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Abstract

This study examines the microstructural characteristics and tensile properties of autogenous
orbital gas tungsten arc (GTA) circumferential butt welds produced on commercially rolled
304 stainless steel seam pipes (outer diameter 38.1 mm, wall thickness 2.0 mm) for high-
purity fluid distribution systems. A three-segment current profile was employed using an
AMI 8-4000 orbital system, with peak currents of 70, 67, and 65 A for the penetration, remelt-
ing, and downslope (crater-fill) segments, respectively, under high-purity Ar (99.999%)
shielding with back purging. Electron backscatter diffraction (EBSD) analysis, including
image quality (IQ), inverse pole figure (IPF), and kernel average misorientation (KAM)
mapping, showed that the weld metal consists of epitaxially grown columnar austenite
grains strongly oriented along the solidification direction, whereas the heat-affected zone
(HAZ) exhibits finer equiaxed grains with an increased %3 twin boundary fraction and
elevated low-angle boundary fraction, indicative of partial recrystallization. Only sparse,
discontinuous é-ferrite stringers were detected in the fusion zone, and no non-metallic
inclusions were observed on fracture surfaces, supporting the weld metal’s suitability for
semiconductor-grade cleanliness. Vickers microhardness profiles revealed modest hardness
differences (typically within 10-20 HV) between the weld metal, HAZ, and base metal,
with no pronounced HAZ softening. Cross-weld tensile tests conducted in accordance
with ASTM E8/E8M-22 yielded yield strengths above 200 MPa, ultimate tensile strengths
of 650-680 MPa, and total elongations approaching 40%, comparable to the as-received
pipe. Scanning electron fractography confirmed fully ductile failure via microvoid coa-
lescence without evidence of cleavage, intergranular decohesion, or weld-defect-induced
embrittlement. Collectively, these results demonstrate that the three-segment autogenous
orbital GTAW procedure produces structurally sound, particle-clean joints suitable for
304 stainless steel seam pipes used in high-purity industrial piping.

Keywords: stainless steel 304; GTAW; microstructure; heat effected zone; EBSD; tensile test

1. Introduction

Austenitic stainless steel 304 is widely used for process-gas, vacuum, and fluid distri-
bution piping in semiconductor manufacturing, pharmaceutical production, and general
chemical processing facilities, owing to its good corrosion resistance, weldability, and
cleanliness [1,2]. In many of these applications, pipes are fabricated from a rolled strip
on continuous forming and welding lines, producing longitudinally welded seam pipes
whose integrity is critical because local microstructural heterogeneities and weld-induced
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defects can act as preferential sites for crack initiation, leakage, and particle generation
under service conditions [3,4]. In addition to mechanical loading, welded stainless steel
components may be exposed to erosive or corrosive environments; for example, Mousavi
et al. showed that the erosion resistance of austenitic stainless steel is strongly influenced by
surface hardness and microstructural condition, underscoring the importance of controlling
weld metal and heat-affected zone (HAZ) properties [5].

Orbital gas tungsten arc welding (GTAW) has become the standard method for circum-
ferential butt joints in stainless steel piping, particularly in high-purity industries, because
the programmable control of the arc current, travel speed, and shielding gas allows for
a highly reproducible bead geometry and a narrow HAZ with minimal operator depen-
dence [1,6-8]. These advantages are especially important for thin-walled pipes, where
excessive heat input readily causes burn-through, distortion, and loss of dimensional toler-
ance [9,10]. To meet demanding requirements for leak-tightness and cleanliness, orbital
GTAW procedures often employ multi-segment or multi-layer current profiles that combine
penetration, remelting, and downslope (crater-fill) stages; however, the microstructural
consequences of such segmented procedures in commercially produced seam pipes have
not been systematically quantified.

Numerous studies have investigated the microstructure and mechanical properties
of GTAW-welded austenitic stainless steels. Widyianto et al. [2] reported that positional
variations in heat input significantly influence bead geometry and grain morphology in
orbital GTAW of 304L pipes. Riffel et al. [11,12] demonstrated that current waveform
selection governs the solidification structure and d-ferrite distribution in 304L/316L orbital
welds, while Pham et al. optimized orbital TIG parameters for SUS 304 piping. Fadaei and
Poursina examined the effect of thermal aging on the fracture toughness of GTAW/SMAW
316L joints and showed that prolonged exposure can modify s-ferrite morphology and
degrade impact resistance [13]. Park et al. highlighted the sensitivity of root penetra-
tion to joint fit-up in butt-welded thin sections, which is directly relevant to the orbital
welding of small-diameter pipes [14]. Chen et al. achieved grain refinement via ultrasonic—
magnetic-field hybrid GTAW of 304 stainless steel, illustrating that process modifications
can significantly alter weld microstructures [15].

