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Abstract: Austenitic stainless steel has superior mechanical and corrosion performance and is
used in many sectors. Welding is a commonly used method in the production of stainless-steel
structures. Plasma transfer arc welding is a technique performed by an electric arc between
tungsten electrodes. In this research, AISI 304 plates were welded using plasma welding. The
joint interface was analyzed through scanning electron microscopy, optical microscopy, energy
dispersive spectroscopy, X-Ray diffraction. The strength performance of the samples were
assessed via tensile testing. The fracture surfaces of samples were studied by SEM. The PTA
method achieved complete penetration in AISI 304 plate joint. The recorded seam widths were
6 mm for S1, 6.5 mm for S2, and 7 mm for S3. The samples exhibited strengths of 336 MPa at
70 A, 360 MPa at 80 A, and 374 MPa at 90A. All joints showed good strength.

Plazma Ark Yontemiyle Kaynaklanan 304 Serisi Celiklerin Dayanim Performansi

Anahtar Kelimeler Oz: Ostenitik paslanmaz celik, iistin mekanik ve korozyon performansina sahiptir ve birgok

Plazma ark kaynagi,

AISI 304,
Mikroyapi,
Mukavemet testi

sektorde kullanilir. Kaynak, paslanmaz celik yapilarin iiretiminde yaygin olarak kullanilan bir
yontemdir. Plazma transfer ark kaynagi, tungsten elektrotlar arasindaki elektrik arki ile yapilan
bir tekniktir. Bu arastirmada, AISI 304 plakalar plazma kaynagi kullanilarak kaynaklanmuistir.
Birlesme araylizeyi, taramali elektron mikroskobu, optik mikroskop, enerji dagiliml
spektroskopi ve X-Ray diffraction ile analiz edilmistir. Numunelerin mukavemet 6zellikleri,
¢ekme testi ile degerlendirilmistir. Numunelerin kirilma yiizeyleri SEM ile incelenmistir. PTA
yontemi, AISI 304 plaka birlesme arayiizeyinde tam penetrasyon saglamistir. Kaydedilen dikis
genislikleri S1 i¢in 6 mm, S2 i¢in 6,5 mm ve S3 i¢in 7 mm'dir. Numuneler diisiik 1s1 girdisi
altinda 336 MPa, orta 1s1 girdisi altinda 360 MPa ve yiiksek 1s1 girdisi altinda 374 MPa
mukavemet sergilemistir. Tiim birlesimler iyi dayanim gostermistir.

1. INTRODUCTION

Stainless

steels are key materials in engineering.

joints by altering the microstructure, leading to issues
such as micro segregation, phase precipitation, pores, and
cracks [4,5]. Plasma transferred arc welding (PTAW) has

Austenitic stainless steels (ASS) are recognized for their
excellent resistance to corrosion, high flexibility, and
strong weldability [1]. In these steels, austenite is the
primary phase at room temperature. AISI 304 is a
stainless-steel grade commonly utilized in aerospace,
chemical machinery, nuclear applications, and pressure
vessels. ASS is more commonly chosen than other
stainless-steel types because of its ease of welding [2,3].
Welding is indispensable in many fields such as chemical,
oil and gas industries. Because various combinations of
materials can be combined. However, the welding process
can notably influence the mechanical properties of welded

high efficiency and cleanliness quality. PTAW is the most
reliable welding method for stainless steel with its ability
to weld complex shapes. It is also recognized for being
cost-effective and widely adopted [6,7]. PTAW has
gained significant popularity in the manufacturing
industry for metal joining in recent years. It is preferred
over other arc methods due to its high speed, quality weld
production and stable performance. Recently, numerous
advancements have been made to enhance the stability of
the PTAW process, as well as to improve penetration
depth and weld quality [8-10]. Bodkhe et al. [11] reported
the optimization of TIG welding of 304L materials.
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Penetration depth was influenced by current, torch speed,
and arc gap. In single pass conventional TIG, penetration
is limited to 3 mm. Ramakrishnan et al. [12] investigated
the strength performances and microstructure of TIG
welded AISI 304 and AISI 316. The highest tensile
strength was attained through welding with the peak
current. AISI 308L welding wire provided the best results

and enhanced mechanical properties.

