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Abstract. Duplex stainless-steel features a unique microstructure with balanced
amounts of ferrite and austenite, achieved through the stabilization of elements
like Cr, Mo, Ti, Si, Ni, N, C, and Mn. This balance contributes to excellent
corrosion resistance and mechanical strength. In this study, welding was
performed on a 3 mm thick plate using a current of 135A, a voltage of 20V, and
Direct Current Electrode Negative (DCEN) polarization at a welding speed of 4.5
mm/sec. Post-Welding Heat Treatment (PWHT) annealing was applied at
temperatures of 1050°C, 1150°C, and 1200°C for 10 minutes, followed by slow
cooling. The experimental result shows that, VHN increased significantly at
1050°C, while lower temperatures resulted in decreased hardness. The highest
tensile strength of 879 MPa was found in the specimen without PWHT, which
decreased significantly between 1050°C and 1150°C but slightly improved at
1200°C to 683.01 MPa. The best corrosion resistance was observed at 1050°C,
with a low corrosion rate of 0.000237358 mm/year. In contrast, the specimen
without PWHT had the worst corrosion resistance, with a rate of 0.001924398
mm/year. In conclusion, PWHT annealing at all temperatures increased hardness
but reduced tensile strength, with the best mechanical properties restored at
1050°C, followed by 1150°C with lower tensile strength.

Keywords: Post welding heat treatment, SDSS UNS S32750, Filler ER2594,
Microstructure, Hardness and Corrosion.

1 INTRODUCTION

Duplex stainless steels (DSS) are engineered alloy materials developed to combine the
general characteristics of both austenitic and ferritic groups. Duplex possesses a unique
microstructure due to an almost equal amount of ferrite and austenite, achieved by a
precise balance of stabilizing elements such as Cr, Mo, Ti, Si, Ni, N, C, and Mn. The
production technology of DSS, including welding, hot rolling, and heat treatment,
becomes more challenging with increased alloy content, as seen in super duplex
stainless steels (SDSS), due to the risk of the formation of detrimental phases that can
significantly impair mechanical properties and corrosion resistance. A refined grain
size, resulting from the balanced presence of two metallographic phases, can also
enhance the toughness of duplex stainless steel. The mechanical and corrosion resistant
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enhance the toughness of duplex stainless steel. The mechanical and corrosion resistant
advantages, along with improved weldability due to the relatively low Ni content, have
expanded SDSS from its origins in the oil and gas industry to applications in thermal
desalination, reverse osmosis, and phosphoric acid (HsPOs) production plants.
However, the oil and gas industry remain its primary application. SDSS is commonly
found in subsea piping systems, manifolds, pressure vessels, valves, and heat
exchangers [22]. Super duplex filler metal ER2594 undergoes solidification in a
primary ferritic mode with the precipitation of transformed austenite within the ferritic
matrix, while ER708S-2 filler metal welding results in long lath martensite embedded in
the ferritic matrix. The microstructure of the weld joint using super duplex filler
ER2594 contains various transformed austenites, such as Widmanstitten austenite,
grain boundary austenite, and intergranular austenite within the ferritic matrix. The
precipitation of these transformed austenites follows a sequential order that
significantly influences the weld joint properties.

The effects of different welding heat inputs and post-weld heat treatment on the
surface, texture, microstructure, and mechanical properties of welded joints between
SDSS 2507 and super austenitic steel AISI 904L[17]. The presence of y-austenite
(dendritic), interdendritic ferrite, planar and coplanar defects, as well as CrzsCs
precipitates formed in the microstructure due to heat treatment. Welding with low heat
input resulted in increased tensile strength, yield strength, and hardness, while high heat
input led to a decrease in impact toughness. Heat treatment effects include reduced
tensile strength, yield strength, and hardness, as well as increased ductility and
toughness. Deviations occur on the super austenitic steel side, showing random
orientation in the base metal and AISI 2507 weld metal that has not undergone heat
treatment. These two factors provide the steels with thermal stability during welding
and high strength. However, the downside is that higher alloy content promotes the
precipitation of intermetallic phases, which leads to a decrease in properties.
Nevertheless, this adverse phenomenon can be avoided with good process control,
proper annealing practices, and by limiting arc energy and interpass temperatures
during welding. Most previous studies have focused on heat treatment temperature,
holding time, and heat input variations. However, the effect of different temperature
heat treatment with welding speeds 4.5 mm/s has not yet been explored. These can
influence the microstructure and mechanical properties of the material, making it
essential to study them for optimizing the annealing process in duplex stainless steel.
Although some studies have investigated temperatures up to 1050°C and others up to
1150°C, research on even higher temperatures like 1150°C and 1200°C is still
scarce[13]. This study aims to explore and evaluate the effects of welding speed and
high temperatures on the microstructure, such as the formation of secondary phases
(e.g., sigma phase and secondary austenite), hardness, corrosion resistance, and other
mechanical properties.