Despite this substantial body of work, most investigations have focused on solution-
annealed plates, thick-walled pipes, or dissimilar joints, and systematic data for com-
mercially produced 304 seam pipes—with rolled austenitic microstructures and residual
deformation substructures from forming—remain limited [10,16,17]. When a circumfer-
ential orbital GTAW weld is superimposed on such a thermomechanically processed
substrate, the resulting microstructures and textures can differ markedly from those in
solution-annealed plate welds, and multi-segment remelting strategies introduce additional
thermal cycles that govern solidification texture, 5-ferrite morphology, grain boundary
character distribution, and residual strain [18-20]. Furthermore, while previous studies
have separately characterized EBSD features, hardness profiles, or tensile properties, there
is a lack of integrated, quantitative correlations between EBSD-derived crystallographic
parameters (grain size, HAGB/LAGSB fractions, X3 twin boundaries, KAM distributions)
and mechanical performance for autogenous orbital GTAW of thin-walled 304 seam pipes.

The present study addresses these gaps by investigating the microstructural evolution
and tensile properties of autogenous orbital GTA circumferential butt welds produced
on commercially available 304 stainless steel seam pipes (outer diameter 38.1 mm, wall
thickness 2.0 mm) using a three-segment current profile. The weld metal, HAZ, and base
metal are characterized by optical microscopy and electron backscatter diffraction (EBSD),
including image quality (IQ), inverse pole figure (IPF), grain boundary (GB) character, and
kernel average misorientation (KAM) mapping, together with quantitative grain size and

https://doi.org/10.3390 /met16060565


https://doi.org/10.3390/met16060565

Metals 2026, 16, 565

30f17

23 boundary analysis. Vickers microhardness profiles are used to map strength variations
across the longitudinal seam weld and two circumferential orbital welds. Cross-weld tensile
tests in accordance with ASTM E8/E8M-22 [21] and SEM fractography are employed to
establish quantitative microstructure—property relationships, with particular attention
being paid to the ductility and fracture mode. By integrating these techniques, this work
provides a microstructurally informed and quantitatively supported basis for qualifying
and optimizing three-segment autogenous orbital GTAW procedures for 304 commercial
seam pipes used in high-purity industrial piping systems.

2. Materials and Methods
2.1. Base Material and Pipe Geometry

The base material was a commercially produced longitudinally welded 304 austenitic
stainless steel seam pipe with an outer diameter of 38.1 mm and a wall thickness of 2.0 mm,
intended for high-purity fluid distribution applications. The pipe was manufactured from
a cold-rolled strip on a continuous forming and welding line, producing a longitudinal
seam weld followed by straightening and sizing. The as-received microstructure consisted
of rolled y-austenite with elongated grains and d-ferrite stringers aligned along the pipe
axis. The chemical composition supplied by the manufacturer satisfied the requirements of
ASTM A312 for TP304 stainless steel [22], and no additional heat treatment was applied
prior to circumferential orbital welding.

2.2. Orbital GTAW Procedure

Circumferential butt welds were produced using an AMI 8-4000 orbital gas tung-
sten arc welding (GTAW) system equipped with a closed welding head. Pipe ends were
machined square and joined with a negligible root gap, representative of semiconductor-
grade piping practice. High-purity argon (99.999%) was employed as both shielding and
back-purge gas; the internal purge was maintained until the weld region cooled below
approximately 150 °C in order to prevent oxidation of the inner surface.

An autogenous three-segment current profile was used to control penetration, remelt-
ing, and weld termination, as summarized in Table 1. The first segment (penetration
segment) employed a peak current of 70 A and a rotation time of about 30 s to establish
full-thickness penetration without burn-through. The second segment (remelting segment)
used a peak current of 67 A with a rotation time of approximately 60 s, partially remelting
the first-segment fusion zone to homogenize the weld metal and eliminate incipient defects.
The third segment corresponded to a short downslope (crater-fill) stage with a peak current
of 65 A and a duration of 1.7 s, during which the current was gradually reduced to fill the
end crater and minimize termination-related cracking.

Table 1. Orbital GTAW parameters of butt GTAW stainless steel 304 seam pipes.

Seoment Peak Average Background Welding Time
5 Current (A) Current (A) Current (A) (s)

1 (0-360°) 70 45 20 30.0

2 (—7200) 67 41 15 608

3 (-730°) 65 40 15 17

The nominal heat input for each segment was estimated from

Q=nVI/y,
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where 1 = 0.7 is the arc efficiency, V ~ 12 V is the arc voltage, I is the average current, and v
is the travel speed derived from the pipe circumference and rotation time. The calculated
heat inputs were in the order of 0.10 k] /mm for the penetration segment and approximately
0.09 kJ/mm for the remelting and downslope segments. Arc length, torch position, and
shielding conditions were kept constant for all welds.

2.3. Microstructural Characterization

Transverse cross-sections of the longitudinal seam weld and of two circumferential
orbital welds (designated Weld 1 and Weld 2) were cut using a low-speed diamond saw.
Specimens were mounted in conductive phenolic resin, ground with SiC papers up to
2000 grit, and polished using 3 um and 1 um diamond suspensions, followed by a final
polish with 0.04 um colloidal silica.

Macro- and low-magnification images of the weld cross-sections were obtained using a
digital microscope (VHX-7000, Keyence Corp., Osaka, Japan) to document the overall fusion
zone, heat-affected zone (HAZ), and base metal (BM). For optical microscopy, selected
cross-sections were etched with aqua regia to reveal the weld metal (WM), HAZ, and BM
microstructures, including b-ferrite stringers inherited from pipe forming.

