-butt joint
arrangementwith a 3mmroot spacing, 1mm land and 600 included angles were used.Welding joints weremade using a TIG 315
BP AC/DC machine in DCEN continuous and pulse current modes. A 2.4mm diameter non-consumable tungsten electrode
with 2% thoriated was employed. The welding process was done manually. Table 1 lists the parameters for welding. Argon
shields and purges gas during root and filling pass welding at a flow of 10 lpm. The microstructures of the three weld zones
were inspected using an optical microscope and a FE-SEM. The physical characteristics of the weldments were determined by
hardness, tension, and impact testing. Tensile testing was done according to ASTM E8 guidelines (11). Weldment’s hardness was
assessed using micro Vickers tester at 0.5mm intervals, with a 1 kg force and 15 second dwell period. Non-standard Charpy
impact test specimen’s length 55mm, width 10mm and thickness 4mmwere used for comparison. AW-EDMmachine used to
cut the specimens to examine their mechanical and metallurgical properties. In CCTIG and PCTIG, heat input is determined
by applying Equations (1), (2) and (3) (10). Weld bead geometry measurements, such as bead width (w), bead height (h), and
depth of penetration (t), were measured from both macro images of weld specimens using Image J software, and percentage
dilution (D) were calculated by applying Equation (4).

𝐻𝐼𝐶𝐶𝑇𝐼𝐺 = 𝜂 (𝑉 𝑥 𝐼 /𝑆) 𝑖𝑛 𝐾𝐽 / 𝑚𝑚; (1)

𝐻𝐼 𝑃𝐶𝑇𝐼𝐺 = 𝜂(𝑉 𝑥 𝐼𝑚/𝑆) 𝑖𝑛 𝐾𝐽 / 𝑚𝑚 ; (2)

𝐼𝑚 = 𝑡𝑝 ×𝑇𝑝 +𝑡𝑏 ×𝑇𝑏
𝑇𝑝 +𝑇𝑏

𝑖𝑛 𝐴𝑚𝑝𝑠 ∶ (3)

The TIG welding process efficiency is 60%. Other factors that affect the welding process include welding speed, S (mm/min),
Voltage (V), I𝑝 pulse current (amps), I𝑏 base current (amps), T𝑝base current period (s) and T𝑝 pulse current period (s).
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Table 1. Experimental specifications used in CCTIG and PCTIG welding of SMO 254
Welding Filler

metal
Filler
metal dia.
(mm)

No. of
pass

Welding
current
(A)

Base cur-
rent I𝑏
(A)

Peak
current
I𝑝 (A)

Voltage
(V)

Welding
speed
(mm/min)

Total
heat
input
(KJ/mm)

CCTIG ERNiCrMo-
3

2.4 Root 123 - 10 78

Fill 123 - 10 78 1.136
PCTIG ERNiCrMo-

3
2.4 Root 123 63 120 10 78

Fill 123 63 120 10 78 1.136

3 Results and discussion

3.1. Microstructure evaluation

3.1.1. Dilution analysis
Percentage of dilution is one of the characteristics of weld joint. Dilution can be calculated by fused base metal area to the total
weld metal area. Almost equal percent of dilution noted from both welding methods. Table 2 PCTIG welding shows marginally
higher dilution percentage and lower penetration when compared with CCTIG welding.

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 (𝐷) = 𝐹𝑢𝑠𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑎𝑠𝑒 𝑚𝑒𝑡𝑎𝑙 / 𝑤ℎ𝑜𝑙𝑒 𝑤𝑒𝑙𝑑 𝑎𝑟𝑒𝑎 (4)

Table 2. Weld bead geometry and weld dilution

Welding method Weld bead geometry in mm Percentage Dilution
(D) %Bead width (w) Bead height (h) Penetration (p)

CCTIG 8.7 0.902 5.31 36.50
PCTIG 8.98 0.783 4.903 38

The bead geometry directly influences the dilution percentage. In the case of CCTIG welding, the bead width is slightly
narrower (8.7 mm) compared to PCTIG welding (8.98 mm). The bead height in CCTIG is greater (0.902 mm) than that
in PCTIG (0.783 mm), indicating a more pronounced buildup of weld metal above the base metal surface. However, the
penetration depth is more significant in CCTIG (5.31 mm) than in PCTIG (4.903 mm), suggesting more profound fusion
into the base metal. The higher penetration in CCTIG results in a more significant amount of base metal being melted and
mixed with the filler metal, contributing to a substantial dilution percentage of 36.50%. Conversely, PCTIG, despite having a
slightly broader bead width, exhibits reduced penetration.This reduced penetration limits the extent of base metal mixing with
the filler metal, resulting in a somewhat higher dilution percentage of 38.00%.