1.1  Methodology

This study utilized Super Duplex Stainless Steel UNS S32750 (SAF 2507) in the form
of a 3 mm thick plate, with ER2594 filler of 1 mm diameter and Argon Ultra High
Purity 99.99% as the shielding gas. The welding process was carried out using a robotic
welding machine, which was used to control welding variables such as current, voltage,
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and welding speed. The welding process employed a current of 135A and a voltage of
20V, with Direct Current Electrode Negative (DCEN) polarization and welding speed,
namely 4.5 mm/sec. Annealing heat treatment was conducted with temperature
variations of 1050°C, 1150°C, and 1200°C, held for 10 minutes, and slowly cooled in
a controlled heating oven. In this study, microstructural observations were carried out
on the heat-affected zone (HAZ), base metal, and weld metal using an optical
microscope with a 200x magnification. The Vickers microhardness test was conducted
with a load of 0.5 kg and an indenter dwell time of 7 seconds. The tensile test was

performed with a testing load of 10 tons.
Table 1. Chemical Composition of Super Duplex Stainless Steel SAF 2507 and Filler

Material C Mn P S Si C N Mo N
type
%%3 2750 SAF 613 076 0028 0002 037 2505 648 394 -
ER 2594 001 04 - ; 04 255 94 39 024

1.2 Corrosion Test

The corrosion testing was conducted using a 3.5% NaCl solution with a three-electrode
potentiodynamic method to determine the corrosion rate (CR). In this test, the corrosion
current (Icorr) value was obtained by performing a corrosion test using a three-electrode
potentiodynamic machine, which generated Tafel curve data as the basis for
calculation. The test was conducted by placing the SAF 2507 specimen into the working
electrode holder. Then, the holder, reference electrode, and conductor were inserted
into the corrosion test cell. Ensure that the reference electrode is positioned directly in
front of and centered on the working electrode. Afterward, the 3.5% NaCl electrolyte
solution was added to the corrosion test cell. This 3.5% NaCl solution simulates
seawater conditions and a corrosive environment. The reference electrode used in this
test was a KCI electrode. After obtaining the Icorr value from the Tafel curve, the
corrosion rate was calculated using a formula in accordance with ASTM G59 — 97
standards.

_ fa fc 1
leare = 2,303 (Ba + fc) Ry &
L I - AC
Veorr = 3,27 x 10 3? Learr (2)

Where :

Icorr = Corrosion current density

Ba, Bc = Anodic Tafel slope and Cathodic Tafel slope
Rp = Polarization resistance

Vcorr = Faraday corrosion rate (mm/year)

Ae = Equivalent mass of metal (g/mol.equivalent)

P = Metal density (g/cm?)

To calculate the corrosion rate or Vcorr, the coefficient 3,27 x 1073 is multiplied by the
corrosion current (Icorr) and equivalent weight (EW), then divided by the specimen
density (p). However, in the calculation of Vcor, the equivalent weight (EW) value is
required.
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Therefore, to determine the EwW value, the ASTM G102

— 89 equation is used as follows.
EW=—r
=4

(3

Where:

EW = equivalent weight (gr)

ni = valence of the i-th atom in the alloy element

fi = mass fraction of the i-th atom in the alloy element
wi = atomic weight of the i-th atom in the alloy element