Electron backscatter diffraction (EBSD) measurements were performed on the pol-
ished, unetched cross-sections using a field-emission scanning electron microscope, FE-SEM
(SU8700, Hitachi High-Tech, Tokyo, Japan), equipped with a Velocity Super EBSD camera
(EDAX, Mahwah, NJ, USA). EBSD data were acquired at an accelerating voltage of 20 kV,
a probe current of approximately 5-7 nA, and a working distance of ~15 mm. For the
longitudinal seam weld (Figure 1), a step size of 2.7 pm was used, corresponding to a mini-
mum reliably measurable grain size of about 4.0 um. For the circumferential orbital welds
(Figure 2), a step size of 4.0 um was used, giving a minimum grain size resolution of roughly
6.0 um. These values were selected to provide at least ~10 measurement points across typical
grains while maintaining practical scan times over the WM-HAZ-BM regions.

— seam weld R
— EBSD, OM

*  d-ferrite stringers

Figure 1. Geometry and microstructural characterization of the longitudinal seam weld in the
304 stainless steel seam pipe. (a) Schematic illustration of the pipe geometry showing the longitudinal
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seam weld (along the pipe axis) and the location of the circumferential orbital GTAW weld, together
with the cross-section cut used for EBSD and optical microscopy (WM-HAZ-BM). (b) Inverse pole
figure (IPF) map of the FCC austenite phase (y, projection//ND) across the seam weld, heat-affected
zone (HAZ), and base metal (BM). (c) Grain boundary character map superimposed on the IQ map,
where black lines denote random high-angle grain boundaries (HAGB, 6 > 15°) and red lines denote
Y3 twin boundaries; fusion boundaries (FB) are indicated by dashed lines. (d) Optical micrograph
of the longitudinal cross-section confirming a sound fusion zone, a narrow HAZ, and the rolled
austenitic microstructure with é-ferrite stringers in the BM.

Figure 2. EBSD characterization of the two circumferential orbital GTAW welds on the 304 stainless
steel seam pipe. (a—d) Weld 1 and (e-h) Weld 2. (a,e) Image quality (IQ) maps of the longitudinal
cross-sections, indicating the base metal (BM), heat-affected zone (HAZ), and weld metal (WM).
(b,f) Inverse pole figure (IPF) maps of the FCC austenite phase (y, projection//ND) showing the
transition from equiaxed grains in the BM and HAZ to columnar grains in the WM; the standard IPF
color triangle (001-101-111) is shown in the upper-right corner. (c,g) IPF maps of the BCC é-ferrite
phase (projection/ /ND) revealing sparse d-ferrite stringers aligned with the solidification direction.
(d,h) Kernel average misorientation (KAM) maps calculated with a nearest-neighbor kernel and a
maximum misorientation threshold of 5°, where higher KAM values indicate increased local lattice
distortion and geometrically necessary dislocation density; the KAM color scale ranges from 0° (blue)
to 5° (yellow). Fusion boundaries (FB) between WM and HAZ are marked by white dashed lines.
Scale bars: 900 um (all maps).

Raw EBSD data were cleaned by means of confidence index (CI) standardization and
neighbor CI correlation, using a minimum grain size of 10 pixels and a grain tolerance angle
of 5°. Image quality (IQ) maps, inverse pole figure (IPF) maps of the FCC austenite (y) and
BCC b-ferrite phases (projection parallel to the normal direction, IPF/ /ND), grain boundary
(GB) character maps, and kernel average misorientation (KAM) maps were generated
using OIM ver.8 Analysis software. Grain size was quantified using the equivalent circle
diameter (ECD) of reconstructed grains, and average grain size with standard deviation
was calculated for WM, HAZ, and BM, with at least 500 grains analyzed per region.

Grain boundaries were classified into low-angle grain boundaries (LAGB, 2° < 08 < 15°)
and high-angle grain boundaries (HAGB, 0 > 15°). Boundary-length fractions of LAGB and
HAGB were obtained from the total measured boundary length. Coincident site lattice (CSL)
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23 twin boundaries were identified using the Brandon criterion (A8 < 15°/ VX =8.66° for
2.3), and their length fraction was calculated relative to the total HAGB length. KAM val-
ues were computed using a first-nearest-neighbor kernel with a maximum misorientation
threshold of 5°. A fixed color scale of 0-5° was applied to all KAM maps so that absolute
differences in local lattice distortion and geometrically necessary dislocation density could
be compared directly among the WM, HAZ, and BM.

2.4. Mechanical Testing
2.4.1. Vickers Microhardness Procedure

Vickers microhardness measurements were conducted on the transverse cross-sections
of the longitudinal seam weld and both circumferential orbital welds using a Vickers
microhardness tester (HMV-G, Shimadzu Corp., Kyoto, Japan). A load of 4.9 N (=500 gf)
and a dwell time of 10 s were applied for all indentations. For each weld, two hardness
traverses were performed: one at a near-surface position approximately 0.2 mm from
the outer surface and one at mid-thickness approximately 1.0 mm from the outer surface.
Indentations were placed at intervals of about 400 um across the BM-HAZ-WM-HAZ-
BM sequence.

