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Super duplex stainless steel (SDSS) has high corrosion resistance. However, welding decreases its
corrosion resistance due to the segregation of its major constituent elements by excessive ferritization
in the weld zone (WZ) of SDSS. Increased welding current at resistance spot welding (RSW) increased
the nugget size from 5.3 mm (6.0 kA) to 5.8 mm (8.0 kA), which in turn decreased the corrosion
resistance. A larger WZ decreased the active potential (Ecorr) and increased the active current density
(lcorr). Welded SDSS specimens exhibited heterogeneous pitting below the pitting potential. Heat
treatment for a short time at a high temperature (1200 °C) improved the corrosion resistance by
modifying the volume fractions of austenite and ferrite. Heat treatment for 3 min resulted in the highest
corrosion resistance, as an equal volume fraction of austenite and ferrite was achieved at this time.
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1. INTRODUCTION

Duplex stainless steel (DSS) is a dual-phase stainless steel containing both austenite and ferrite
[1-3]. DSS combines the high corrosion resistance of austenite and the high strength of ferrite [1-6].
These properties are required in high-pressure and high-corrosion environments, such as those
typically found in offshore or chemical refining plants, to prevent the breakdown of steel structure [7-
9]. The grade of DSS is determined by its pitting resistance equivalent (PRE = wt.% Cr + 3.3 wt.% Mo
+ 16 wt.% N); super duplex stainless steel (SDSS) has PRE values ranging from 40 to 50 [1, 2, 9-12].

Resistance welding is most frequently used, because it has the lowest production cost. Welding
is an easy manufacturing process for the fabrication of pipes [13-16]. The resistance welding of DSS
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has not yet been studied, because welding is known to decrease the corrosion resistance of all
structural materials [17-22].

SDSS is composed of austenite and ferrite, and has excellent workability and weldability [17-
22]. SDSS is subjected to solution annealing at 1100 °C and quenching to achieve its high corrosion
resistance [1, 3, 12]. However, this processing cannot be used with welding because the welding
current would be discharged by the water.

Previous studies have evaluated the effect of heat treatment on the corrosion resistance of
SDSS. Nilsson studied the effect of heat treatment on the microstructure of SDSS to examine phase
changes as a function of temperature [1, 2]. The chemical composition varied as a function of
temperature, and changed the corrosion behavior because the change in the PRE made the weaker
phase (lower PRE made pitting site) [12]. Chen studied the effect of solution heat treatment (at 1100
°C) on pitting corrosion [3]. Lopes examined the changes in mechanical and corrosion properties with
different welding conditions during inert gas welding (Arc welding) [22]. Investigation of the
microstructure on the weld zone (WZ) revealed that Wimanstatten and allotriomorphic austenites were
formed due to the rapid cooling of the WZ. However, the studies on the ability of heat treatment to
improve corrosion resistance after resistance spot welding (RSW) have been not reported.

In order to fabricate SDSS pipes, studies of its weldability and corrosion behavior in resistance
welding are required. Arc welding and laser welding was found to decrease the corrosion resistance,
due to segregation in the WZ and heat-affected zone (HAZ), which resulted in unfavorable volume
fractions of austenite and ferrite [17-22]. But resistance welding is not studies by anyone. Welded
SDSS requires the post-weld heat treatment to improve its corrosion resistance.

SDSS is used in harsh high-pressure and high-corrosion industrial environments. WZ show the
decreased strength and corrosion resistance due to the changes that occur in their microstructure during
the rapid cooling by electrode tip after welding [1-3, 16-18]. Therefore, the WZ in SDSS requires the
post-weld heat treatment in order to restore its high strength and high corrosion resistance.

This study investigated the changes in the weldability as function of welding current, and the
effect of different post-weld heat treatment durations on the corrosion behavior after resistance spot
welding of SDSS. The weldability and corrosion resistance of the welded SDSS were evaluated using
the potentiodynamic polarization curve and critical pitting temperature (CPT, potentiostatic test).