The welding parameters, including welding current, voltage, and speed, play a pivotal role in determining the heat input
and the weld bead geometry and dilution. In both CCTIG and PCTIG processes, the total heat input is maintained at 1.136
KJ/mm. However, the mode of current application differs significantly. CCTIG utilizes a continuous current of 123 A for both
the root and fill passes. PCTIG employs a pulsed current with a peak current of 120 A and a base current of 63 A, maintaining
the same average current as CCTIG but in a pulsed manner. The pulsed nature of PCTIG allows for periodic cooling during
the welding process, which promotes grain refinement and reduces the overall heat input per unit time. This results in a finer
microstructure and better mechanical properties, as observed in the increased toughness values. The reduced penetration in
PCTIG can be attributed to the intermittent heat application, allowing the base metal to cool slightly between pulses, thereby
limiting the depth of fusion (12).

The slight increase in dilution percentage for PCTIG (38.00%) compared to CCTIG (36.50%) can be attributed to the
combined effect of bead width and penetration. While PCTIG offers a broader bead width, its reduced penetration limits the
extent of base metal mixing.The interplay between these geometric factors and the pulsed current mode results in a controlled
dilution, which is beneficial for maintaining the integrity and desired properties of the weld joint (13). Furthermore, the findings
suggest that while both welding techniques produce acceptable dilution levels, PCTIG provides superior control over the weld
microstructure due to its reduced penetration and grain refinement capabilities.
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3.1.2. Macroscopic Analysis
Themacroscopic images of theweld joints created byConstantCurrent TIG (CCTIG) andPulsedCurrent TIG (PCTIG)welding
processes are depicted in Figure 1(a) and Figure 3 (a), respectively. These images provide a visual confirmation of the weld
quality and the effectiveness of the welding parameters used in this study.Themacro photos show that both welding techniques
have produced weld joints with no visible defects such as cracks, porosity, or incomplete fusion. In CCTIGWelding, the macro
image of theweld joint shows awell-defined beadwith consistent width and height.The fusion zone appears uniform, indicating
steady heat input and effective basemetal fusionwith the fillermaterial.The twowelding passes, root and fill, are distinguishable,
each contributing to the overall integrity of the weld (14). The macro image of the PCTIG weld joint also demonstrates a defect-
free weld. However, compared to the CCTIG weld, the fusion zone in the PCTIG weld appears narrower. This is attributed to
the pulsed current mode, which allows for better control over the heat input and, consequently, a more concentrated fusion
zone.

The narrower fusion zone observed in the PCTIG weld is a significant finding. The pulsed current technique facilitates
periodic cooling during welding, which not only aids in grain refinement but also minimizes the heat-affected zone (HAZ).
This controlled heat input results in a more precise and narrower fusion zone, which is advantageous for reducing thermal
distortion and residual stresses in the weldment (15). In contrast, the CCTIG weld, with its broader fusion zone, indicates a
higher heat input over a continuous period. While this ensures thorough fusion and adequate mixing of the base and filler
metals, it also results in a wider HAZ, potentially leading to higher residual stresses and distortion in the weldment.

The macroscopic analysis agrees with the findings from the dilution analysis. The narrower fusion zone in PCTIG welds,
coupled with reduced penetration and controlled dilution, translates to improved mechanical properties such as higher
toughness and better resistance to thermal stresses (16). The grain refinement observed in the microstructural analysis further
supports these findings, indicating that PCTIG welding not only refines the grain structure but also enhances the overall
performance of the weld joint.

3.1.3. CCTIG weld using ERNiCrMo-3
Figure 1(b) and (c) provide detailed microstructural views of the SMO 254 similar weldment at the interface when subjected
to Constant Current TIG (CCTIG) welding. This analysis reveals significant insights into the microstructural transformations
and elemental segregation that occur during the welding process. The CCTIG process forms an unmixed zone (UMZ) at the
weld interface, as depicted in Figure 1 (c).This UMZ is a narrow region adjacent to the fusion line where the base metal did not
completely melt, yet experienced significant thermal cycles (17). The presence of the UMZ indicates that while the base metal’s
microstructure remains essentially unchanged, it may undergo slight modifications due to the heat from the welding process.