At each location, three indentations were made, and the reported hardness value is the
average of these three measurements. This procedure yielded 45 averaged data points per
traverse (15 in BM, 10 in HAZ, 10 in WM, 10 in HAZ, and 15 in BM), providing sufficient
spatial resolution to detect any softening or hardening in the HAZ and weld metal relative
to the base metal.

2.4.2. Tensile Testing

Cross-weld tensile specimens were machined from the circumferential orbital welds
such that the weld line was located at the mid-length of the gauge section. Sub-size flat
specimens with a thickness of 2 mm, a gauge width of 6 mm, and a gauge length of
25 mm were prepared in accordance with ASTM E8/E8M-22. The longitudinal axis of each
specimen coincided with the pipe axis, and the circumferential weld was centered within
the gauge length. Four cross-weld specimens (Specimens 1-4) were tested to evaluate the
reproducibility of the orbital GTAW procedure.

Tensile tests were carried out at room temperature using a universal testing machine
(AGS-X, 20 kN capacity, Shimadzu Corp., Kyoto, Japan) under displacement control at
a crosshead speed of 5 mm/min. Engineering stress—strain curves were recorded for all
specimens. The 0.2% offset yield strength, ultimate tensile strength, and total elongation
were determined from these curves. Additional specimens extracted from the as-received
seam pipe without circumferential welds were tested under identical conditions to obtain
the base-metal tensile properties for comparison.

2.5. SEM Fractography and Inclusion Assessment

After tensile testing, the fracture surfaces of the cross-weld specimens were examined
using a field-emission scanning electron microscope, FE-SEM (JSM-7100F, JEOL Ltd., Tokyo,
Japan), to identify the fracture mode and potential crack-initiation sites. Fractographs
were acquired at multiple positions through the wall thickness (outer surface, upper
mid-thickness, mid-thickness transition zone, lower mid-thickness, and inner surface) on
both opposing fracture surfaces, typically at magnifications of ~x1000. The morphology
and size distribution of dimples were analyzed to assess the dominance of microvoid
nucleation, growth, and coalescence. Particular attention was paid to the presence of
cleavage facets, intergranular decohesion, weld-related defects (porosity, lack of fusion),
and non-metallic inclusions. No non-metallic inclusions or inclusion-induced fracture
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origins were observed on any of the examined fracture surfaces, which is an important
consideration for semiconductor-grade piping where particle cleanliness is critical.

3. Results
3.1. Microstructure of the Longitudinal Seam Weld

The EBSD and optical micrographs for the longitudinal cross-section of the welded
joint in the 304 stainless steel seam pipe are presented in Figure 1. The inverse pole figure
(IPF) maps, calculated for the austenitic FCC phase with respect to the <111> sample
direction, reveal a pronounced change in grain morphology and orientation distribution
from the fusion boundary toward the pipe wall. In the weld metal, columnar grains
nucleate at the fusion line and grow epitaxially toward the weld centerline, producing
bands of nearly uniform color that indicate a strong preferred orientation aligned with
the local thermal gradient. Toward the outer regions of the fusion zone and into the HAZ,
the IPF maps show a transition to finer, more equiaxed grains with a broader spread of
orientations, reflecting a gradual recovery toward a more randomized texture.

The grain boundary (GB) maps reveal that high-angle grain boundaries form a contin-
uous network along the columnar grain interfaces in the weld metal. Moving away from
the fusion boundary, an increased frequency of equiaxed grains and a higher fraction of
2.3 twin boundaries are observed, which interrupt the connectivity of random high-angle
boundaries. This change is indicative of recovery and partial recrystallization in the HAZ,
where locally stored deformation energy from prior forming operations is released during
the welding thermal cycle. In the base metal, elongated grains and stable twin boundary
networks reflect the thermomechanical processing history of the seam pipe.

The optical micrograph of the same cross-section is consistent with the EBSD results.
The weld metal exhibits a cast-like solidification structure with clearly defined fusion
boundaries and a weld width in the order of several hundred micrometers. Adjacent to the
fusion boundary, the HAZ shows gradual grain refinement, while the base metal retains
its original rolled austenitic matrix with moderately elongated grains and local bands
of d-ferrite.

3.2. EBSD Analysis of Orbital GTAW Welds

The EBSD results for the two circumferential orbital GTAW welds are presented as
1Q, IPF-fcc, IPF-bec, and KAM maps in Figure 2. The 1Q maps show that both fusion
zones exhibit relatively high and uniform IQ values, consistent with a well-solidified
austenitic matrix, whereas local dark bands at the fusion boundaries and along grain
boundaries indicate regions of increased lattice distortion. Toward the HAZ and base metal,
a finer-scale mottled contrast is observed, characteristic of the rolled 304 microstructure
containing deformation substructures. The IPF-fcc maps reveal that columnar grains
nucleate epitaxially at the fusion line and grow toward the weld centerline in both welds,
producing elongated color bands with strong preferred orientations aligned with the
solidification direction. However, the relative intensity and continuity of these bands differ
between the two welds, suggesting subtle variations in thermal gradient and solidification
conditions. In the adjacent HAZ, a transition to smaller, more equiaxed grains with a
broader color distribution is observed.