2. MATERIALS AND METHODS

The investigated SDSS was commercially manufactured UNS S 32750 plate with 3 mm
thickness; its chemical composition is shown in Table 1. The PRE of the material was calculated to be
42, and it contained approximately equal volume fractions of austenite and ferrite (the optimized
corrosion resistance) [1, 2, 7-9].

RSW was performed using an inverter DC (Direct current) resistance spot welding machine,
and the welding conditions followed the ISO 14373 standard. The electrode force is 4.8 kN, the
squeeze time is 1.67 sec, the welding time is 0.47 sec, and the cooling time is 0.47 sec. The welding
current was varied from 6.0 kKA to 8.5 kA by increasing the current in 0.5 kA increments. The changes
in the welding current affected the WZ and HAZ because the heat input energy (1) was changed.
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Q = I’Rt (1)

Q : heat input energy, | : welding current, R : resistance of material, t : welding time

Post-weld heat treatment was applied for 0 to 10 min at 1200 °C to improve the corrosion
resistance caused by the unequal volume fractions of ferrite and austenite in the WZ. SDSS is normally
quenched after solution annealing at 1100 °C to optimize the corrosion resistance [1, 3, 12]. However,
this procedure cannot be used during welding because the welding current would be discharged by the
water.

Table 1. Chemical composition of commercial super duplex stainless steel UNS S 32750

Elements C N Mn Ni Cr Mo Cu W Fe
Concentration | o, | (55| 079 | 68 | 250 | 3.8 | 0.18 | 0.02 | Bal
(wt. %)

Thus, post-weld heat treatment was performed at 1200 °C, and the sample was subsequently
cooled in air.

The welding specimens were cut to examine their microstructure and to conduct corrosion
tests. For the electrolysis etching, 50 g NaOH + 450 mL distilled water solution was used. During
etching, a potential of 10 V and current of 2.4 A were applied. The microstructure was examined using
a field emission scanning electron microscope (FE-SEM, Hitachi S-4800), and the chemical
composition of each phase was determined using energy dispersive spectroscopy (EDS). The chemical
composition of N could not be analyzed using EDS due to a lack of accuracy; therefore, the values for
N were calculated from reference data [12]. Nugget diameter calculated the size of weld zone to check
the weldability [20]. The volume fractions of austenite and ferrite on the specimens were measured
according to ASTM E 1245.

Potentiodynamic polarization curves and CPT tests were performed to analyze the changes in
the corrosion resistance as the welding conditions and the post-weld heat treatment [1-3, 10-12]. A
potentiodynamic polarization curve, in which the potential is analyzed as a function of the potential,
was used to analyze the corrosion behavior. The potentiodynamic polarization curve was acquired
using a three-electrode cell in a 3.5 wt. % NaCl solution by scan rate of 0.167 mV/s. The reference
electrode was a saturated calomel electrode (SCE), and the counter electrode was a 20 mm x 20 mm Pt
mesh. CPT (potentiostatic test at 700 mVsce) was used to determine the difference of pitting growth in
a 5.85 wt. % NaCl solution. The CPT measurements determined the temperatures, and that is over 100
HA/cm? during a 1 min test. The increasing rate of temperature is 1 °C per min.

3. RESULTS AND DISCUSSION
3.1 Effect of the welding current

After RSW, the microstructure was divided into WZ, HAZ, and BM regions. Fig. 1 shows the
microstructure an SDSS sample after welding at 6.0 kKA. The WZ showed a high volume fraction of
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ferrite, because austenite could not grow during rapid cooling due to the indirect quenching by the
electrode tip. The austenite grains in the WZ were fine (size under 5 pm).

