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 The welding experiments were performed with a current range of 45 A 

to 90 A, a welding time of 3 s to 5 s, and an electrode-to-cup gap of 1.5 

mm to 3.0 mm under pure argon shielding gas. Based on process 

parameters, the heat input domain was associated with nugget diameter, 

ambient ferrite morphology, tensile shear strength of weld joints, and the 

nature of fracture and the microhardness distribution in fusion zone (FZ), 

partially melted zone (PMZ), and heat-affected zone (HAZ). 

Examinations by optical and scanning electron microscopy showed that 

all weld zones comprised δ-ferrite in an austenitic matrix, whose 

morphology evolved from lath to vermicular scales with increasing heat 

input. Maximum tensile shear strength (4179 N) and weld toughness 

(5.529 J) were achieved for a balanced δ-ferrite content and an optimal 

average nugget size of 5.65 mm at 75 A, 3 s, and 1.5 mm, over high heat 

input of 90 A produced low mechanical features by over penetration and 

grain coarsening. The microhardness of the welded region increased to 

about 250 HV at a medium heat input. In contrast, a high heat input 

resulted in coarsening of δ-ferrite and a decrease in hardness. All 

fractures initiated in the PMZ, which was determined to be a critical 

region for joint failure. These results provide a process–structure–

property framework to guide the optimization of tungsten inert gas (TIG) 

spot-welding parameters for thin-gauge stainless steels requiring high 

joint integrity. 
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INTRODUCTION 

With the best in-process  efficiency, the lowest joint dilution, no consumables required, and significant 

weight reduction, resistance spot welding (RSW) still stands as the most common spot joining method for 

automotive sheets (Aliyari et al., 2025). In several of these uses, there is  little or no access to both sheet 

sides for the RSW process (Groover, 2012). Consequently, a new joining method must be developed for 

thin sheets, providing the necessary strength with access from only one side. In this regard, tungsten inert 

gas (TIG) welding could be a solution, as it allows one-sided  joining while controlling the heat input to 

ensure sufficient strength (Cai et al., 2023). Among the electric arc welding processes, gas tungsten arc 

welding (GTAW) is unique in that the welding arc is  based on a non-consumable tungsten electrode. The 

inert gas used to protect the weld makes it perceived as one of the most efficient processes for producing 

high-quality welds. 

Furthermore, in some applications, it enables welding without using filler material; this type of 

welding is referred to as autogenous welding (Singh & Agrawal, 2021). In the GTAW process, various 

factors, such as voltage, heat input, and current time, play an important role in the final properties of the 

material (Muñoz et al., 2021). This technique can work with direct (DC) and alternating current (AC). The 

current pulse width may be varied to accommodate different material thicknesses, and there is a defined 

current setting for each material type. An AC TIG welding machine outputs alternating positive and 

negative polarity currents that apply to the weld of either steel or aluminum and their alloys (Casanueva et 

al., 2023; Muñoz et al., 2021). Stainless steel is indeed a significant metal alloy comprising iron, to which 

given additions were made, including Carbon (C), Aluminum (Al), Silicon (Si), Molybdenum (Mo), Nickel 

(Ni), and Chromium (Cr) (Pasupulla et al., 2022; Radhi et al., 2023; Radhi & Al-Khafaji, 2018). 304 

stainless steel, a standard austenitic stainless steel, is widely used in the chemical processing, aerospace, 

and transportation industries due to its good corrosion resistance and mechanical properties (Chen et al., 

2024). Although there have been numerous reports on the GTAW of stainless steels, most research has 

focused on bead-on-plate and continuous seam welds rather than on TIG spot welding thin-gage austenitic 

stainless steels such as AISI 304. This is important for TIG spot welding, which is highly affected by 

thermal conditions, localized heat input, and rapid solidification during the weld process (Casanueva et al., 

2023; Kumar & Shahi, 2011). The application of GTAW techniques to join dissimilar steels has been the 

subject of several studies. Hayat and Aminy, (2022) observed that as the welding current increases, the 

nugget diameter increases, thereby improving the joints' load-bearing capacity. 