3.3. Vickers Microhardness

The Vickers microhardness profiles measured across the 304 stainless steel seam
pipe are shown in Figure 3. In the seam-weld region, the base metal hardness on both
sides remains within a narrow band, indicating a uniform work-hardened and annealed
condition from the pipe-forming process. The weld metal hardness is 10-20 HV higher than
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the adjacent base metal, attributable to solidification substructure, residual 6-ferrite, and
locally elevated dislocation density. The hardness distribution is comparatively symmetric
with only modest surface-to-mid-thickness gradients.
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Figure 3. Vickers microhardness profiles measured across the transverse cross-sections of the 304 stain-
less steel seam pipe: (a) longitudinal seam weld on one side of the pipe; (b) circumferential orbital
GTAW Weld 1 (two-pass region); (c) circumferential orbital GTAW Weld 2 (down-slope region);
(d) longitudinal seam weld on the opposite side of the pipe. Filled symbols and open symbols repre-
sent measurements at near-surface (~0.2 mm from the outer surface) and mid-thickness (~1.0 mm
from the outer surface) positions, respectively. The dashed vertical lines indicate the approximate
fusion boundaries between the weld metal, heat-affected zone (HAZ), and base metal (BM). All hard-
ness measurements were performed with a load of 200 gf, a dwell time of 10 s, and an indentation
spacing of 250 pm.

For the two orbital GTAW welds, the base metal hardness far from the weld is similar
to that of the seam region. Within the orbital weld metal, the average hardness is compa-
rable to or slightly lower than that of the seam weld, and the profiles display noticeable
differences between the near-surface and mid-thickness positions, indicating a stronger
through-thickness thermal gradient typical of single-sided orbital GTAW. In one orbital
weld, the weld metal hardness remains nearly flat, while in the other, a more pronounced
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hardness maximum is observed near the weld center. The HAZs of both orbital welds show
slight softening or fluctuating hardness relative to the base metal.

3.4. Tensile Properties

The engineering stress—strain curves of the four cross-weld specimens (Figure 4c)
were highly reproducible, with only minor variation in both strength and ductility. The
cross-weld specimens exhibited a 0.2% offset yield strength of 205 & 8 MPa, an ultimate
tensile strength of 665 & 15 MPa, and a total elongation of 38 & 2% (mean =+ standard
deviation, n = 4). For comparison, the as-received 304 stainless steel seam pipe showed
a yield strength of 215 £ 5 MPa, an ultimate tensile strength of 680 + 10 MPa, and an
elongation of 42 + 2% under the same testing conditions. Thus, the autogenous orbital
GTAW joints retain approximately 95% of the base-metal strength and about 90% of the
ductility, indicating that the three-segment orbital procedure does not significantly degrade

the global mechanical performance of the pipe.
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Figure 4. Cross-weld tensile testing of the circumferential orbital GTAW joints in the 304 stainless steel
seam pipe. (a) Photographs of the four as-machined tensile specimens (Specimens 1-4), whose gauge
sections contain the circumferential orbital GTAW weld at mid-length. (b) Corresponding specimens
after tensile testing, showing uniform necking localized in the weld region with no evidence of
brittle fracture or premature failure outside the weld. (c) Engineering stress—strain curves of the four
cross-weld specimens tested in accordance with ASTM E8/E8M-22, demonstrating consistent yield
and ultimate tensile strengths and large uniform elongations approaching ~40%.

3.5. Fracture Behavior

Post-test examination of the tensile specimens (Figures 5 and 6) shows that all four
specimens develop well-defined necking localized within or immediately adjacent to the
orbital GTAW weld region. The gauge sections exhibit smooth, symmetric reductions
in cross-section with pronounced shear-lip formation. No premature cracking, interface
separation, or delamination is observed at either the inner or outer surface. Higher-
magnification digital microscope images of specimen 4 confirm that the fracture surface
displays a rough, fibrous appearance with equiaxed dimples and no planar facets or
cleavage-like features.
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Figure 5. Macroscopic appearance of four cross-weld tensile specimens after fracture: (a,b) Specimen
1; (c,d) Specimen 2; (e f) Specimen 3; (g,h) Specimen 4—each shown from front and back. All
specimens show necking and shear-lip formation near the orbital GTAW weld. Scale bars: 1.00 mm.

o
e S G

Figure 6. Digital microscope fractographs of Specimen 4: macroscopic overview (left) with observa-
tion positions (a—f) on the two mating fracture surfaces. (a—c) One fracture surface; (d—f) the opposite
fracture surface. All regions exhibit fibrous fracture morphology with equiaxed dimples and no
cleavage features, confirming fully ductile failure. Scale bars: 100 um (all images).
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Representative SEM fractographs taken from cross-weld tensile Specimen 1 are shown
in Figure 7. The images were acquired at x1000 magnification from sequential through-
thickness positions on the two opposing fracture surfaces. On one side of the fracture
surface (Figure 7a,c,e,g), the morphology evolves from the outer surface through the upper
mid-thickness and lower mid-thickness to the inner surface, while the corresponding po-
sitions on the opposite side (Figure 7b,d,f,h) reveal the same characteristic features from
the complementary perspective. All regions exhibit a homogeneous dimpled morphology
associated with microvoid nucleation, growth, and coalescence, confirming a fully ductile
fracture mode. No cleavage facets, intergranular decohesion features, or defect-related
fracture origins were observed at any through-thickness location, indicating that the cir-
cumferential orbital GTAW weld did not introduce brittle regions or critical defects that
would localize fracture.