2 RESULT

2.1 Microstructure

Fig. 1. Microstructure imaging location for all specimen variations

Figure 2(a) shows the microstructure of the HAZ region in SDSS 2507 that did not
undergo annealing heat treatment. The grain boundaries and shape no longer appear
elongated but tend to be equiaxed, with nitrides present in the heat-affected area.
However, at a temperature of 1200°C, the nitrides have completely dissolved. This is
due to grain growth caused by the heat during welding. The microstructure of the weld
metal consists of a columnar structure that originates from a granular and island-like
micr structure along the HAZweld metal boundary, known as the fusion line. In
contrast, the central part of the weld has a dendritic microstructure, as shown in Figure
2(a). The dendritic structure in Figure 2(a) represents the microstructure in the weld
region, where the bright areas indicate the austenite (y) phase, while the dark areas
represent the ferrite (3) phase. The HAZ-weld metal boundary (fusion line) of the SDSS
2507 region treated at 1050°C is shown in Figure 2(b). Figure 2(b) shows the HAZ
region of SDSS 2507, which exhibits structural changes, with grains appearing larger
and more compact compared to Figure 2(a). This occurs due to the heat effect from the
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annealing heat treatment process. Figures 2(c) and (d) also show microstructural
changes with increasing annealing temperature. In Figure 2(b), besides austenite and
ferrite phases, nitrides (Cr2N), Widmanstitten (WA), grain boundary austenite (GBA),
and intragranular austenite (IGA) phases are also present. At 1150°C, Figure 2(c) shows
changes where the austenite phase transforms into secondary austenite (y2) and the
sigma phase is present. At an annealing temperature of 1200°C, Figure 2(d) shows that
the nitrides have completely dissolved. The parent metal structure in Figure 2(a) shows
grains that are indicated to remain unchanged, known as the unaffected base metal
region.

Fig. 2. Microstructure in the HAZ at a welding speed of: a. 4.5 mm/sec without PWHT,
b. 4.5 mm/sec with PWHT at 1050°C, c. 4.5 mm/sec with PWHT at 1150°C, and d. 4.5
mm/sec with PWHT at 1200°C.
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Fig. 3. Microstructure in the weld metal at a welding speed of: a. 4.5 mm/sec without
PWHT, b. 4.5 mm/sec with PWHT at 1050°C, c. 4.5 mm/sec with PWHT at 1150°C,
and d. 4.5 mm/sec with PWHT at 1200°C.

Figure 3 shows the differences in the microstructure of each annealing temperature
variation. The microstructure image without heat treatment appears brighter compared
to the microstructure that underwent annealing heat treatment. In the microstructure at
PWHT temperatures of 1050°C and 1150°C, there are darker areas and more black
spots compared to the specimen without annealing. This indicates the presence of a
greater amount of nitride phase (Cr2N) and sigma phase (c), which could affect the
mechanical properties. The microstructure at the 1200°C heat treatment temperature
appears more homogeneous, although there is still an indication of the sigma phase.
The microstructure at the 1050°C annealing temperature appears more random, with
indications of a higher presence of nitride (Cr2N) and sigma (o) phases compared to the
PWHT temperature of 1200°C.
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Fig. 4. Microstructure in the base metal at a welding speed of: a. 4.5 mm/sec without
PWHT, b. 4.5 mm/sec with PWHT at 1050°C, c. 4.5 mm/sec with PWHT at 1150°C,
and d. 4.5 mm/sec with PWHT at 1200°C.

2.2  Hardness Vickers

The hardness testing was conducted using the Vickers Microhardness method with a
diamond pyramid shape. The microstructure hardness test was observed in the areas
affected by the welding process, including the Heat Affected Zone (HAZ) and Base
Metal (BM), and the identification was obtained from the diagonal indentation value
(d1). In the hardness graph above, it can be seen that the hardness distribution shows a
"U"-shaped profile, indicated by a small peak of hardness in the weld pool. Figure 5
shows that increasing the welding speed can increase the hardness. The hardness
distribution in the base metal, weld metal, and Heat Affected Zone is related to the
microstructural changes in response to variations in annealing temperature. The
hardness value in the weld metal area is relatively lower compared to the base metal.
This is because the weld pool area undergoes recrystallization, forming new grains with
a low dislocation density, resulting in lower mechanical properties than the base metal.
The highest VHN value was also obtained in specimens with a heat treatment variation
0f 1050°C across all PWHT. This is due to the formation of very fine and homogeneous
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grains compared to all annealing temperatures and specimens without PWHT
annealing, as well as the presence of nitride phases (Cr2N), which increase hardness
compared to welding without annealing heat treatment. At an annealing temperature of
1150°C, there is a slight decrease in VHN, though not significant. However, at 1200°C,
the VHN value drops significantly compared to the hardness at 1050°C. Nevertheless,
the hardness value still increases when compared to specimens that did not undergo
Post Weld Heat Treatment (PWHT). This is because the sigma phase (o) is present at
1200°C, but the nitrides (Cr-N) have dissolved at this temperature.