Furthermore, the TIG-spot welding approach might be used to generate a suitable pull-out mode of 

failure with totally ductile fracture (Rajak et al., 2023). The impact of welding parameters on the nugget 

diameter of 1 mm DP590 steel sheets was examined by Banerjee et al. (2016). They found that the nugget 

diameter increased in the favorable weldability range before expulsion when the welding current and time 

were increased. Similarly, Kishore et al. investigated how various welding conditions affected the nugget 

size and load-bearing capacity of RSW joints made from 1.3 mm thick galvanized and bare DP600 steel 

sheets under tensile-shear and coach-peel conditions (Kishore et al., 2019). Sabzi et al. (2021) demonstrated 

that the hardness and fracture energy of weld metal (WM) increased significantly with changes in welding 

parameters. In particular, while previous studies have established that heat input critically governs δ-ferrite 

formation, where lower heat inputs promote finer lathy morphologies and higher mechanical features. 

Excessive heat promotes vermicular or skeletal ferrite, associated with reduced toughness (Tabrizi et al., 

2021). These microstructural–mechanical relationships have rarely been quantified under TIG spot-welding 

conditions. Furthermore, although optimal δ-ferrite fractions (5% – 10%) have been reported to enhance 

ductility, toughness, and resistance to solidification cracking in austenitic stainless steels (Arh et al., 2021; 

Chuaiphan & Srijaroenpramong, 2020), no comprehensive studies have systematically correlated welding 

current, time, and electrode-to-cup distance with δ-ferrite morphology, nugget geometry, and mechanical 

performance in spot-welded 304 stainless steel. This lack of process–structure property mapping limits the 

https://www.sciencedirect.com/topics/materials-science/weld-metal
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industry's ability to define robust welding windows for high-integrity one-sided joints, particularly in 

applications where thin-gauge stainless steel is used in critical service environments. 

The present study addresses a critical gap in welding metallurgy by providing a systematic process–

structure–property analysis of TIG spot welding of thin-gauge AISI 304 austenitic stainless steel, a joining 

method of increasing industrial relevance in applications where access to one side of the joint is restricted. 

While prior investigations have examined the influence of heat input on δ-ferrite formation in continuous 

GTAW processes, there is a paucity of research quantifying the morphological transitions of δ-ferrite (lathy, 

vermicular, globular) under the rapid thermal cycles inherent to spot welding, and correlating these changes 

with nugget geometry, mechanical strength, and fracture location. This study is novel in its integrated 

approach, simultaneously varying welding current, dwell time, and electrode-to-gas cup distance to 

generate a controlled range of heat inputs, while employing optical and scanning electron microscopy 

alongside mechanical and microhardness testing to establish direct quantitative links between process 

parameters, δ-ferrite morphology, and weld performance. The aim is to identify an optimal welding window 

that maximizes tensile shear strength, weld toughness, and hardness while mitigating over-penetration and 

microstructural coarsening. The outcomes provide not only fundamental insights into heat input–

microstructure interactions in TIG spot welds but also practical guidance for industry in fabricating high-

integrity one-sided joints for thin stainless-steel components in sectors such as transportation, food 

processing, and chemical equipment manufacturing. 

 

EXPERIMENTAL/ THEORETICAL DETAILS 

Materials 

In this study, AISI 304 stainless steel sheets are used. As shown in Fig 1, the sheets have dimensions 

of 100 × 25 × 1 mm. Table 1 demonstrates the chemical analysis of the 304 stainless steel examined in this 

research. 

  

Fig. 1. The weld joints' dimensions.  

Table 1. AISI 304 stainless steel chemical analysis 

Element wt % C Si Mn Cr Ni Fe 

Obtained 0.03 0.52 1.3 18.1 8 Bal. 



135 Mohammed K. Aljanabi et al. / Journal of Mechanical Engineering (2026) Vol. 23, No. 1 

https://doi.org/10.24191/jmeche.v23i1.8443

 

 ©Mohammed K. Aljanabi et al., 2026 

TIG - spot welding procedure 

TIG machine (Miller-The diversion 165 model) was used in the research. Joints were designed to be 

fixed on a table, as shown in Fig 2(a). The Welding parameters of TIG used are DC current, weld time, and 

the distance between the tungsten electrode and gas cup (H), see Fig 2(b). The argon gas flow rate that is 

used throughout the whole welding process is constant (15 cubic feet per hour, cfh). The Samples are 

welded using the conditions as shown in Table 2. 