Figure 7. SEM fractographs of cross-weld tensile Specimen 1 at x1000 magnification taken from
sequential through-thickness positions on the two opposing fracture surfaces. (a,c,e,g) Views from
one side of the fracture surface, from the outer surface through the upper mid-thickness and lower
mid-thickness to the inner surface. (b,d,f,h) Corresponding positions on the opposite fracture surface,
including the mid-thickness transition zone (d) and the shear-lip region near the outer surface (h).
All regions exhibit a ductile dimpled morphology characteristic of microvoid coalescence, with no
evidence of cleavage or intergranular decohesion.
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4. Discussion
4.1. Microstructural Evolution in the Longitudinal Seam and Orbital GTAW Welds

The EBSD results demonstrate that the longitudinal seam weld and the circumferential
orbital GTAW welds exhibit distinct but related austenitic microstructures that reflect
both the prior thermo-mechanical processing of the pipe and the subsequent welding
thermal cycles. In the longitudinal seam weld, the fusion zone is dominated by epitaxially
grown columnar y-austenite grains extending from the fusion boundaries toward the weld
centerline, while the adjacent base metal (BM) retains a rolled austenitic microstructure
containing elongated grains and d-ferrite stringers aligned along the pipe axis. The heat-
affected zone (HAZ) is relatively narrow and consists of equiaxed grains with an increased
population of X3 twin boundaries, indicating that partial recrystallization occurred during
seam welding and subsequent pipe forming [2,3,15]. For the circumferential orbital GTAW
welds, EBSD grain size analysis reveals that the average equivalent circle diameter in the
weld metal (WM) is in the order of 45 & 15 um, compared with approximately 28 + 8 um
in the BM and 32 £ 10 pm in the HAZ. Thus, the WM grains are roughly 60% larger than
those of the BM, whereas the HAZ exhibits an intermediate grain size, reflecting limited
grain growth during the orbital welding thermal cycle rather than extensive coarsening.
In each region, more than 500 grains were analyzed, ensuring statistical robustness of the
grain size measurements.

The grain boundary character distribution further quantifies the effect of the thermal
cycles. The fraction of high-angle grain boundaries (HAGBs, 6 > 15°) in the WM, HAZ,
and BM is approximately 78-80%, 72-73%, and 76-77% of the total boundary length,
respectively, while the corresponding low-angle grain boundary (LAGB, 2° < 0 < 15°)
fractions are about 20-22%, 27-28%, and 23-24%. The elevated LAGB fraction in the HAZ
relative to both the WM and BM suggests that deformation subgrains are retained, which
is characteristic of incomplete recrystallization. The X3 twin boundary length fraction
increases from about 8% in the WM to roughly 16% in the HAZ and 12% in the BM,
corresponding to an approximately two-fold (/91%) increase between the WM and HAZ.
This marked increase in ~3 content provides quantitative evidence for annealing-twin
formation during grain boundary migration in the partially recrystallized HAZ.

Kernel average misorientation (KAM) maps complement these observations by high-
lighting the distribution of local lattice curvature and geometrically necessary dislocation
(GND) density. The average KAM values in the WM, HAZ, and BM are in the order
of 1.5-2.0°, 1.0-1.3°, and 0.7-1.0°, respectively, when calculated with a 5° misorienta-
tion threshold. The higher KAM levels in the WM and in the vicinity of the fusion
boundaries reflect the high thermal gradients and solidification stresses associated with
autogenous GTAW, whereas the reduction in KAM in the HAZ is consistent with recovery
and partial recrystallization relieving stored deformation energy. The BM, away from the
welds, exhibits the lowest average KAM values, although locally elevated KAM is ob-
served around d-ferrite stringers introduced during pipe rolling. Similarly, the measured
HAGB/LAGB balance and KAM distributions in the weld metal, HAZ, and base metal
follow trends reported in recent work where grain boundary character distribution and
local misorientation were used to track recovery and recrystallization stages in welded
microstructures [10,20,23-27].

4.2. Metallurgical Significance of the Three-Segment Orbital GTAW Procedure

The three-segment orbital GTAW procedure employed in this work was designed to
balance full penetration, microstructural homogenization, and crack-free weld termination
in thin-walled (t = 2.0 mm) 304 stainless steel seam pipes. Based on the nominal arc
efficiency (n ~ 0.7), arc voltage (V =~ 12 V), measured currents, and travel speeds, the
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calculated heat inputs for the first, second, and third segments are approximately 0.10, 0.09,
and 0.09 kJ/mm, respectively.

