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Abstract

TIG welding is widely used for joining austenitic stainless steels because of the clean,
controlled welds it produces with minimal contamination. In this work, we examined how nine
different tungsten electrode types affect the weld quality of 3 mm AISI 304 stainless steel plates
under direct-current conditions at three current settings: 60 A, 70 A, and 80 A, with argon
shielding throughout.

Weld quality was evaluated through tensile and bend testing, radiographic examination,
microhardness profiling, and finite-element simulation. The results show a clear performance
advantage for hybrid electrodes over conventional ones. Among all tested configurations, the
MX2 hybrid electrode at 70 A gave the highest tensile strength,around 772 Mpa-with elongation
values above 100%. Radiographic inspection of these welds showed very few internal defects.
Based on our findings, welding currents in the 60—70 A range appear best suited for this material
and thickness.

Keywords: AISI 304 stainless steel, TIG welding, GTAW, tungsten electrode, hybrid
electrode, tensile strength, radiographic testing, hardness, finite element analysis.
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1. Introduction

AISI 304 is among the most commonly used austenitic stainless steels in industry. Its resistance
to corrosion, ease of forming, and reliable mechanical behavior make it a practical choice for
food-processing lines, pressure vessels, petrochemical piping, and structural components-
applications where material failure is not an option. (Davis, 1994)

Gas Tungsten Arc Welding (GTAW), or TIG welding, is the standard process for joining this
steel in most fabrication shops. It gives good surface quality and allows the welder to manage
heat input carefully—something that matters a lot with 304, which is sensitive to heat-induced
microstructural changes. That said, the final weld quality does not depend only on current or
shielding gas; the tungsten electrode itself plays a significant role through its effect on arc
behavior and heat distribution. (Kou, 2020)

Manufacturers have recently introduced hybrid tungsten formulations claiming improved arc
stability and longer electrode life, but there is limited published data comparing these products
against established conventional types under controlled conditions. This study was set up to
address that gap. We tested nine electrode compositions under identical conditions and
evaluated the resulting welds for mechanical performance, internal soundness, and stress
distribution using both experimental and numerical methods.

2. Literature Review

The weldability of AISI 304 using TIG processes has been studied extensively, Recent studies
have confirmed that welding current and heat input remain among the most influential
parameters governing the tensile properties, microstructure, and overall performance of TIG-
welded AISI 304 stainless steel joints (Afify et al., 2024; Amalia et al., 2023)

and there is broad agreement that heat input is one of the most influential process variables.
Too much heat can promote sigma-phase formation and reduce ductility; too little leads to
incomplete fusion or shallow penetration-neither outcome is acceptable in structural
fabrication. (Kou, 2020; Lippold & Kotecki, 2005)

Electrode material is another variable that does not receive enough attention in the literature.
Pure tungsten works reasonably well in AC applications, but it tends to erode faster under DC
conditions. Rare-earth doped electrodes-particularly lanthanotid types—have shown better arc
stability and reduced wear in several studies. What is less clear is how the newer hybrid
formulations compare to these, especially in terms of weld mechanical properties and
radiographic acceptance. (Modenesi et al., 2000)

Recent developments in TIG and hybrid welding technologies have demonstrated that arc
stability and heat distribution can significantly influence weld quality, penetration
characteristics, and mechanical performance, particularly when advanced electrode systems are
employed (Ye et al., 2023)

The present work addresses this by combining tensile testing, radiography, and finite-element
modeling in a single, coherent experimental program—an approach that allows direct
comparison across electrode types under identical welding conditions.

3. Materials and Experimental Procedure

3.1 Base Material

The base metal was commercially available AISI 304 stainless steel, cut and machined into
plates measuring 100 mm x 200 mm x 3 mm. Tables 1 and 2 list its nominal chemical
composition and typical mechanical properties.
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Table 1. Nominal Chemical Composition of AISI 304 Stainless Steel
Element Cr Ni Mn Si C Fe

wt.% 18-20 8-10.5 <20 <1.0 <0.08 Balance

Table 2. Typical Mechanical Properties of AISI 304 Stainless Steel

Property Value
Yield Strength ~ 215 MPa
Ultimate Tensile Strength (UTS) ~ 505-620 MPa
Elongation ~ 40-60%
3.2 Welding Procedure