This study aims to achieve the joining of AISI 304 plates
in a single pass using plasma welding, without employing
filler wire or a weld groove. Analyses of macrostructure,
microstructure,  phase  composition,  mechanical
properties, and fracture surfaces of welded samples were
conducted.

2. MATERIAL AND METHOD

For the present study, 304 austenitic stainless-steel plates
with dimensions of 100x100x6 mm were utilized. The
chemical values of AISI 304 is shown in Table 1. The
plasma welding schematic is illustrated in Figure 1. Argon
was utilized as both the plasma and the shielding gas. The
welding conditions for the samples are listed in Table 2.

Table 1. Chemical values of AIST 304 alloy.
Materials Fe Cr C Ni Si Mo Mn

AISI 304 Bal. 19.2 0.042 | 8.25 0.46 0.25 1.75

Table 2. Welding conditions.

Sample no S1 S2 S3
Current intensity (A) 70 80 90
Plazma gas flow speed (I/min) 0.5 0.5 0.5
Shielding gas flow speed (I/min.) 13 13 13
Travel speed (mm/min.) 0.01 0.01 0.01
Nozzle size (mm) 24 24 24

Tungsten electrode
Plasma gas

Shielding gas
Nozzle 99

|#~— Plasma gas

.‘:‘
AlS| 304 ' AIS| 304

Figure 1. The plasma welding schematic.

The samples were welded in one pass using a Thermal
Dynamics PS 3000 welding machine. Following the
welding process, the samples were sanded with 220-1200
grit SiC sandpaper and subsequently polished with 3 pm
diamond paste. The surfaces were electrolytically etched
using 50% HNOs + 50% H»O solution at 12 V for 10 s.
The microstructure of the joint interface was analyzed
using scanning electron microscopy (SEM: TESCAN
MIRA3) and optical microscopy (OM: LEICA DM750).
The chemical composition was identified through energy
dispersive spectroscopy (EDS). The phases in the samples
were identified using a Bruker D8 X-ray
diffractometer. To detect the tensile strength of the joints,
tensile samples were fabricated following ASTM ES8
guidelines [13]. Dimensions of the tensile test samples are

presented in Figure 2. These samples were tested on an
Instron 8500 tensile machine at a tensile speed of 0.5
mmmin™'. The fracture surfaces of samples were studied
by SEM.
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Figure 2. Dimensions of the tensile test samples.

3. RESULTS
3.1. Macro and microstructure

Macro visuals of the S1-S3 joints are presented in Figure
3. A smooth and clean surface in stainless steel joints was
achieved using the PTA method. Heat input significantly
influences the weld quality and visual appearance. Higher
heat input results in the melting of a larger amount of
material during the welding process [14]. The seam
widths were measured as S1 =6 mm at 70 A, S2=6.5 mm
at 80 A, and S3= 7 mm at 90 A. A minimal extent was
observed in both the HAZ and FZ. The PTA method
achieved complete penetration in a 6 mm-thick 304 plate
joint. The weld shape was thin and smooth. The level of
heat input led to the development of a coarse
microstructure. With increased heat input, the cooling rate
diminished. The closed-loop current was directly related
to the heat flux density. Consequently, raising the current
intensity enhanced the heat input and temperature
gradient, thereby enhancing thermo-capillary convection
[15]. However, higher currents also intensified the
electromagnetic and aerodynamic resistance forces. The
electromagnetic force caused the weld pool to deepen.
The aerodynamic friction force reduced the weld
penetration and created a wider pool. At higher currents,
the electromagnetic forces induced considerable mixing
within weld material. This led to vortex formation that
enhanced weld penetration and reduced bead width [16].
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Figure 3. Macro view of S1-S3 joints.

Optical micrographs of the S1-S3 joints are presented in
Figure 4. The welded zone, transition zone and HAZ are
shown. At the interface, a columnar dendritic
microstructure formed along the solidification direction as
aresult of the fast solidification of the stainless steel. SEM
micrographs of S3 joint is given in Figure 5. Figure 5
exhibited the change of d-ferrite morphology in the FZ.
Lathy and skeletal d-ferrite species were detected in the
austenite matrix. With rising thermal input, the weld metal
exhibited larger dendrites and wider interdendritic gaps.
The alteration in dendrite shape resulted from sharp
thermal gradients and rapid cooling caused by low heat
input. This allowed less time for dendrite growth.
Reduced cooling rates under high heat input provided
adequate time for dendrite development in the fusion zone
[17,18]. As heat intensity raised, the FZ and HAZ area
also expanded. Significant grain growing is observed in
the HAZ of all welds. Additionally, it was noted that the
degree of grain growing incremented with higher heat
intensity.
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Figure 4. Optlcal mlcrographs of Sl S3 joints.

igure 5. SEM icgrphs o S3 omt.