The first segment, operated at the highest peak current for a duration of roughly 30s,
establishes the initial weld pool and achieves through-thickness penetration without burn-
through, thereby avoiding lack-of-fusion defects that are common in single-pass autogenous
welding of thin sections. The second segment, with a slightly reduced peak current and a
longer duration of about 60 s, acts as a remelting and homogenization stage: a substantial
portion of the first-segment weld metal is partially remelted, promoting redistribution
of d-ferrite stringers, healing of incipient porosity or micro-cracks through liquid-phase
mechanisms, and smoothing of solidification structures. This repeated thermal cycling
contributes to a more uniform columnar grain morphology and reduces the likelihood of
centerline defects.

The third segment corresponds to a short downslope (crater-fill) stage, lasting ap-
proximately 1.7 s, during which the current is gradually reduced rather than abruptly
terminated. Although it does not constitute a full additional pass, this segment plays a
crucial metallurgical role by filling the end crater and minimizing geometric discontinuities
and shrinkage stresses at the weld termination. The absence of crater cracking or other
termination-related defects in the macro- and microstructural observations, together with
the highly reproducible mechanical response of the tensile specimens, confirms that the
three-segment procedure effectively controls both penetration and defect formation for the
present pipe geometry [7,11,12,28].

4.3. Quantitative Microstructure-Property Relationships

The Vickers microhardness profiles across the longitudinal seam weld and the cir-
cumferential orbital GTAW welds show only modest variations and no evidence of severe
HAZ softening or excessive hardening. In the longitudinal seam weld, the average hard-
ness values in the BM, HAZ, and WM are approximately 190-195 HV, 200-205 HV, and
205-210 HV, respectively, indicating that the WM is roughly 10-15 HV harder than the
BM but remains relatively uniform across the fusion zone. In the orbital welds, the corre-
sponding hardness levels are in the order of 195-205 HV (BM), 200-210 HV (HAZ), and
200-215 HV (WM). The hardness differences between WM and BM are generally within
10%, and the HAZ hardness consistently lies between these extremes, demonstrating the
absence of a pronounced softened or over-hardened band.

From a Hall-Petch perspective, the coarser grain size in the WM relative to the BM
would normally be expected to reduce strength and hardness, according to oy, = o + kyd .
However, the observed decrease in hardness relative to the BM is small, and in some
cases the WM is slightly harder than the BM. This apparent deviation from a simple grain-
size scaling can be rationalized by considering the higher dislocation density in the WM,
as reflected by the elevated KAM values, and the presence of 4-ferrite, both of which
contribute to strengthening and partially compensate for grain coarsening. Conversely,
the HAZ, which exhibits an increased £3 twin boundary fraction and a higher LAGB
fraction relative to the WM, displays hardness values only slightly below or comparable
to those of the WM. The increased %3 content and reduced KAM in the HAZ indicate
partial recrystallization and reduced stored energy, which tends to soften the material,
but the effect remains moderate because the overall grain size is still relatively fine. The
cross-weld tensile properties corroborate this microstructural picture. The four cross-weld
specimens exhibit an average yield strength, ultimate tensile strength, and total elongation
of approximately 205 + 8 MPa, 665 £ 15 MPa, and 38 £ 2%, respectively, compared with
215 £+ 5 MPa, 680 &= 10 MPa, and 42 + 2% for the as-received base metal. Thus, the orbital
GTAW welds retain roughly 95% of the base-metal strength and about 90% of the ductility.
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The coefficients of variation for ultimate tensile strength and elongation are in the order of
2-3%, indicating highly reproducible mechanical behavior. Necking consistently localizes
in the weld region, which is slightly softer than the work-hardened BM, but the high
fracture strains and smooth engineering stress—strain curves confirm that the weldments
preserve a favorable strength—ductility balance.

The observed hardness variations (in the order of 10-20 HV) are small relative to the
absolute hardness level and confined to a limited region around the weld. As a result,
the average strength over the gauge length remains close to that of the base metal, and
the cross-weld tensile properties are not significantly degraded. In other words, the local
hardness differences are not large enough to induce a pronounced reduction in global
tensile strength or ductility [2,8,23].

Taken together, the EBSD, hardness, and tensile data establish a coherent microstructure—
property relationship: (i) the coarser, high-KAM WM retains adequate strength through
dislocation and b-ferrite strengthening despite grain coarsening; (ii) the HAZ with elevated
23 and LAGB fractions exhibits partial recrystallization and moderate hardness; and (iii) the
rolled BM possesses relatively fine grains and slightly higher strength but does not introduce
brittle behavior. The result is a nearly uniform and mechanically robust cross section.

4.4. Fracture Behavior and Implications for Structural Integrity

FE-SEM fractography of a representative cross-weld specimen provides further insight
into the failure mechanisms. Fractographs taken at eight through-thickness positions on the
two opposing fracture surfaces show a consistently dimpled morphology characteristic of
microvoid nucleation, growth, and coalescence. The dimples typically range from 1 to 5 pm
in diameter, with occasional larger dimples containing secondary particles or small voids
that acted as microvoid nucleation sites. The outer surface, upper and lower mid-thickness,
and inner surface regions all exhibit similar dimple populations, and the corresponding
locations on the opposite fracture surface display essentially identical features.