Nine electrode types were included in the test matrix:

* Pure Tungsten: WP

« Conventional/Alloyed: WL10, WL15, WL20, WZ8, WS2

» Hybrid: MX1, MX2, MX3
All welds were made with high-purity argon shielding, and three DC current levels were used:
60 A, 70 A, and 80 A. Figures 1 and 2 show the experimental setup and representative welded
specimens. ;

Figure 1. TIG welding operation performed on AISI 304 stainless steel plates.
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Figure 2. Weld sizing parameters used for numerical modeling showing an estimated weld
size of 6.5 mm.
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Within the engineering framework, this model is employed to determine the actual tensile stress
acting on the weld region, based on the following mathematical formulation: ¢ = ﬁ

3.3 Mechanical Testing

Tensile specimens were prepared and tested in accordance with ASTM ES8. Bend specimens
followed ASTM E290. Figures 3 show the specimen geometry and the testing machine used.
Tensile specimens were prepared and tested in accordance with ASTM E8/E8M-22 (ASTM,
2022). Bend specimens followed ASTM E290-22 (ASTM, 2022).

Figure 3. Computerized tensile-testing system used for acquisition of tensile-test data.

3.4 Hardness Testing
Rockwell hardness measurements were obtained from selected welded specimens.

Table 2. Available Hardness Measurements
Specimen | Hardness (HRC)
A 36
B 34

Figure 4. Hardness measurement showing 34 & 36HRC.

3.5 Radiographic Examination

All specimens were radiographically examined to check for subsurface discontinuities,
following ASME Section V acceptance criteria. EQuipment and sample radiographs are shown
in Figures 5 . following ASME Section V acceptance criteria (ASME, 2023).
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Figure 5. Representative radiographic image of TIG-welded specimens showing weld
continuity and acceptable internal quality.

4. Numerical Simulation

Finite-element analysis was carried out in SolidWorks Simulation as Figure 6 sgowen data
formula , Numerical and Multiphysics modeling techniques have become increasingly
important tools for predicting thermal behavior, residual stresses, and deformation in GTAW
processes, reducing experimental costs and improving parameter optimization (Yeadon, 2022)
. The goal was to map stress and strain distributions across the joint under tensile, bending, and
torsional loading—conditions that reflect how these joints might be loaded in service. Figures
7 through 10 show the geometric model, mesh, and boundary conditions applied.
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Figure 6. Three-dimensional SolidWorks model of the TIG-welded specimen.
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Figure 7. The model was subjected to tensile loading conditions.
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Figure 8. Numerical stress—strain relationship obtained from finite-element simulation.
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Figure 9 . The model was subjected to bending loading conditions.
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Figure 10. Von Mises stress distribution under bending loading conditions.

5. Results and Discussion

5.1 Tensile Properties

Table 4 summarizes the tensile results. The most immediate observation is that electrode type
matters: the pure tungsten WP electrode at 60 A produced the weakest joint (443 MPa UTYS),
while the hybrid electrodes consistently outperformed all other groups.

Table 4. Experimental Tensile Test Results

Sample Electrode Current Yield Strength UTS Elongation
(A) (MPa) (MPa) (%)
A WP 60 213 443 83
B WL10 70 361 702 110
D WL20 70 375 733 102
E WL15 60 406 738 95
F WS2 80 385 737 95
G MX1 60 380 730 95
H MX2 70 403 772 108
I MX3 70 401 750 93

Sample H (MX2 at 70 A) reached a UTS of 772 MPa with 108% elongation ,The superior
performance observed at intermediate current levels is consistent with previous studies, which
reported that optimized welding current improves penetration while minimizing excessive heat
input and metallurgical degradation (Afify et al., 2024; Amalia et al., 2023) . The best result in
the series. This level of ductility is notably high and likely reflects a combination of stable arc
behavior and uniform heat distribution that MX2 appears to provide. The other hybrid
electrodes (MX1 and MX3) gave comparable strength values, though with somewhat lower
ductility. Figures 11-12 plot UTS, yield strength, and elongation by electrode type.