EDS analysis points and results of S1 joint is shown in
Figure 6. The presence of C, Fe, Cr, Ni, and Mn was
verified by EDS. In the AISI 304 sample, the main
elements that affected the phase compositions were Cr
and Ni. Ni was depleted in the regions where Cr was
enriched. In PTAW samples, the low thickness resulted in
a high cooling rate and FA solidification mode.
Solidification began with the formation of delta ferrite,
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followed by peritectic-eutectic transformation and
austenite nuclei. An intensified transformation took place
with the increased cooling rate. This led to the formation
of thinner austenite. The delta ferrite between the
austenite layers also became thinner [19]. XRD graph of
S3 joint is shown in Figure 7. The analysis revealed the
presence of 5-Fe and y-Fe.

Object 1
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Figure 6. EDS analysis of S1 joint.
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Figure 7. XRD graph of S3 joint.

3.2. Tensile behaviour

Macro images of samples are shown in Figure 8. The
fracture of the welded 304 SS material took place in the
HAZ. Stress-strain graph of samples is shown in Figure 9.
The sample strength made with low heat intensity had 336
MPa, followed by 360 MPa for medium heat intensity,
and 374 MPa for high heat intensity. Due to low current
intensity, full penetration could not be achieved. This
caused the disconnected sections at the interface to create
a notch effect and weakened the strength. Increased
welding current altered the intensity of forces during
welding. Thus, affecting the flow of molten metal and the
shape of the weld alloy. Higher heat input altered the weld
metal microstructure and mechanical characteristics
[19,20]. The weld strength was influenced by the HAZ of
the weld alloy. In PTAW, the volume of melt alloy was
comparatively low at any moment, resulting in quicker
cooling of the weld metal and a smaller weld zone size
[21]. During PTAW, fluid movement in the molten area
intensified, leading to a reduction in grain size within the
weld metal. The increased heat input advanced the occur
of more d-ferrite in PTAW. Ferrite formation may take
place at low temperatures with restricted diffusion due to
the enrichment of ferrite stabilizers like Cr and the
depletion of austenite stabilizers such as Ni. During rapid
solidification, o-ferrite can stay in a metastable state,
failing to fully transform into the y phase. The Cr-enriched
interdendritic d-ferrite in the microstructure can
significantly hinder the dislocation motion [2,21]. The
advanced d-ferrite structure alleviates localized stress in
surrounding phases, promoting a more uniform austenite
transformation. As a result, the retained austenite exhibits
enhanced mechanical stability and improved ductility
[23]. The o-ferrite in the weld material minimized
microcracks, refined the particle shape, improved
ductility, and helped prevent susceptibility to hot cracking

in the weld.
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Figure 8. Macro image of samples.
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Figure 9. Stress-strain graph of samples.

3.4. Fracture characteristics

Figure 10 displays the fracture characteristics of the S1
joint. The fracture surfaces exhibited dimples of different
sizes and shapes, suggesting that the primary fracture
mechanism was ductile in nature [24]. With the increase
in crack growth rate near the fracture zone, the merging
of voids along with pits and lines became evident. Distinct
pit formations were present in the rapid fracture area.
Voids originating from inclusions or larger precipitates
expanded and developed a fibrous texture as yielding
progressed [25-27].
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Figure 10. Fracture chara

4. CONCLUSION
AISI 304 plates were joined using the PTAW. The
following insights can be gathered from this study.
1. The 304 stainless plates with full penetration were
obtained by using PTAW.
2. A smooth and clean surface in stainless steel joints
was achieved using the PTAW.
3. The samples exhibited strengths of 336 MPa at 70
A, 360 MPa at 80 A, and 374 MPa at 90A.
4. For 6 mm thick AISI 304, the PTA process offered
a wide range of parameters.
5. Ductile pits of different sizes and shapes were
detected on the fracture surfaces.
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