Micro Vickers Hardness at a speed of 4,5
mm/sec with PWHT

VHN
4

=0 0 -4 a {0 40 a0

Distmnce (mm)

Fig. 5. Micro Vickers Hardness at a speed of 4.5 mm/sec with PWHT

2.3 Tensile Test

This test was performed using a Shimadzu Hydraulic Servo Pulser tensile testing
machine in accordance with ISO 4136:2012 standards. The graph above illustrates the
effect of varying Post Welding Heat Treatment (PWHT) temperatures on the ultimate
tensile strength (UTS) of super duplex stainless steel SAF 2507. At a welding speed
without annealing treatment, a speed of 4.5 mm/sec resulted in a UTS of 879 MPa. This
is influenced by the predominance of microstructures with austenite and ferrite phases,
which provide high tensile strength and improved mechanical properties. Annealing at
1050°C produced a UTS value of 721.93 MPa, showing a significant decrease in UTS
due to the formation of sigma phase precipitates and other secondary phases. The
annealing temperature of 1150°C caused a much more significant decrease in UTS
compared to the decrease at 1050°C, due to the larger growth of carbide precipitates
from the sigma phase, as well as carbides and nitrides (Cr-N), which resulted in a
reduction in toughness and tensile strength. However, at an annealing temperature of
1200°C, the UTS value began to recover compared to the other annealing temperatures.
This occurred due to the dissolution of nitrides (Cr2N) and the recrystallization of more
stable ferrite and austenite phases at high temperatures, thereby improving tensile
strength, although it remains lower than the UTS value of the specimen without heat
treatment.
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Fig. 6. Average Ultimate Tensile Strength (UTS)

2.4  Corrosion

Electrochemical Impedance
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Fig. 7. Electrochemical Impedance Spectroscopy (EIS)
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Figures 7 and 8 show the Electrochemical Impedance Spectroscopy (EIS) graph, where
it can be seen that the specimen without post-welding heat treatment (PWHT) tends to
have the lowest corrosion resistance compared to all specimens that underwent PWHT.
This is because the welding process can introduce residual stress and microstructural
defects, which can damage the protective passive layer, making the material more prone
to corrosion. This is evidenced by the relatively high annual corrosion rate of
0.001924398 mm/year. The PWHT at 1050°C is considered the optimal temperature,
as it significantly improves corrosion resistance due to the formation of a more stable
oxide layer. In this treatment, the lowest corrosion rate of 0.000237358 mm/year was
achieved. Corrosion resistance begins to decrease at higher heating temperatures of
1150°C and 1200°C, but it remains higher than that of the specimen without heat
treatment, with corrosion rates of 0.000355968 mm/year and 0.000388107 mm/year,
respectively.

3 CONCLUSION

From the results of this experiment, it can be concluded that:

1. The welded specimen without PWHT only had a balanced microstructure of
austenite and ferrite, and in the weld zone, there were only IGA, PTA, GBA, WA
phases, and ferrite. During heat treatment at 1050°C and 1150°C, nitrides and
secondary phases began to form; however, at 1200°C, the nitrides had dissolved.

2. The highest hardness value was achieved during PWHT at 1050°C, which ranged
from approximately 342-447 VHN, and it decreased with the increase in annealing
temperature, measuring 342-410 VHN at 1150°C and 290-352 VHN at 1200°C.
However, these hardness values remained higher compared to the specimens
without treatment, which measured 224-253 VHN.
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The highest tensile strength was obtained in the welded specimen without PWHT,
reaching 879 MPa with a yield strength of 605 MPa. The tensile strength decreased
as the heating temperature increased, reaching 721.93 MPa at 1050°C with a yield
strength of 428.7 MPa, and dropping sharply at 1150°C to a tensile strength of
572.52 MPa with a yield strength of 328.8 MPa. However, the tensile strength
increased at 1200°C, reaching 683 MPa with a yield strength of 419.1 MPa.

The best corrosion resistance was observed at 1050°C, with a low corrosion rate of
0.000237358 mm/year, and the corrosion resistance declined as the annealing
temperature increased. At 1150°C, the corrosion rate was 0.000355968 mm/year,
and at 1200°C, it further increased to 0.000388107 mm/year. In contrast, the
specimen without PWHT had the worst corrosion resistance, with a corrosion rate
0f 0.001924398 mm/year.
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