Mechanical testing 

Tensile-shear tests of 304 stainless steel joints were conducted on a universal testing machine (type 

WEW-100) with a maximum load of 100 kN. The tensile shear specimen for weld joints has dimensions of 

25 mm wide, 175 mm long, and a 25 mm overlap, according to the American Welding Society (AWS) B.4 

standard (see Fig 1). The crosshead velocity of the tensile shear test was 2 mm/min. The hardness of the 

weld joint cross-section was determined by Vickers microhardness testing with a load of 0.458 kg for a 

loading time of 15 s. The toughness of the welding joints, or the energy absorbed to failure, was determined 

from load-displacement curves using OriginPro® 2018. Nugget size was calculated using ImageJ. 

 

Fig. 2. (a) A schematic illustration of the fixture method of samples and (b) the distance between the tungsten electrode 
and the gas cup (H). 

Table 2. TIG welding parameters used in this research 

Experiment number DC current (A) Weld time (Sec) H (mm) 

A1 45 3 1.5 

A2 45 5 1.5 

A3 45 3 3.0 

A4 45 5 3.0 

A5 60 3 1.5 

A6 60 5 1.5 

A7 60 3 3.0 

A8 60 5 3.0 

A9 75 3 1.5 

A10 75 5 1.5 

A11 75 3 3.0 

A12 75 5 3.0 

A13 90 3 1.5 
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RESULTS AND DISCUSSION 

Microstructure characterization 

When examining the weld sample, the following areas were observed: FZ (fusion zone), PMZ (partially 

melted zone), HAZ (heat-affected zone), and BM (base metal). It was found that the microstructure of BM-

AISI 304 consists of an austenite phase, and the presence of twins was also observed, as shown in Fig 3. It 

was also noted that the FZ region of all the welded specimens contains a delta ferrite phase (δ) immersed 

in an austenite matrix(γ). It was noticed that the light area explains the (δ) ferrite phase, while the dark area 

represents the (γ) austenite phase. The δ phase enhances weld tensile strength, depending on its quantity 

(Hassan et al., 2023). The weld zone microstructure at low heat input consists of fine austenite grains due 

to the high cooling rate, which prevents granular growth. In addition to the existence of an amount of delta 

ferrite, which may be lower compared to the welding zone at high heat input (Randhawa & Kumar, 2018). 

 

Fig. 3. AISI 304 stainless steel BM microstructure. 

It was also noted that the microstructure, when the input temperature was increased, became rougher 

than at medium and low temperatures, due to the low cooling rate, which allows granular growth and the 

transformation of delta ferrite into austenite. The δ-ferrite amount that forms in the welding zone (FZ) is 

dependent on the heating input because the low cooling rate allows the δ-ferrite to transition into austenite 

over time, which results in a decrease in the amount of ferrite phase as the heat input level increases, as 

shown in Fig 4. 

 

Fig. 4. SEM of weld metal samples (a) FZ-A9, (b) FZ-A6, and (c) FZ-A2. 

γ 
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The existence of globular δ-ferrite was also observed in sample number A9, which improved the 

mechanical features (Arh et al., 2021). Additionally, it was demonstrated that lathy δ-ferrite appeared with 

vermicular δ-ferrite as a result of the reduction in heat input (Kumar & Shahi, 2011; Ogundimu et al., 2019), 

as demonstrated in Fig 4. Additionally, it was detected that sample number A9's vermicular ferrite is more 

discontinuous than that of the medium and the lowest level of heat input.  

Tensile shear strength 

The tensile test results (Table 3) show that the minimum tensile strength of 289 N was obtained with 

specimen number A3, representing the lowest heat input condition. This poor performance was caused by 

shorter welding time (t) and a larger electrode-to-gas cup distance (H), which reduced power density, 

resulting in insufficient heat accumulation, shallow weld penetration, and a small nugget diameter . 

