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welded by multi-pass gas tungsten arc welding (GTAW) using ER2209 filler metal. Welded joints
were produced under controlled thermal conditions to evaluate the effect of welding thermal cycles
on phase evolution and hardness distribution. Optical microscopy, X-ray diffraction (XRD), and
Vickers microhardness testing were employed to characterize the weld metal (WM), heat-affected
zone (HAZ), and base metal (BM). The results demonstrated that cooling rate was the dominant

Keywords: parameter governing microstructural evolution. Rapid cooling promoted the formation of a finer

Stainless steel AISI2507 . . . Y

ER2209 duplex microstructure with a more homogeneous ferrite—austenite distribution, whereas slower

cooling resulted in grain coarsening and increased ferrite retention at grain boundaries. The

GTAW ; : . 5 . © :

Cooli ¢ investigated interpass temperature range (150-350°C) had only a limited influence on the

Too 'ne rt?l ¢ mechanical response, with the weld metal hardness remaining nearly constant at approximately
emperature 288-289 HV, indicating that the ferrite—austenite balance was effectively maintained under the

Multipass welding

selected welding conditions. XRD analysis confirmed the preservation of the duplex structure
through the characteristic ferrite (o) (110) and (200) and austenite (y) (111) and (200) diffraction
peaks in all welded samples. However, the slower-cooling condition exhibited higher ferrite peak
intensities, suggesting reduced austenite reformation during solidification. The combined
microstructural, XRD, and hardness results demonstrate that the cooling rate exerts a greater
influence than the interpass temperature on phase stability, microstructural refinement, and the
overall metallurgical performance of multi-pass GTAW AISI 2507.

1. INTRODUCTION corrosive environments because AISI 2507 has

Duplex stainless steels consist predominantly of two
phases: ferrite (BCC) and austenite (FCC). The
mutually dependent nature of their volumes provides
duplex stainless steel with a combination of mechanical
strength and corrosion resistance unmatched by other
alloys. Duplex stainless steels, when annealed in a
solution-annealed condition, will generally have almost
equal amounts of both phases. However, maintaining at
least this amount of phase balance is very important for
retaining high-quality performance throughout the
lifetime of these materials [1, 2]. Compared to typical
austenitic stainless steel (SS), duplex SS has
approximately twice the yield strength and excellent
resistance to chloride pitting, crevice corrosion, and
stress corrosion cracking; therefore, duplex steels
exhibit excellent durability in corrosive service
environments [3, 4]. Among these materials is super
duplex SS AISI 2507, which has enhanced resistance to
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increased levels of chromium, molybdenum, and
nitrogen compared to other duplex SS alloys. These
properties can be retained after welding when suitable
heat input and thermal control are applied during
fabrication [5, 6].

Fusion welding disrupts the ferrite—austenite phase
balance in duplex stainless steels due to the thermal
cycles of melting and solidification, which may
adversely affect corrosion resistance and toughness
[7,8]. Appropriate control of welding parameters and
post-weld thermal treatment can promote phase
rebalancing, minimize undesirable microstructural
changes, and restore the mechanical and corrosion
performance of welded joints [9,10]. When compared to
each of its two distinct phases, DSSs are frequently
more powerful. The yield strengths of the duplex grades
are twice as high as those of the typical austenitic
grades, and they maintain excellent ductility throughout
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the procedure [11]. The thermal history during welding
plays a significant role in controlling phase
transformation and microstructural evolution in duplex
stainless steels. In particular, interpass temperature
influences cooling conditions, which, in turn, affect the
ferrite—austenite balance and the development of the
weld microstructure [12,13]. As a result, the interpass
temperature and heat input should be carefully
controlled to maintain the desirable duplex structure and
ensure that welded joints meet acceptable mechanical
and corrosion performance standards [14-16].