Weld zone

Figure 1. Microstructure of weld zone, heat affected zone and bare metal after resistance spot welding
at 6 kA in super duplex stainless steel UNS S 32750
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Figure 2. Nugget diameter as a function of the welding current from 6.0 kA to 8.5 kA in super duplex
stainless steel UNS S 32750
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Figure 3. Potentiodynamic polarization curve in 3.5 wt. % NaCl as the welding current of super
duplex stainless steel UNS S 32750

Table 2. Key parameters of the potentiodynamic polarization curves as a function of the welding
current form 6.0 kA to 8.5 kA: (a) Ecorr, (b) lcorr, (C) metastable pit, and (d) Epit

Bare 6.0 kA 6.5 kKA 7.0 kKA 7.5 kA 8.0 kA 8.5 kA

ECOI’I’

(V) -220+3 | -313+4 | -331+5 | -337+4 | -341+3 | -348+4 | -343+4

(upl\c/gnz) 02+01 | 05+01 ( 06+0.1 | 0.7+0.1 | 0.8+0.1 | 09+0.1 | 0.8%£0.1

Metastable 23042 | -28+3 | 2542 | 2242 | -18+3 | -21+2
pit (mV)
Em(mV) | 100 | 103543 | 10333 | 102843 | 10253 | 1020+3 | 1023+ 2

That shows no enough cooling time to grow austenite after melting [22]. The temperature of
the HAZ can be estimated based on the volume fraction using data from a previous study [14]. The
HAZ after RSW could be divided into two types of regions, containing either a high or low volume
fraction of austenite. The region with a low volume fraction (under 46 %) of austenite was produced at
temperatures above 1200 °C and that was located near the WZ [14]. The region with a high volume
fraction (over 54 %) of austenite was produced at temperature above 1050 °C and was located near the
BM. The width of the HAZ decreased from 1 mm to 0.5 mm when the electrode tip closed because of
the high cooling rate of the electrode tip. The high thermal energy generated at the surface being joined
was decreased by the high cooling rate and that decreased the width of HAZ.

Increasing the welding current increased the diameter of WZ of SDSS due to the increased heat
input energy (Q = I?Rt). Fig. 2 shows the nugget size as a function of the welding current. The
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increased size of WZ as the welding current was increased up to 8.0 kA, but decreased at 8.5 kA due to
spatter.

The corrosion behavior as welding currents is shown in Fig. 3. RSW of SDSS showed
decreased potential (Ecorr) and increased current density (lcor) at active polarization. The passivation
after active polarization in the potentiodynamic polarization curve of SDSS indicated the effect of
resistance welding on corrosion behavior. The key parameters of the potentiodynamic polarization
curve as a function of the welding current density are shown in Table 2. The increased volume fraction
of ferrite decreased the values of Ecorr and Epit, because the increased current density increased the size
of the low corrosion resistance WZ. The welding made the metastable pitting from - 20 to - 30 mVsce.

Table 3. Chemical composition in the weld zone of austenite and ferrite at 6.0 kA after resistance spot
welding of super duplex stainless steel UNS S 32750

Cr Mo N Ni Fe PRE
Austenite [ 25.1+0.3 | 3.6%0.1 2.05 125+0.2 Bal 69.8
Ferrite 252+02 | 38+0.1 0.05 6.1+0.1 Bal 38.6

Ferritization of the WZ exhibited low corrosion resistance due to the segregation of Cr, Ni, and
Mo. Table 3 shows the chemical composition of the WZ; the measured composition was used to
determine the PRE in the WZ. A low volume fraction of austenite was observed in the WZ due to the
insufficient growth time after RSW. The low corrosion resistance is connected to the difference in the
PRE values of austenite and ferrite (PRE gap = 31.2). Ferrite of low PRE became the weaker phase.
WZ made metastable pit because of heterogeneous austenite.