No cleavage facets, intergranular decohesion, or defect-controlled crack initiation sites
are observed at any position, and there is no evidence of fracture originating from welding
defects such as porosity, lack of fusion, or slag inclusions. This uniform ductile fracture
mode is fully consistent with the high elongations and smooth stress—strain curves, as
well as with the absence of severely embrittled layers or extreme hardness gradients in the
weldments. Although Figure 7 illustrates only a single specimen, the remaining cross-weld
specimens exhibit similar dimpled fracture morphologies, confirming the reproducibility
of the fully ductile failure mode [3,6,16].

From a structural integrity standpoint, these observations indicate that the three-
segment autogenous orbital GTAW procedure employed here produces joints that are
free of critical metallurgical weaknesses and suitable for high-purity piping applications
where leak-tightness and mechanical reliability are essential. Further work comparing one-,
two-, and three-segment procedures and integrating the present EBSD-hardness—-tensile
framework with non-destructive evaluation or thermophysical measurements could enable
predictive, physics-based qualification of orbital welds in service. These observations sug-
gest that the present EBSD-derived descriptors (grain size, .3 fraction, HAGB/LAGB ratio,
KAM distributions) could be incorporated into emerging predictive microstructure—property
frameworks that link crystallographic texture and grain boundary statistics to elastic re-
sponse and strength, as demonstrated in recent texture—property correlation studies [28-31].

In addition, no non-metallic inclusions or inclusion-induced fracture origins were
detected on any of the observed fracture surfaces, indicating that the orbital GTAW process
did not introduce inclusion-related defects and is therefore compatible with the stringent
particle-cleanliness requirements of semiconductor process piping.
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5. Conclusions

1.

EBSD analysis revealed that the weld metal in both the longitudinal seam and cir-
cumferential orbital GTAW joints consists of epitaxially grown columnar austenite
grains with strong preferred orientations aligned with the solidification direction,
whereas the HAZ exhibits finer equiaxed grains with a significantly increased %3 twin
boundary fraction and elevated LAGB content. These features provide direct evidence
of partial recrystallization induced by the welding thermal cycles, while the HAZ
remains narrow and indistinct owing to the rapid cooling and the inherent stability of
the austenitic matrix.

IPF-BCC mapping confirmed that d-ferrite is present only as sparse, discontinuous
stringers within the fusion zone and along the rolled base metal, with no continuous &
network or massive secondary phases detected. KAM maps quantified the distribution
of the local lattice curvature and showed relatively low average misorientation in the
central weld metal but increased KAM along the fusion boundaries and in regions
affected by prior pipe forming, reflecting the combined effects of thermal mismatch
and residual cold-work strain.

Vickers microhardness profiles across the longitudinal seam weld and the two circum-
ferential orbital GTAW welds showed only modest variations between the weld metal,
HAZ, and base metal, with hardness differences typically within about 10-20 HV
and no pronounced HAZ softening or excessive hardening. The seam weld metal
exhibited the highest and most uniform hardness, whereas the orbital weld metals
displayed slightly lower and more spatially variable hardness with mild through-
thickness gradients characteristic of single-sided heat input, yet without creating
critically weakened regions.

Cross-weld tensile tests performed in accordance with ASTM E8/E8M-22 demon-
strated yield strengths above 200 MPa, ultimate tensile strengths in the order of
650-680 MPa, and total elongations approaching 40%, indicating that the autogenous
orbital GTAW weldments retain mechanical properties comparable to those of the as-
received seam pipe. The scatter in tensile properties among four cross-weld specimens
was small, confirming the reproducibility of the three-segment orbital procedure.
SEM fractography from multiple through-thickness positions on the two opposing
fracture surfaces of the cross-weld specimens showed a uniformly dimpled morphol-
ogy associated with microvoid nucleation, growth, and coalescence, with no evidence
of cleavage facets, intergranular decohesion, or fracture initiated at weld defects such
as porosity or lack of fusion. Furthermore, no non-metallic inclusions were observed
on the fracture surfaces, suggesting that the orbital GTAW procedure does not intro-
duce inclusion-related defects and is suitable for semiconductor manufacturing lines
where particle cleanliness is critical.

Overall, the integrated EBSD-hardness—tensile—fractography results demonstrate that

the three-segment autogenous circumferential orbital GTAW procedure produces struc-

turally sound, fully ductile joints in commercially rolled 304 stainless steel seam pipes

while preserving strength and ductility close to those of the base material. This provides a

microstructurally informed and quantitatively supported basis for qualifying and further

optimizing orbital welding procedures for high-purity industrial fluid distribution systems.

In future work, the tensile and fracture properties of salt-spray-exposed weldments will be

investigated to assess the influence of corrosive environments on the long-term mechanical
integrity of these orbital GTAW joints.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / met16060565/5s1.
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