Duplex stainless steels contain approximately 20%-
25% chromium and 2%-7% nickel and offer an
excellent balance of mechanical strength and corrosion
resistance, with lower nickel content than traditional
austenitic stainless steels, providing better cost stability
[17, 18]. Molybdenum and nitrogen, which are
interpreted or modified as alloying elements present in
duplex stainless steels, enhance the resistance to pitting
and crevice corrosion, stabilize the ferrite-austenite
phase balance, and inhibit the formation of detrimental
intermetallic phases during thermal processing and
welding (i.e., by nitrogen) [19, 20]. Nitrogen provides
additional strengthening to the duplex stainless steel [6].
In several grades of duplex stainless steel, manganese is
substituting for nickel to increase nitrogen solubility
while retaining the desired duplex phase balance.
Grades 2101 and 2304 of duplex stainless steel are
classified as lean duplex stainless steels according to
their chemical composition. Grade 2205 is typically
referred to as a 22Cr duplex, and grades 2507 (UNS
S32750) and 4501 are considered 25Cr super duplex
stainless steels [21, 22]. Duplex stainless steels exhibit
magnetic behavior due to the presence of the ferritic
phase, which differs from that of a completely austenitic
stainless steel [23, 24].

The solidification of duplex stainless steels begins with
ferrite formation, followed by partial conversion to
austenite during cooling. The amount of ferrite-to-
austenite transformation is governed mostly by the
alloy's composition and the cooling conditions, thereby
directly affecting the final ferrite-austenite balance and
resulting microstructure [25,26]. The weldability of
duplex stainless steels is strongly influenced by the
chemical composition of both the base and filler metals,
as well as by welding parameters such as heat input and
cooling conditions. Appropriate control of these
variables is essential to preserve phase balance,
suppress detrimental phase formation, and achieve the
required mechanical and corrosion performance
[27,28]. To achieve high-quality multi-pass welds,
maintain a stable weld metal microstructure and
promote adequate austenite reformation within the heat-
affected zone (HAZ) to preserve the ferrite—austenite
balance and ensure satisfactory mechanical and
corrosion properties [29, 30]. In addition, apply
appropriate thermal control to suppress the precipitation
of deleterious intermetallic phases, particularly the

sigma (o) phase, which can significantly impair the
performance of duplex stainless steel weldments [31].
Regulating the ferrite-austenite equilibrium in welds is
more intricate than in base metals. The beneficial
duplex microstructure of these stainless steels is
negatively impacted during fusion welding due to
melting and solidification processes [20].

Numerous studies have investigated how different
welding processes affect the composition, structure, and
quality of duplex and superduplex stainless steel.
Xavier et al. [32] found that the interpass temperature is
an important factor in determining the heating/cooling
cycle, phase balance, and microstructure of a welded
workpiece. Poulain et al. [33] reported that poor control
of interpass temperatures during the processing of
superduplex stainless steels can lead to the formation of
undesirable secondary microstructural constituents,
thereby reducing mechanical performance. Simekova et
al. [34] evaluated laser beam welding of SAF 2507 and
found that the weld thermal cycle significantly affects
the amounts of ferrite and austenite that form, thereby
influencing the welded microstructure and mechanical
performance. Kanagaraj et al. [35] compared GTAW
and Regulated Metal Deposition (RMD) root-pass
welding techniques for duplex stainless steel and
demonstrated that the welding process markedly affects
the metallurgical characteristics, mechanical behavior,
and corrosion resistance of welded joints. Likewise,
Toéth et al. [36] reported that appropriate thermal control
during electron beam welding produced a balanced
duplex microstructure with satisfactory hardness and
impact toughness in super duplex stainless steel. Kumar
et al. [37] further showed that GTAW thermal cycles
influence the microstructure and corrosion behavior of
SAF 2507 by promoting coarsening in the weld and
heat-affected zones.