3.2 Effect of post-weld heat treatment on microstructure

Post-weld heat treatment was found to improve the corrosion resistance of the SDSS. The SEM
images in Fig. 4 show the microstructure of the WZ as a function of heat treatment time at 1200 °C.
Increased heat treatment time resulted in larger austenite grains and a greater volume fraction of
austenite. The volume fraction is shown in Fig. 5, and the calculated number of austenite grains in a
100 pm? area is shown in Fig. 6 as a function of heat treatment time. The austenite grains became
coarser, with the number of austenite grains decreasing from 1.36 pcs to 0.32 pcs per 100 um? by the
heat treatment at 10 min. The grain area of austenite (2) was converted to a volume fraction and grain
number using the following relationship:

Austenite area (um?) = average grain area of austenite (um?) x volume fraction of austenite (%) (2)

The austenite grain area at 0 min was 8.3 pm? (2.9 pm diameter), and at 10 min was 144.9 um?
(12.0 pm diameter).
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Figure 4. Microstructure of weld zone as a function of post-weld heat treatment time at 1200 °C at 6.0
kA of resistance spot welded super duplex stainless steel UNS S 32750: (a) as-welded, (b) 1
min, (c) 3 min, (d) 5 min, and (e) 10 min
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Figure 5. Volume fraction of austenite and ferrite as a function of post-weld heat treatment time at
1200 °C after resistance spot welded super duplex stainless steel UNS S 32750
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Figure 6. Number of austenite grains in the weld zone as a function of heat treatment time at 1200 °C
after resistance spot welded super duplex stainless steel UNS S 32750

The microstructure of WZ had high energy because of residual stress by the quenched
microstructure after melting [20, 22].

3.3 Effect of post-weld heat treatment on corrosion
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Figure 7. Potentiodynamic polarization curves in 3.5 wt. % NaCl with and without heat treatment at
1200 °C after resistance spot welded super duplex stainless steel UNS S 32750

The microstructure and the volume fraction of austenite in the welded SDSS changed with the
heat treatment time. The corrosion behavior of welded SDSS with and without heat treatment is shown
in Fig. 7, and the key parameters of the potentiodynamic polarization curve as function of heat
treatment time are shown Table 4. These figures illustrate the effect of heat treatment time on the
corrosion resistance of welded SDSS. The corrosion resistance of the welded SDSS increased with
increasing heat treatment time up to 3 min, and decreased thereafter. The corrosion resistance of SDSS
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was affected by the chemical composition of each phase and was a function of the heat treatment time
at 1200 °C, as shown in Table 5.

Table 4. Key parameters of the potentiodynamic polarization curve in 35. wt. % NaCl as a function of

post-weld heat treatment time: (a) Ecorr, (D) lcorr, (C) metastable pitting potential, and (d) Epit

A(sg.v(\)/el:i(;d 1 min 3 min 5 min 10 min
Ecor(MV) | -313+4 | -295+4 | -255+3 | -285+4 | -288+3
loorr (UA/CM?) | 05+ 0.015 | 0.4+0.012 | 02+0.011 | 0.3+0.012 | 0.3+0.013
Metastable pit | 55,10 | .20+10 | 00+10 | -20#10 | -20+10
(mV)
Epr(mV) | 102044 | 1045+4 | 1105+5 | 1084+4 | 107345

Table 5. Chemical composition of austenite and ferrite at the weld zone as a function of heat treatment

time at 1200 °C at 6.0 kA in resistance spot welded super duplex stainless steel UNS S 32750

Temperature Phase Cr Mo Ni N PRE
0 min Austenite | 25.1+£03 | 3.6+0.1 | 125+0.2 2.05 69.8
Ferrite 25.2+0.2 | 3.8+£0.1 6.1+0.1 0.05 38.6

1 min Austenite | 24.3+0.2 | 3.0+£0.1 74+0.3 0.54 42.8
Ferrite 260+04 | 44+0.1 6.3+0.2 0.05 41.3

3 min Austenite | 24.1+0.2 | 3.0+£0.1 72+0.1 0.47 41.9
Ferrite 26.3+03 | 46+0.1 6.4+0.2 0.05 42.3

5 min Austenite | 24.0+0.3 [ 28+0.1 7.2+0.1 0.47 40.9
Ferrite 264+03 | 48+0.1 6.5+0.2 0.05 43.1