However, an increase in welding current with a fixie (t and H) resulted in a dramatic enhancement of tensile 

strength owing to increased heat input to the FZ. For instance, tensile force increased from 803 N in 

specimen number A1 to 3822 N in specimen number A6 as the current was raised from 45 A to 60 A. This 

strength enhancement can be explained by the relatively lower quenching rate, which allowed more time 

for δ-ferrite to transform to γ-austenite, further improving the load-carrying capacity of the weld (Chuaiphan 

& Srijaroenpramong, 2020).  

Table 3. Tensile features of the BM and weld metals 

Experiment number T.S. force (N) Average nugget diameter (mm) Weld toughness (J) 

A1 803 3.11 0.236 

A2 1465 3.62 0.055 

A3 289 2.13 0.354 

A4 684 2.53 0.082 

A5 2583 4.76 1.983 

A6 3822 5.18 4.629 

A7 2121 4.60 0.931 

A8 3234 5.01 4.027 

A9 4179 5.65 5.529 

A10 3906 5.39 5.526 

A11 3444 5.11 3.663 

 

The simultaneous effect of duration of welding and perpendicular distance between electrodes on heat 

input, therefore also the mechanical behavior, is further elucidated in Fig 5. The tensile strength of the 

sample A9 (welded with 75 A under optimized parameters) is at the maximum magnitude of 4179 N due 

to the optimal amount of δ-ferrite for ductility and toughness. On the other hand, specimen number A10 

exhibited lower tensile strength, even at the same current level, because δ-ferrite content was lower and the 

weld structure became brittle (Bansod & Patil, 2017; Kumar & Shahi, 2011). At the maximum current level 

of 90 A (sample number A13), tensile strength decreased due to the overheating effect, resulting in over-

penetration and local reduction of the weld specimen, as shown in Fig 6. Fractographic analysis also 

indicated that in all specimens, the partially melted zone (PMZ) near the fusion line (FL) was found to be 

the critical area controlling tensile failure in TIG spot-welded AISI 304 stainless steel joints. 

Toughness of weld joints 

Fig 7 shows the variation in weld toughness with respect to these welding parameters. A strong 

relationship between welding current and weld toughness was observed, with weld toughness improving 

with each increment of welding  current, as the higher heating input affects the FZ microstructure. The 

highest impact toughness magnitude, 5.529 J, appears in sample number A9, which has the best ratio of δ-

ferrite and γ-austenite phases. In the state, a low-hardness delta–ferrite phase with a hardness lower than 
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that of the γ-phase had an optimum time to partially transform  into austenite during cooling, thereby 

improving formability and energy absorption. On the contrary, the specimen number A10 had relatively 

lower toughness with increasing  electrode-to-gas cup spacing (H), which decreased arc concentration and 

heat input in the weld area. This reduced local thermal input hindered the transformation to δ-ferrite, thereby 

reducing toughness. The worst results were obtained for the specimen with number A13, in which an 

excessive heat input had produced overpenetration and local lack of material at the weld, where both 

strengths and toughness were reduced. These results highlight the importance of the controlled heat input 

in achieving a balance between metallurgical and mechanical performance of TIG spot welds made in 

austenitic steels. 

  

 

 

Fig. 5. Tensile shear force with (a) DC current, (b) the distance between the tungsten electrode and the gas cup (H), 
and (c) weld time. 
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Fig. 6. Full penetration of joints at: (a) 75 A, 5 s and (b) 90 A, 3 s. 

 

Fig. 7. Weld toughness with different welding parameters. 

Nugget size 

The average weld-nugget diameter was found to strongly influence the applied welding parameters, as 

shown in Fig 8. Changes  in heat input, controlled by the electrode-to-cup distance (H), duration, and 

welding current, directly affected nugget shape. Nugget height decreased, and average nucleation diameter 

increased as a function of increasing current from 45 A to 60 A, then 75 A, suggesting that more thermal 

energy is being delivered to the weld region (Charde, 2012). Among all specimens, the number A9 sample 

produced under 75 A, intermediate dwell time, and reduced (H) demonstrated the largest nugget diameter, 

as illustrated in Fig 9. Conversely, nugget size was diminished when (H) was increased, when welding 

current was lowered, or when dwell time was shortened. The combined effect of high current, extended 

welding time, and reduced (H) substantially elevated heat input, promoting increased molten metal volume 

and lateral spread of FZ. However, excessive heat input was found to induce over-penetration and local 

thinning of the weld region, which may adversely affect structural integrity in service. 
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Fig. 8. (a) Affected and nugget size and (b) the diameters of the nugget size. 