Although previous studies have considerably improved
understanding of the metallurgy of duplex and
superduplex stainless steels, limited attention has been
devoted to the combined influence of cooling rate and
interpass temperature during multi-pass GTAW
welding of 10 mm-thick AISI 2507 using ER2209 filler
metal. Furthermore, few studies have correlated optical
microstructural observations with X-ray diffraction
(XRD) analysis and hardness measurements under
controlled thermal conditions to provide a
comprehensive assessment of weld performance.
Therefore, the present study investigates the combined
effect of interpass temperature and cooling rate on the
microstructural evolution and mechanical behavior of
multi-pass GTAW welded AISI 2507.

The main contribution of this work is the integrated
evaluation of phase evolution, microstructural
characteristics, and hardness response using
complementary optical microscopy, XRD, and Vickers
microhardness analyses. The findings provide practical
guidance for optimizing thermal control during welding
to preserve phase balance, suppress undesirable phase
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precipitation, and improve the metallurgical integrity of
super duplex stainless steel welded joints.

2. MATERIALS AND METHODOLOGY

This study involved welding dissimilar metals,
specifically super duplex stainless steel AISI 2507,
utilizing the GTAW technique with a filler metal: ER
22009.

2.1 Chemical Composition of Base Metals

The chemical composition of the used material, AISI
2507, and filler metal 2209 has been tested and matched
with the nominal values, as shown in Table 1. The used
device is a PMI (Positive Material Identification) brand
OLYMPUS portable device.

Table 1. Chemical composition of AISI 2507, wt.%

Element C% Si% Ni% Cr% P% S% Mo% Mn% N% Cu% Fe%
AISI 2507 6.0- 24.0- 3.0- 0.24-
Nominal 00.3 0.8 30 26.0 0.035 0.020 50 1.2 032 0.5 Bal
Actual 0.013 0.38 691 25.17 0.026 0.001 3.80 0.86 0.27 0.29 Bal
ER2209 7.5- 21.5- 2.5- 0.5- 0.08-
Nominal 003 009 g5,y 003003 e o, 5, 07 Bal
ER2209 0.021 0.81 8.7 23.09 0.016 0.019 3.07 1.62 0.11 0.71 Bal
Actual

2.2 Welding Procedure

Two varieties of plates, each measuring 20 x 50 cm,

were prepared with bevels along the 50 cm edge. For

the welding process, a copper backing strip (50 x 10 x 1

cm) was utilized. Key objectives during welding

included maintaining a proper cooling rate, preventing
slow cooling cycles, and ensuring uniform heat
distribution within the welding zone. The actual
interpass temperatures investigated were 150 °C and

350 °C. The value of 90 °C referred to a measured

condition during preliminary welding. Specific

procedural parameters and observations included:

1. The maximum interpass temperature recorded was
90 °C.

2. A shielding gas flow rate of 12—18 liters per minute
was maintained, with an 8 mm aperture nozzle size
recommended.

3. The heat input for the second pass was reduced by
25% compared to the first pass.

5. During the welding process, upon cessation, the
welding current was progressively reduced via
remote control. It was critical to maintain the torch
over the weld pool until complete solidification and
sufficient atmospheric shielding were achieved.

6. A three-second gas pre-flow was initiated before
the commencement of each pass or at any stop-start
point.

7. The primary variable between the two samples was
the inter-pass cooling rate.

The selected interpass temperatures (150°C and 350 °C)

were chosen based on recommendations from industrial

welding guidelines such as NORSOK M-601 and

IMOA which recommend controlling the interpass

temperature to prevent excessive ferrite retention and

harmful phase precipitation. The joint design is
represented in Figure 1 and shows the bevel
configuration used for full penetration welding. Figure

2 shows the fit-up process along with copper backing

4. The back-weld technique was employed, strip and plate preparation. The GTAW welding set up
eliminating the need for a separate purging and equipment is illustrated in Figure 3.
procedure.
85 - T5 Deg

™

Figure 1. Sketch of join design.
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(B)

Figure 2. Fit-up and welding preparation (A) Back strip and mechanical fixtures (B) Stainless steel plate beveling.

Figure 3. Welding machine.