In the weld metal, the microstructure is characterized by dendritic structures, as illustrated in Figure 1(b). The primary
dendritic arms are themain trunks of these structures, which form during the initial stages of solidification.These primary arms
serve as the backbone for the secondary dendritic arms, which branch off and help in the redistribution of solute elements.The
dendritic and inter-dendritic regions observed in the columnar grains further confirm the directional solidification pattern,
typical in weld metals with steep temperature gradient (18).

Elemental micro-segregation is another significant observation in the CCTIG welds. Figure 1(c) and (e) highlight the
presence of black and white patches, indicative of micro-segregation of alloying elements within the heat-affected zone (HAZ).
This segregation results from the varying heating and cooling cycles during welding, which cause differential diffusion rates
of elements like Mo and Nb. In the HAZ, the microstructure exhibits annealing twins, equiaxed grains, and epitaxial grain
growth (19). The annealing twins, typical in face-centered cubic (FCC) metals such as SMO 254, appear as mirror-image
crystallographic features within the grains.These twins can influence themechanical properties by interacting with dislocations
and providing sites for stress relief. Equiaxed grains, which have nearly spherical shapes and uniform dimensions, are also
evident in the HAZ. These grains form due to the uniform cooling rates in the central region of the weld pool, leading to
random, non-directional grain growth (20). The presence of epitaxial grain growth at the fusion boundary, where the new grains
grow directly from the pre-existing grains of the base metal, maintains the crystallographic orientation of the parent grains,
ensuring a seamless transition between the weld metal and the base metal (21).

The microstructural transformations observed in the CCTIG welds directly affect the mechanical properties of the welded
joint. The formation of columnar structures and dendritic arms contributes to the strength and stability of the weld metal.
However, elemental micro-segregation can lead to local variations in mechanical properties, potentially affecting the overall
performance of the weld. The absence of migrated grain boundaries in the weld area, as noted in Figure 1(e) is a positive
indicator of the weld’s stability. Migrated grain boundaries can be sites for crack initiation and propagation, thus their absence
enhances the weld’s resistance to fracture.
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Fig 1. (a) Macrostructure of CCTIG (b) weld metal microstructure (c) ERNiCrMo-3 weld metal andSMO 254 base metal interface
microstructure, SEM image of CCTIG (d) weld metal (e) weld interface

Figure 1(c) and (e) depict the interaction between the weldment and the base metal SMO 254. The microstructural analysis
shows rolling bands in the base metal, which are elongated regions formed during the rolling process and exhibit different
grain orientations and dislocation densities (21) (22).These bands can influence the mechanical behavior of the base metal during
welding. The fusion line, where the base metal begins to melt and mix with the weld metal, marks the transition from the
solidified base metal to the weld metal. The epitaxial grain growth observed at this boundary ensures a robust metallurgical
bond, enhancing the integrity of the weld joint.

The FE SEM combined with EDAX provides a comprehensive understanding of the elemental composition and distribution
within the CCTIG weldment. The detailed analysis at the weld fusion zone is depicted in Figure 2(a), revealing critical insights
into the microstructural and compositional characteristics of the weldment. The EDAX analysis indicates that the primary
constituents of the weld dendritic core are Ni, Nb, Cr, Fe, and Mo. These elements are integral to the weld metal’s properties,
contributing to the overallmechanical strength and corrosion resistance.Thedendritic core, formedduring solidification, shows
a homogeneous distribution of these elements, ensuring a stable and robust microstructure. In contrast, the inter-dendritic
regions exhibit variations in elemental concentrations. Specifically, higher quantities of Fe, Ni, Mo, and Cr are detected in these
areas (23).This segregation results from the differential solidification rates during thewelding process, where elements with lower
melting points and higher diffusivity tend to migrate to the inter-dendritic spaces. The EDAX point scan reveals significant Nb
and Mo segregations at the grain boundaries.