 

Fig. 9. Average nugget size of all the parameters. 

Microhardness of weld joints 

Fig 10(a) and Fig 10(b) present the microhardness distribution across the weld cross-section for 

representative high-, medium-, and low-heat-input conditions. Indentations were spaced at 0.5 mm intervals 

from FZ through the PMZ, HAZ, and into BM on both sides of the weld line. At high heating input, the FZ 

exhibited reduced hardness compared with the medium- and low-heat-input specimens, a trend attributed 

to increased δ-ferrite formation due to slower cooling rates and extended solidification times. Medium heat 

input (specimen number A6) produced the maximum FZ hardness of 250 HV, while high heat input 

(specimen number A9, 75 A) reduced FZ hardness to 225 HV due to δ-ferrite coarsening and γ→δ 

transformation. Low heat input (specimen number A2) yielded 232 HV, reflecting finer dendritic 

microstructures (M. Jebbur et al., 2022). 
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In all the specimens, the hardness was higher in the PMZ compared with that of FZ because Cr₂₃C₆ 

carbides and residual austenite, as well as some (unresolved) δ-ferrite having relatively higher hardness 

than δ-ferrite-dominated FZ, were present. The HAZ, including the PMZ, had lower hardness in the 

CGHAZ, which increased toward BM, where FG structures were more prevalent. The variations in these 

gradients are consistent with a local thermal history, e.g., slower cooling in the vicinity of PMZ favors δ-

ferrite formation and carbide precipitation, while faster cooling at BM refines grain size and enhances its 

hardness. The observed profiles are consistent with earlier findings on the relationship between heat input 

and δ-ferrite morphology, carbide precipitation, and microhardness variation in GTAW of austenitic 

stainless steels (Chuaiphan & Srijaroenpramong, 2014, 2020; Alkhafaji et al., 2025).  

 

Fig. 10. (a) The weld joint cross-section and (b) the microhardness distribution of AISI 304 weld joints.  

 

CONCLUSION 

This experimental investigation established a clear relationship between TIG spot-welding parameters, heat 

input, and the resulting microstructural evolution and mechanical performance of AISI 304 austenitic 

stainless-steel joints within the investigated current range of 45 A to 90 A, welding durations up to 3 s, and 

sheet thicknesses of 1.5 mm to 3.0 mm. The fusion zones were characterized by δ-ferrite dispersion within 

an austenitic matrix, with ferrite morphology transitioning from predominantly lathy at low heat inputs to 

vermicular and globular forms as thermal energy increased. An intermediate heat input condition (75 A, 3 

s, 1.5 mm) yielded the most favorable combination of tensile shear strength (4179 N), impact toughness 

(5.529 J), and nugget diameter (5.65 mm), attributed to an optimized δ-ferrite fraction and refined 

microstructural features. Conversely, excessive heat input at 90 A resulted in over-penetration, pronounced 

grain coarsening, and deterioration of both mechanical strength and hardness, emphasizing the necessity of 

avoiding high-energy regimes in thin-gauge stainless steels. The maximum microhardness value (250 HV) 

(b) 

(a) 
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was achieved under moderate heat input, while further energy input promoted δ-ferrite coarsening and 

corresponding hardness reduction within the fusion zone. Fracture consistently initiated within the partially 

melted zone, highlighting its critical influence on joint integrity and the need for stringent process control 

to minimize metallurgical discontinuities in this region. Collectively, the findings delineate an optimal 

welding window for producing high-strength, high-toughness TIG spot welds in AISI 304 stainless steel, 

with future investigations recommended to explore the influence of filler material addition on 

microstructural refinement and joint performance. 
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