2.3 Non-Destructive Tests (NDT) Visual Inspection

Visual inspection (VT) was conducted as the initial non-
destructive examination to assess the quality of the
welded joints before proceeding with destructive and
microstructural evaluations. The inspection was
performed throughout the welding process and after the
completion of all welding passes by a certified welding
inspector in accordance with the applicable visual
inspection procedures for welded joints. The inspection
focused on identifying visible surface imperfections,
including surface cracks, undercut, overlap, incomplete
fusion, excessive reinforcement, porosity, spatter, arc
strikes, and surface oxidation. In addition, the overall
weld bead appearance, dimensional consistency, weld
profile, alignment of the welded plates, and the degree
of angular and longitudinal distortion were carefully
examined. Particular attention was paid to ensuring

complete weld continuity and the absence of visible
discontinuities that could affect subsequent mechanical
and metallurgical characterization.

The visual examination confirmed that the welded
specimens had a sound surface appearance, with no
observable defects exceeding the acceptable quality
limits. Consequently, the welded coupons were
considered suitable for subsequent microhardness
measurements, microstructural characterization, and X-
ray diffraction (XRD) analysis. Figure 4 illustrates the
visual inspection process carried out by the certified
welding inspector.

Figure 4. The welding inspector.

2.4 Mechanical Tests (Micro-hardness)

The microhardness distribution across the welded joints
was evaluated using the Vickers microhardness test to
assess the influence of welding thermal cycles on the
mechanical response of the base metal (BM), heat-
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affected zone (HAZ), and weld metal (WM).
The measurements were performed at the Advanced
Materials Laboratory, Middle Technical University,
using a Shimadzu HMV-G Series (Japan) Vickers
microhardness tester under a load of 300 g (HV0.3) with
a dwell time of 15 s, in accordance with ASTM E92
(Figure 5). Prior to testing, the welded specimens were
sectioned transverse to the welding direction,
mechanically ground, and polished to obtain a smooth
surface  suitable for hardness measurements.
Indentations were made along the mid-thickness of the
welded cross-section at 1 mm intervals, starting from
the base metal on one side, passing through the heat-
affected zone and weld metal, and continuing to the
opposite side of the joint, as illustrated in Figure 6. This
measurement path enabled correlation of the hardness
profile with the corresponding microstructural regions
affected by the welding thermal cycle. The obtained
hardness values were used to evaluate the influence of
interpass temperature and cooling rate on the
mechanical characteristics of the welded joints and to
support the interpretation of the optical microscopy and
X-ray diffraction (XRD) results.
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Figure 5. Micro-hardness device
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Figure 6. Micro-hardness sketch and map

2.5 Microstructure Tests

2.5.1 Specimen Preparation and Microstructural
Analysis

The specimen fabrication was performed utilizing a

wire-cutting  apparatus.  Subsequent  preparation

involved cold mounting, followed by sequential
grinding with varying grades of ASTM emery papers
(320, 400, 600, 800, 1000, 1200, and 1500). The
polishing procedures used specialized cloths, as well as
different sizes (0.05 pm and 3 pm). After polishing, the
samples were polished with water and an alcohol
solution, then dried to yield a reflective surface.

The microstructure of the sample was evaluated by
viewing cross-sections of the base and weld metal from
various types of welding processes using an optical
microscope, "MEIJI", and an associated camera for
Super Duplex Stainless Steel (Figure 7). Sample
preparation included grinding, polishing, and etching.
The etching process used a mixture of 3 parts HCI, 2
parts HNO3, and 2 parts acetic acid. The
macrostructural examination identified the fusion line,
heat-affected zone, and any macro-fracture.