10 min Austenite | 23.9+03 | 28+0.1 71+0.2 0.47 40.5
Ferrite 266+04 | 49+0.1 6.5+0.2 0.05 43.6
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Figure 8. Current density as function of time at 700 mVsce in 5.85 wt. % NaCl after post-weld heat
treatment time at 1200 °C of super duplex stainless steel UNS S 32750

The PRE of the austenite phase that was highest immediately after welding. The post-weld heat
treatment decreased the austenite PRE value [3, 4]. In contrast, the PRE of ferrite increased with
increasing heat treatment time. The low PRE value in the WZ caused pitting corrosion in the weaker
phase [3, 12, 22].

The pitting resistance of SDSS was calculated based on the CPT test, which indicates the
temperature at which the passivation layer is destroyed. Fig. 8 shows the current density as a function
of time at 700 mVsce in a 5.85 wt.% NaCl solution. The post-weld heat treatment had an effect on the
CPT; the CPT increased as the heat treatment time was increased to 3 min and decreased thereafter.
The CPT is related to the growth of the weaker phase, i.e., the phase with a lower PRE [5]. Pitting
occurred in ferrite that had undergone 0 to 3 min of heat treatment, while samples that had undergone
more than 3 min of heat treatment showed the pitting of austenite. The pitting site changed from ferrite
to austenite as the heat treatment progressed because the relative PRE in ferrite and austenite were
reversed.

Post-weld heat treatment at 1200 °C after RSW of SDSS changed the corrosion resistance,
because the exposure to this high temperature modified the chemical composition of the austenite and
ferrite. The corrosion resistance of the welded SDSS was highest after 3 min of heat treatment lasts at
1200 °C, as the heat treated SDSS contained equal volume fractions of austenite and ferrite. Heat
treatment at 1200 °C for 10 min resulted in coarse austenite grains (12 um diameter), and lower
corrosion resistance of austenite due to the lower PRE of austenite more than ferrite [8].

Heat treatment of SDSS made the changed corrosion resistance by diffusion of Cr and Mo et al
[3, 4]. Corrosion behavior after post-weld heat treatment of resistance spot welded SDSS shows the
same results due to same effect of heat treatment [21]. The transformation of microstructure of WZ
form ferrite to austenite requires the low energy because that needs low heat treatment time more than
casted SDSS [3, 21]. The corrosion resistance of WZ in SDSS is improved to heat treatment by short
time of 3 min because WZ had high energy to easy the phase transformation by ferritization.
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4. CONCLUSIONS

This study examined the effect of the RSW current and the duration of post-weld heat treatment
on the corrosion behavior of SDSS as determined from its potentiodynamic polarization curve.

The WZ of RSW on SDSS contains a high volume fraction of ferrite (over 85%) because of the
high cooling rate after melting. The HAZ is divided into a high-temperature HAZ (less than 46%
austenite) and a low-temperature HAZ (more than 54% austenite). Increasing the welding current
increased the WZ size from 5.3 mm (6.0 kA) to 5.8 mm (8.0 kA), and decreased the corrosion
resistance because of chemical composition segregation of ferrite.

The WZ in SDSS has low corrosion resistance (ferrite PRE = 38.6) due to the segregation
resulting from the high cooling rate, while austenite has high corrosion resistance (PRE = 69.8). The
PRE gap between austenite and ferrite resulted in low corrosion resistance, because pitting occurs in
the phase with the lower PRE (weaker phase).

When the duration of the post-weld heat treatment at 1200 °C was increased, the austenite in
the WZ became coarser. The CPT value increased with the increasing heat treatment time up to 3 min,
due to the crossover of the PRE of austenite and ferrite; the austenite and ferrite had equal PRE values
at the crossover point. The post-weld heat treatment of SDSS was increased the corrosion resistance by
heat treatment of 3 min at 1200 °C but the heat treatment time over 3 min decreased CPT because of
decreased PRE of austenite.
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