The EDAX line scans, as shown in Figure 2(b), provide a detailed view of the elemental transition across the weld fusion
zone.These scans illustrate the gradual changes in elemental concentrations, reflecting the diffusion processes occurring during
welding. The transition of elements such as Cr, Ni, and Mo from the base metal (BM) to the weld metal (WM) is particularly
notable. This transition is more pronounced in the SMO 254 base metal to weld metal interface due to the alloy’s increased
thermal diffusivity and thermal conductivity. The higher thermal conductivity of the ERNiCrMo-3 filler metal enhances the
heat flow during welding, promoting the diffusion of alloying elements (24). The microstructural analysis correlates well with
the elemental distribution observed in the FE SEM with EDAX analysis. The presence of dendritic and inter-dendritic regions
and elemental segregation at grain boundaries indicate the solidification dynamics during the CCTIG welding process. The
primary and secondary dendritic arms observed in the SEM images Figure 1 (d), is composed of a homogeneous distribution
of Ni, Nb, Cr, Fe, and Mo, ensuring the structural integrity of the weldment (25).

https://www.indjst.org/ 3557

https://www.indjst.org/


Kumar & Baskaran / Indian Journal of Science and Technology 2024;17(34):3553–3566

Fig 2. (a) EDAX point analysis on dendritic and interdendritic regions of CCTIG weld metal (b) EDAX line analysis in weld metal
interface of CCTIG

However, the segregation of Nb and Mo at grain boundaries, as revealed by EDAX point scans, can impact the mechanical
properties. These segregated areas might exhibit different hardness and tensile strength than the dendritic core, potentially
leading to localized weaknesses. The elemental transitions captured by the EDAX line scans reflect the diffusion of key alloying
elements from the base metal to the weld metal.This diffusion is crucial for achieving a strongmetallurgical bond and ensuring
the overall performance of the weldment (26).The increased thermal diffusivity of the SMO254 alloy, combinedwith the thermal
conductivity of the ERNiCrMo-3 filler, facilitates effective diffusion and alloying at the weld interface.

The elemental composition and segregation patterns also have significant implications for the corrosion resistance of the
weldment. Cr andMo, known for their corrosion resistance properties, are crucial in both the dendritic core and inter-dendritic
regions. However, the segregation of these elements at grain boundaries can create sites susceptible to localized corrosion,
particularly in aggressive environments (27). The transition and distribution of Cr, Ni, and Mo from the base metal to the weld
metal enhance the overall corrosion resistance of the weldment.

3.1.4. PCTIG weld using ERNiCrMo-3
The microstructural analysis of the Pulsed Current TIG (PCTIG) weldment reveals significant insights into the effects of
regulated heat input and pulse frequency on the weld microstructure. As shown in Figure 3 (b), the regulated heat input and
appropriate pulse frequency employed during PCTIG welding significantly reduce the formation of coarse grain structures in
the SMO 254 weld metal. The presence of a fine-grained microstructure enhances the mechanical properties of the weld by
improving toughness and reducing the likelihood of crack propagation. The controlled pulse frequency allows for periodic
cooling, which helps refine the grain size by preventing excessive growth.

Adjacent to the weld interface, the SEM image inFigure 3(c) reveals the presence of a narrow Unmixed Zone (UMZ). The
appropriate pulse frequency and regulated heat input are crucial in maintaining this narrow UMZ, which ensures minimal
disruption to the base metal while achieving sufficient fusion. The narrow UMZ indicates that the base metal experienced
significant heating without melting, preserving its original microstructure and mechanical properties to a large extent. The
lengthy columnar dendritic structure, as observed on the weld metal side next to the weld interface in Figure 3 (b), is indicative
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Fig 3. (a)Macrostructure of PCTIG (b)weldmetalmicrostructure (c)weldmetal andbasemetal interfacemicrostructure, FESEM image
of PCTIG (d) weld metal (e) weld interface

of directional solidification.The steep temperature gradient near theweld interface promotes the growth of elongated, columnar
dendrites. These columnar structures are essential for the stability of the weld metal, providing a solid foundation for the
subsequent layers of material.

Figure 3(d) shows an equiaxed dendritic structure in the dendritic region. Refined equiaxed grains can be formed due
to cyclic heating and cooling during the PCTIG welding process. This cyclical thermal regime disrupts the growth of large
columnar grains, instead promoting the nucleation and growth of smaller, equiaxed grains. The presence of Ni in the dendritic
region further enhances themechanical properties by contributing to the strength and corrosion resistance of the weldmeta (28).
The weld interface, depicted in Figure 3 (e), shows a well-defined columnar structure, highlighting the transition between
the weld metal and the base metal. The columnar grains grow epitaxially from the base metal grains, ensuring a seamless
metallurgical bond. This epitaxial growth is crucial for maintaining the continuity of the microstructure across the weld
interface, which is vital for the overall strength and integrity of the weldment (29).