Figure 7. Microstructure device

2.5.2  XRD Diffractometer

To determine the different crystalline phases present in
weld metal produced with ER22009 filler material and to
evaluate how thermal conditions during welding will
impact those phases (and/or their stability), the welding
metallurgical analysis was conducted via X-ray
Diffraction (XRD). A SHIMADZU XRD-6000
diffractometer (manufactured in Japan) was used to
complete the XRD analysis. The operating voltage of
the XRD is 40 kV, and it utilized Cu Ka radiation
(L = 1.5406 A), as shown in Figure 8. The XRD
diffractograms produced by the diffraction patterns of
the sample were used to identify the following two
crystalline phases: a-BCC (i.e., ferrite) and y-FCC (i.e.,
austenite). Furthermore, analysis of the diffractograms
identified potential undesirable secondary phase
formations that may lead to reduced mechanical
properties and/or reduced corrosion resistance in the
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weld joints. Qualitative comparison of the XRD data for
each sample (generated under different welding
conditions) enabled assessment of the influence of
cooling rate and interpass temperature on phase
evolution and the occurrence of ferrite-austenite
balance. Results from the XRD analysis were
subsequently compared with optical microstructure
analyses and Vickers microhardness tests to provide a
comprehensive evaluation of the metallurgical behavior
of the weld joints.

n PANalytical

AERIS | samon g was

Figure 8. XRD device

3. RESULTS AND DISCUSSION

3.1 Hardness Test

Vickers microhardness profiles measured over the base
metal (BM), heat-affected zone (HAZ), and weld metal
(WM) are shown in Figure 9. The hardness values were
largely consistent across the welded joints, with about
288 - 289 HV recorded for the weld metal under the
292
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280

278

276

274

Hardness

8 6 4 2

0

measured welding parameters. All specimens had
similar hardness, regardless of the interpass temperature
used during welding, suggesting that the thermal
environment did not significantly affect the mechanical
properties of the weld metal. The consistent hardness
distribution can be attributed to the maintenance of
phase balance between ferrite and austenite, and to
minimal formation of secondary phases, which would
have negatively impacted the phase balance between the
two dominant phases in this family of duplex stainless
steels. According to Gunn [38], hardness relates closely
to phase balance (particularly phase content) and the
formation of intermetallic compounds. Since the phase
constitution of the welds did not change with the
different interpass temperatures, hardness remained
nearly unaffected across the entire weld region. Slight
local variations were observed within the heat-affected
zone and weld metal and can be associated with
differences in thermal exposure during successive
welding passes and the resulting microstructural
heterogeneity. However, these variations were limited
and did not indicate localized hardening or softening
that could adversely affect joint integrity. The obtained
hardness profiles are consistent with the optical
microscopy and XRD results, which confirmed
retention of the duplex microstructure under both
cooling conditions. These findings indicate that, within
the investigated thermal range, cooling conditions
primarily influenced microstructural refinement rather
than producing measurable hardness changes.

LOW HI hardness High HI hardness

Distance

Figure 9. Comparison between the hardness of two samples.

3.2 Microstructure Properties (Optical Analysis)

The BM possesses a microstructure characteristic of
wrought duplex stainless steels, consisting of ferrite
and austenite phases (Figure 10). The dark region
represents the ferrite phase, whereas the austenite
phase is illustrated as the white region. The island-
like austenite phase is embedded in the continuous
ferrite matrix and stretched along the rolling
direction. On the AISI 2507 side, the BM contains
equiaxed austenite grains, as shown in Figure 10.

The observed microstructures show that a faster
cooling rate leads to the formation of a finer austenite
in the ferritic matrix whereas a slower cooling rate
leads to grain growth and formation of more grain-
boundary precipitates. This behavior is consistent
with diffusion-controlled phase transformation
mechanisms, in which slower cooling promotes
reformation of austenite, but may also encourage
harmful phases, such as chromium carbides [5], as
shown in Figure 11. The optical micrographs and
XRD patterns qualitatively confirmed the retention of
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the duplex microstructure in the weld metal under
both of the cooling conditions. However, quantitative
determination of ferrite and austenite phase fractions
was beyond the scope of the present study. Therefore,

Austenite

future work should involve the quantitative phase
analysis through image analysis, Feritscope
measurements, or EBSD to better evaluate the phase
balance in the weld metal and heat-affected zone.