Table 5. Tensile Properties of Pure Tungsten Specimens

Specimen | ReL (MPa) | ReH (MPa) | Rp0.2 (MPa) | UTS (MPa)
Al 213 214 243 435
A2 212 214 243 450
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Figure 11. Experimental stress—strain curve of specimen Al welded using WP pure tungsten

electrode.
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Figure 12. Experimental stress—strain curve of specimen A2 welded using WP pure tungsten

electrode.
The stress—strain curves demonstrate substantial plastic deformation before fracture. Despite
exhibiting good ductility, the pure tungsten specimens showed significantly lower tensile
strength than hybrid-electrode specimens.
5.2 Hardness Results
The measured hardness values ranged between 34 HRC and 36 HRC. The limited variation
indicates relatively uniform metallurgical behavior and acceptable thermal control during
welding.
5.3 Radiographic Examination
The radiographic results, summarized in Table 6, track closely with the mechanical data.
Sample A (the weakest in tension) showed clear evidence of hot cracking—a defect that
explains its early failure under load. Samples G and H were free of rejectable discontinuities,
though H showed a minor, localized lack of fusion that did not affect its overall performance.
Figure (13) shows representative radiographic images from these specimens.
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Table 6. Radiographic Evaluation Results

Sample Observation Evaluation
Hot cracking Reject
Clean weld Acceptable
Minor lack of fusion Acceptable
g /"‘—'-13'0:‘3;
L e T DR IR
Ll Al o Radiographic Inspection Report
Report No;
N Date Of Exam 30/9/2025 Description Of test Sample | F2ATE BUTT
| 1 1 | WELD
S| N/A Material Of Manufacture | S/S 304 Manufacture Process ARC WELD
SWS. | Extent Of Examination 100% WELD + HAZ ]
= | X-Ray &Serial No. | 88144 SMART ANDREX 225KV
170KV, 3mA Focal Sopt/Source Size: | 3*3mm | source/Fitm Distance | 700mm
m 1Ql Type & Designation ‘ 10 FEEN | Film = Type: | D7
Exposure Time ; 17 sec | Developing TTmn.-: = 5 min

| Acceptance Criteria [ ASME Vil
EXAMINATION RESULT. =

=S

Film Moz RawType j Faw Size lnawmcamr'r-lnm:y(mn,m ST

Figure 13. shows representative radiographic
5.4 Numerical Simulation Results
The finite-element simulation under tensile loading predicted maximum von Mises stresses
approaching 7.43 x 10® N/m? near the weld zone. The corresponding strain distribution
indicated localized deformation within the weld region.
The bending simulation predicted a maximum von Mises stress of approximately 3.19 x 108
N/m2, Stress concentrations were distributed smoothly across the welded plate, indicating
efficient load transfer through the weld.
The numerical stress—strain response demonstrated stable load-carrying behavior and supported
the experimental observations.
5.5 Experimental-Numerical Correlation
Comparison between experimental and numerical results revealed good agreement. The
simulation successfully identified critical stress locations and reproduced the general behavior
of the welded specimens. This agreement supports the validity of the finite-element model and
confirms the effectiveness of the selected welding parameters.

6. Conclusions
The following points summarize the main findings from this study:
» Hybrid tungsten electrodes produced stronger, more ductile welds than pure or
standard-alloyed electrodes under the same welding conditions.
« The MX2 electrode at 70 A gave the best overall result: UTS of 772 MPa and
elongation above 100%.
» Internal defects—particularly the hot cracking seen in the WP sample-were the
primary cause of reduced mechanical performance. Radiographic inspection proved
useful for identifying these early.

(LOUJAS) Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and
70 .conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/)



Libyan Open University Journal of Applied Sciences (LOUJAS)

Volume 2 - Issue 2 - 2026 - Pages 62-71

« For 3 mm AISI 304, welding currents between 60 A and 70 A gave the best balance of
strength and ductility across electrode types.

« The FE model reproduced the general failure behavior seen experimentally, supporting
its use as a screening tool for welding parameter selection.

7. Future work

several aspects of this problem deserve further investigation. Metallographic cross-sections
would help explain the microstructural reasons behind the performance differences between
electrode types. Residual stress measurements using XRD or neutron diffraction would improve
the FE model's accuracy (Lancaster 1999). Fatigue testing under cyclic loading is also needed
before these hybrid electrodes can be confidently recommended for dynamic applications.
Finally, corrosion testing of the weldments in relevant media would be worth doing, since
welding can affect the passive film behavior of 304 in the HAZ."
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