The controlled heat input and pulse frequency during PCTIG welding play a pivotal role in determining the microstructural
characteristics of the weldment. By carefully regulating these parameters, achieving a balance between sufficient fusion and
minimal heat-affected zone (HAZ)width is possible.This balance ensures that theweldmetal possesses a refinedmicrostructure
with improvedmechanical properties.The fine equiaxed grains observed inFigure 3(d) and the narrowUMZ shown in Figure 3
(c) are direct results of the cyclic heating and cooling provided by the pulsed current (30).The refinedmicrostructure observed in
the PCTIG weldment directly correlates with improvedmechanical properties.The reduction in coarse grains and the presence
of fine equiaxed grains contribute to higher toughness and better resistance to thermal and mechanical stresses (31).

Figure 4(b) illustrates the FE SEM/EDAX line scan across the weld metal interface of the PCTIG weldment. This line
scan provides a comprehensive view of the elemental distribution from the base metal (BM) through the heat-affected zone
(HAZ) and into the weld metal (WM). The distribution of Fe, Ni, Cr, and Mo elements is clearly delineated, confirming their
presence throughout these regions. The line scan reveals a gradual transition of elements across the weld interface, with a
noticeable concentration of Fe migrating from the SMO 254 base metal towards the fusion zone. This migration contributes
to the formation of the lengthy columnar dendritic structure near the weld zone, as observed in the microstructural analysis.
These columnar dendrites, characterized by their elongated grain structure, indicate directional solidification influenced by the
thermal gradient during welding.

The absence of Nb segregation further ensures uniformity in the weld metal, reducing the risk of localized weaknesses. The
elemental transition across the weld interface, particularly the movement of Fe from the base metal to the fusion zone, plays a
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Fig 4. (a) EDAX point analysis on dendritic and interdendritic regions of PCTIG weld metal (b) EDAX line analysis in weld metal
interface of PCTIG

crucial role in forming the columnar dendritic structure. These columnar dendrites provide a strong foundation for the weld
metal, contributing to its mechanical strength and stability

Figure 4(a) presents the SEM/EDAXanalysis at theweldmetal, highlighting the enrichment of critical alloying elements such
as Ni, Cr, Fe, C, and Mo. The EDAX spectra show pronounced peaks for these elements, indicating their significant presence
within the weld metal. Nickel (Ni), the primary alloying element, is particularly noteworthy. Its high concentration contributes
to forming a fully austenitic phase structure, as corroborated by the equiaxed dendritic structure seen in Figure 3 (d). This
austenitic structure enhances the weld metal’s toughness and corrosion resistance. The absence of Nb (Niobium) segregation
at the grain boundaries, as revealed by the EDAX point scan, indicates the uniform distribution of alloying elements. Nb
segregation can lead to localized weaknesses and susceptibility to cracking; hence, its absence suggests a more homogeneous
and robust weld metal.

3.2. Mechanical Behavior

3.2.1. Micro-hardness properties
Microhardness measurements were performed on the weldments created by Constant Current TIG (CCTIG) and Pulsed
Current TIG (PCTIG) welding techniques in three distinct areas: the weld zone’s top, middle, and bottom. The result, shown
inFigure 5(a) and Figure 5 (b) for CCTIG weldment, the corresponding weld zone average microhardness was observed to
be 218.66, 222.86, and 212.06 HV in the top, middle, and bottom. The microhardness distribution in the CCTIG weldment
indicates relatively consistent hardness values across the weld zone, with a slight decrease in the bottom region (32). This
distribution suggests a uniform microstructure with minor variations in grain size and elemental composition throughout the
weldment. The consistent hardness values can be attributed to the continuous heat input and steady cooling rate characteristic
of CCTIG welding, which promotes uniform grain growth and elemental distribution.

For the PCTIGweldment, the averagemicrohardness values observedwere 221.73HV in the top, 224.3HV in themiddle and
265.46 HV in bottom. In contrast to the CCTIG weldment, the PCTIG weldment exhibits a significantly higher microhardness
in the bottom region.This improved hardness profile can be attributed to the reduced heat input and increased rate of weld pool
cooling associated with the pulsed current technique. The current pulsing effect induces cyclic heating and cooling, enhancing
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Fig 5. Microhardness of the welded joints (a) CCTIG (b) P CTIG

the solidification rate and promoting finer grains’ formation in themicrostructure (33).The rapid cooling in the PCTIGweldment
results in a refined microstructure with reduced grain size, particularly in the bottom region where the cooling rate is highest.
The finer grains contribute to the increased hardness observed in this area.