R

Austenite

Figure 10. The microstructure of weld metals: A. High cooling rate and B. slow cooling rate of inter-pass temperature.

Weld Zone Fusion Boundary

Weld Zone

Fusion Boundary

Figure 11. Optical micrographs of HAZs, A. High cooling rate and B. slow cooling rate of inter-pass temperature

3.3 XRD Analysis

The XRD patterns obtained from the weld metal
produced using ER2209 filler metal are presented in
Figure 12. The diffraction results confirmed the
presence of the two characteristic phases of duplex
stainless steel, namely ferrite (o, BCC) and austenite
(v, FCC), indicating that the duplex microstructure
was successfully retained after the multi-pass GTAW
process. Both examined cooling conditions yielded
principal diffraction peaks for ferrite ((110) and
(200)) and austenite ((111) and (200)).

Further comparison of diffraction patterns indicated
that the raw material cooled slowly exhibited higher
intensity (I) values at ferrite peaks than the rapidly
cooled raw material. This suggests that, due to
decreased diffusion kinetics and a limited amount of
austenite reformation during cooling, more ferrite
may have been retained in raw materials subjected to
slow cools than in those subjected to rapid cools. On
the other hand, rapid cooling produced a more even

(i.e., ferrite-austenite) phase distribution, which
supports the presence of fine duplex microstructures,
as seen in the optical micrographs. Although a
quantitative phase-fraction analysis was not
conducted, differences in intensities of diffraction
peaks provide qualitative evidence for the effect of
cooling conditions on phase evolution, consistent
with the known transformation behavior of duplex
stainless steels [39].

Additionally, no intermetallic phase diffraction peaks
were observed within the XRD detection limits,
suggesting that the welding parameters were
adequate to retain the duplex phase constitution.
Finally, the XRD data support the nearly constant
hardness values (approximately 288-289 HYV)
observed at different interpass temperatures. This
indicates that, within the investigated thermal range,
interpass temperature had only a limited effect on the
ferrite—austenite balance, whereas cooling rate
played the dominant role in controlling
microstructural evolution. Therefore, effective
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cooling control is a key factor for maintaining phase
stability and ensuring the metallurgical integrity of

multi-pass GTAW-welded AISI 2507 super duplex
stainless steel.

5
(a) v
1 Y
Y
(b) -
Y
] S
s
1 |

Y: Austenite
&: Ferrile

¥: Austenite
&: Ferrite

Figure 12. XRD analysis of WMs produced with ER2209, A. High cooling rate and B. slow cooling rate of inter-pass

temperature

4. CONCLUSION
The effects of cooling rate and interpass temperature
on the welding behavior of AISI 2507 super duplex
stainless steel were examined via microstructural
analysis and experimental investigation in this study.
The experimental results provided valuable insight
into the thermal response, phase stability, and
hardness characteristics of the welded joints as
functions of the thermal conditions under which they
were manufactured. The conclusions drawn in this
investigation are as follows:

e  Within the interpass temperature range of 150—
350 °C, there was limited effect on the measured
hardness of the welded joints. Hardness values
remained fairly constant (approximately 288—
289 HV).

e The rate of cooling significantly affected the
microstructural characteristics of the weld metal.
Faster cooling produced a fine duplex structure,
whereas slower cooling led to grain coarsening
and precipitate formation at grain boundaries.

e X-ray diffraction (XRD) analysis confirmed that
ferrite and austenite phases were present and
stable in each welded sample; therefore, the

duplex microstructure was preserved after the
GTAW process.

e Weld samples that cooled more slowly had a
greater intensity of the ferrite peak, indicating
less reformed austenite during solidification and
cooling.

e Based on these findings, it can be concluded that
controlling the cooling conditions during
welding is  important  for  providing
microstructural stability and improving the
overall mechanical and metallurgical properties
of AISI 2507 super duplex stainless steel
weldments.
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