The variations in microhardness between the CCTIG and PCTIG weldments are closely correlated with their respective
microstructures and diffusion characteristics. In CCTIG welding, the continuous heat input leads to a more uniform grain
structure with minor differences in hardness across the weld zone. The steady cooling rate allows for gradual solidification,
resulting in consistent microhardness values. In PCTIG welding, the pulsed current induces rapid thermal cycles, significantly
affecting microstructural evolution and elemental diffusion. The faster cooling rate leads to the formation of finer grains,
particularly in the bottom region, where the microhardness is markedly higher (34). This refinement in grain structure enhances
the weldment’s hardness and overall mechanical properties.

As observed in the microstructural analysis, the presence of equiaxed grains and the reduction of coarse grain structures
in the PCTIG weldment further support the improved hardness profile. The controlled diffusion of alloying elements during
the cyclic heating and cooling process ensures a more homogeneous distribution, reducing the likelihood of segregation and
contributing to the increased hardness values. In both CCTIG and PCTIG weldments, the base metal exhibits higher hardness
values compared to the heat-affected zone (HAZ) and fusion zone (35). This higher hardness can be attributed to the more
excellent chemical andmicrostructural uniformity of the base metal, which has not undergone the thermal cycles and potential
elemental segregation experienced by the weld zones.

3.2.2. Tensile test properties
The tensile strength and ductility of weld joints created by Constant Current TIG (CCTIG) and Pulsed Current TIG (PCTIG)
welding processeswere evaluated through tensile testing. Figure 6 illustrate the stress-strain diagrams for bothweldingmethods.
For the CCTIG weldment, the average tensile strength is 737 MPa, and the elongation is 56.75%. For the PCTIG weldment, the
average Tensile Strength is 742 MPa and the Elongation is 53.5%.The tensile test results indicate that both CCTIG and PCTIG
weldments exhibit high tensile strength, surpassing the strength of the base metal. The fracture in both cases occurred in the
base metal, which suggests that the weld joints are stronger than the surrounding material. This outcome is a positive indicator
of the weld quality, implying that the welding process did not introduce significant weaknesses into the joint.

The higher tensile strength and ductility observed in PCTIG weldments can be attributed to the microstructural refinement
achieved through pulsed current welding.The regulated heat input and appropriate pulse frequency in PCTIGwelding promote
the formation of finer grains and more uniform microstructures. This refinement enhances the mechanical properties by
increasing the material’s resistance to deformation and fracture. The slightly higher tensile strength in PCTIG weldments
(742 MPa) compared to CCTIG weldments (737 MPa) reflects the benefits of the pulsed current technique. The cyclic heating
and cooling during PCTIG welding produces a more homogeneous distribution of alloying elements and reduced grain size,
contributing to increased strength.

The stress-strain diagrams shown in Figure 6 provide further insights into themechanical behavior of theweldments. CCTIG
and PCTIG weldments exhibit typical ductile fracture characteristics, with substantial elongation before failure.The elongation
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Fig 6. Stress-Strain Curve for the similar weldments of SMO 254 using ERNiCrMo-3 filler (a) & (b) CCTIG (c) & (d) PCTIG

values indicate that the weldments can undergo significant plastic deformation, which is crucial for applications requiring
high toughness and resistance to impact loads (36). The higher elongation observed in CCTIG weldments (56.75%) compared
to PCTIG weldments (53.5%) suggests that the continuous current welding process allows for greater ductility. However, the
trade-off is a slightly lower tensile strength due to coarse grains and potential elemental segregation.

The Charpy V-notch impact test evaluated the joint toughness of weldments created by Constant Current TIG (CCTIG)
and Pulsed Current TIG (PCTIG) welding processes. The results, presented in terms of impact toughness, provide critical
insights into the ability of the weldments to absorb energy and resist fracture under dynamic loading conditions. For the CCTIG
weldment the Impact Toughness is 81 MPa and for PCTIG weldment is 131 MPa. The impact toughness results indicate a
significant difference in the energy absorption capabilities of the weldments produced by the two welding techniques. The
PCTIG weldments exhibit substantially higher impact toughness (131 MPa) compared to the CCTIG weldments (81 MPa),
highlighting the pulsed current technique’s superior performance in enhancing the weld joints’ toughness.

The fracture surfaces observed following the impact tests reveal distinct differences between the two welding methods. In
the CCTIG weldments, the specimens were completely ruptured upon impact, indicating a lower resistance to fracture and
less energy absorption capability. The total rupture of the CCTIG weldments suggests that the microstructure was less capable
of withstanding the dynamic load, leading to a brittle fracture mode. The enhanced toughness observed in PCTIG weldments
can be attributed to the microstructural refinement achieved through the pulsed current welding process (37). The regulated
heat input and controlled cooling rates associated with PCTIG welding promote the formation of finer grains and a more
homogeneous microstructure.The presence of fine equiaxed grains and reduced segregation of alloying elements, as previously
discussed, contributes to the improved toughness of the weldments.

The primary austenite phase in theweldmetal, observed in bothCCTIG and PCTIGweldments, plays a significant role in the
toughness of the joints. Austenite is known for its excellent toughness and ability to undergo significant plastic deformation.The
improved toughness in PCTIG weldments is likely due to the refined austenitic microstructure, which enhances the material’s
ability to absorb energy and resist fracture (38). Both CCTIG and PCTIG weldments exhibit significant plastic deformation
before fracture, as evidenced by the fracture surfaces. The PCTIG weldments show more ductile behavior, remaining mostly
intact and absorbing more energy, while the CCTIG weldments undergo brittle fracture, with complete rupture occurring at
lower energy levels.
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3.2.3. Impact Test Fractography
The SEM analysis of the CCTIG weldment fracture surface, depicted in Figure 7 (a), reveals serrated facets with numerous
microvoids.These features suggest a mixed mode of failure that includes both brittle and ductile characteristics. Serrated facets
indicate that the fracture propagated along specific crystallographic planes, a typical feature of brittle fracture. The microvoids
observedwithin these facets indicate localized plastic deformation, where voids nucleate, grow, and coalesce under the influence
of stress. The fractography features of the CCTIG weldment suggest that fatigue may have influenced the failure. During the
Charpy impact test, the repeated cyclic loading could have initiated and propagated cracks along the serrated facets, leading to
microvoids and eventual fracture. The fatigue-induced microvoids are consistent with the observed lower impact toughness of
the CCTIG weldments, which show a complete rupture during impact testing.

In contrast, the SEM analysis of the PCTIG weldment fracture surface, shown inFigure 7(b), reveals a predominance of
microvoids and equiaxed dimples. These features are characteristic of a ductile mode of failure, where the material undergoes
significant plastic deformation before fracture. The equiaxed dimples are formed due to microvoids’ nucleation, growth, and
coalescence under tensile stress, indicating that the material absorbed a substantial amount of energy before failing.The ductile
fracture mode observed in the PCTIG weldment is attributed to the intermittent heating and cooling during the pulsed current
welding process (39). This thermal cycling promotes the formation of a refined microstructure with fine equiaxed grains and
reduces the segregation of alloying elements such as Nb and Mo. The homogeneous distribution of these elements enhances
the material’s ability to deform plastically and absorb impact energy, resulting in higher impact toughness and better fracture
resistance (40).

Fig 7. Impact-tested specimen fractography of (a) CCTIG (b) PCTIG

In CCTIG weldments, the continuous heat input leads to coarser grain structures and potential segregation of alloying
elements, contributing to the mixed failure mode with serrated facets and microvoids. Nb and Mo segregations at grain
boundaries can act as stress concentrators, facilitating crack initiation and propagation under cyclic loading conditions. In
PCTIGweldments, the pulsed current technique promotes the formation of fine equiaxed grains andminimizes the segregation
of alloying elements (41). The refined microstructure and uniform elemental distribution enhance the material’s toughness and
ductility, as evidenced by equiaxed dimples on the fracture surface. The reduced segregation of Nb and Mo prevents the
formation of localized stress concentrators, thereby improving the material’s resistance to impact loading.

The fractography analysis highlights the superior fracture resistance of PCTIG weldments compared to CCTIG weldments.
The ductile failure mode observed in PCTIG weldments, characterized by equiaxed dimples and microvoids, indicates a higher
capacity for energy absorption and plastic deformation (42). This enhanced toughness and ductility are crucial for applications
where weld joints are subjected to dynamic loads and impact stresses (43).

3.3Corrosion characteristics

The electrochemical corrosion behavior of weldments created by Constant Current TIG (CCTIG) and Pulsed Current TIG
(PCTIG) welding techniques was evaluated through polarization studies. Figure 8 (a) and (b) displays the polarization graphs,
and key parameters such as corrosion current (I𝑐𝑜𝑟𝑟), corrosion potential (E𝑐𝑜𝑟𝑟), and corrosion rate (CR) were measured to
understand the corrosion performance of bothweldingmethods. For CCTIGweldment, I𝑐𝑜𝑟𝑟 is 546.551 nA/cm2 and E𝑐𝑜𝑟𝑟 is -
2.907 mV.The CCTIG weldment features coarse grains with fewer grain boundaries. Coarse grains reduce the number of active
sites for corrosion, as grain boundaries are typically more susceptible to corrosive attack than the grain interiors. The lower
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number of grain boundaries in the CCTIG weldment contributes to its slightly lower corrosion rate and less negative corrosion
potential. This microstructure limits the overall corrosion activity, resulting in a more stable and less reactive weldment under
electrochemical conditions. For CCTIG weldment is Corrosion Rate (CR): 0.23106 mpy and for PCTIG weldment is 0.23362
mpy.

Fig 8. Potentiodynamic polarization curves of ERNiCrMo-3 fillers (a) CC-TIG (b) PC-TIG

For PCTIG weldment, I𝑐𝑜𝑟𝑟 is 552.589 nA/cm2 and E𝑐𝑜𝑟𝑟 is -950.451 mV. PCTIG weldment exhibits a finer grain structure
with a higher density of grain boundaries. While finer grains generally enhance mechanical properties such as toughness and
strength, they can also increase the susceptibility to corrosion. Grain boundaries act as preferential sites for corrosion initiation
due to their higher energy state and potential for impurity segregation (44). The increased grain boundaries in the PCTIG
weldment leads to higher corrosion activity, as reflected by the more negative E𝑐𝑜𝑟𝑟 value and the slightly higher corrosion
rate. The intermittent heating and cooling during the pulsed current welding process promote the formation of these finer
grains, enhancing both the mechanical properties and the susceptibility to corrosion (45).

While PCTIG welding enhances the mechanical properties through microstructural refinement, it also introduces a higher
density of grain boundaries, which can act as active sites for corrosion. This results in a marginally higher corrosion rate
than CCTIG weldments (46). Despite the higher corrosion rate in PCTIG weldments, the overall corrosion rates for both
welding techniques are relatively low, indicating good corrosion resistance of the weld joints in general (47). The choice between
CCTIG and PCTIG welding should consider the specific application requirements, balancing the need for superior mechanical
properties with acceptable corrosion resistance.

4 Conclusions
• CCTIG and PCTIGweldingmethods produce similar dilution percentages, with PCTIG showing a slightly higher dilution

percentage of 38.00% compared to CCTIG’s 36.50%. CCTIGweldments exhibit coarse grains and fewer grain boundaries,
resulting in more uniform microstructures. In contrast, PCTIG weldments show finer grains and more grain boundaries
due to the regulated heat input and pulse frequency.

• PCTIG weldments exhibit higher microhardness in the bottom region (265.46 HV) compared to the top (221.73 HV) and
middle (224.3 HV), attributed to the faster cooling rate and refined grain structure. Microhardness values are higher in
the bottom region of PCTIG weldments due to faster cooling rates and grain refinement.

• Both CCTIG and PCTIG weldments exhibit high tensile strength, with CCTIG at 737 MPa and PCTIG at 742 MPa.
Elongation values are higher for CCTIGweldments (56.75%) than PCTIGweldments (53.5%), indicating greater ductility
inCCTIGweldments. PCTIGweldments remainmostly intact after impact testing, indicating higher resistance to fracture
and better energy absorption than CCTIG weldments, which exhibit total rupture.

• Corrosion rate (CR) is slightly higher for PCTIG weldments (0.23362 mpy) compared to CCTIG weldments (0.23106
mpy), attributed to the increased density of grain boundaries in PCTIG weldments. Despite a slightly higher corrosion
rate, PCTIG weldments show good overall corrosion resistance, balancing the need for superior mechanical properties
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with acceptable corrosion resistance.
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