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ASME qualified welding procedures do not guarantee suitable corrosion and passivation properties for lean duplex stainless steel welds. An
evaluation of two ASME qualified welding procedures to optimize the corrosion performance of tungsten inert gas (TIG) welded grade 2101
duplex stainless steel using ER2209 weld consumable was conducted. The evolution of the microstructure was examined by optical and
electronmicroscopy, ferrite-scopemeasurements, and scanning Kelvin probe forcemicroscopy. An electrochemical mini-cell was then used to
characterize the electrochemical behavior of different weld regions using the techniques such as the double loop electrochemical
potentiokinetic reactivation test, standard potentiodynamic polarization tests, and cyclic potentiodynamic polarization. The fusion line was the
most critical zone for localized corrosion for both welding procedures, due to the formation of Cr- and Mo-depleted zones, resulting in the
highest degree of sensitization. The best performance was attributed to the weld face, due to the presence of higher Cr and Mo contents,
highlighting the pitting corrosion resistance. A heat input range of 1.6 kJ/mm to 1.9 kJ/mm and low current density (WPS 1) indicated better
corrosion performance of all weld regions. The electrochemical corrosion response was in all cases related tomicrostructural characteristics of
the weld regions. The influence of weld parameters on microstructure development and corrosion performance is discussed.
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INTRODUCTION

Duplex stainless steels are of great technological impor-
tance due to the balanced combination of beneficial

mechanical properties with excellent corrosion and stress
corrosion cracking resistance, which is related to their dual-
phase microstructure.1-2 A number of different duplex stain-
less steel grades exist, typically classified with respect to their
pitting resistance equivalent number (PREN), which provides an
estimation of their corrosion resistance.3 Lean duplex stainless
steel (e.g., grades 2101 and 2202) was introduced as an
economical alternative to the grade 2205 standard duplex
composition. These grades contain lower Ni and Mo contents,
which is compensated by an increase in Mn and N content to
stabilize the austenite phase in the duplex microstructures.
Despite several studies on grade 2101 stainless steel, research
regarding the influence of welding procedure on the micro-
structure of weld microstructures and their performance in
corrosive environment is still limited.3-11

Aseptic storage tanks are generally built by using grade
304L (UNS S30403(1)) austenitic stainless steel, but the potential
application of the lean grade 2101 is currently explored. The
latter has been reported to possess better passivation proper-
ties,12 and the thickness of plate can be reduced due to its
higher tensile strength. For application in construction, the

welding procedure specifications (WPS) are qualified
according to the ASME code section IX,13 which defines welding
settings and associated qualification tests. Despite the use a
qualified welding procedure, it is not guaranteed that these
settings are optimized to obtain suitable passivation proper-
ties of the exposed surface of the welded joint, because the
qualification tests are centered on optimizing mechanical
properties. In addition, the weld inspection focuses on controlling
the heat input (maximum of 2.5 kJ/mm) and interpass tem-
perature (maximum of 150°C), which can be insufficient to
avoid metallurgical discontinuities, such as Cr- or Mo-depleted
zones.14-15

This work aims to optimize the corrosion resistance of
tungsten inert gas (TIG) welded grade 2101 duplex stainless
steel. The welding parameters applied for welding vertical
sections of an aseptic tank shell were physically simulated on
laboratory scale. Two ASME qualified welding procedures
used at the construction site were simulated, with weld micro-
structures and their corrosion performance characterized by
microscopy techniques and electrochemical corrosion tests.

MATERIALS AND METHODS

A lean duplex stainless steel (LDSS) grade 2101 (UNS
S32101) sheet and AWS ER2209 (UNS S39209, AWS A5.9) weld
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consumable with the chemical compositions given in Table 1
were used in this study. The sheet was received as 6 mm thick
coil supplied by Outokumpu Stainless AB†, and the weld metal
in the form of ER2209 weld rod with 3.2 mm diameter.

Two ASME IX qualified WPS were compared with respect
to corrosion resistance requirements. Single V groove welded
joints were prepared, using a one-side welding technique. A
flux of argon (20 L/min in the purge) was used to support the root
and filler passes (backing). Manual TIG welding was performed
using an EWM Tetrix 351 Confort FW† weld machine in the
vertical position, with all welding parameters summarized in
Table 2. The heat input was calculated using ASME IX by dividing
the average power (current x voltage) by the travel speed (mm/s).
A TIG welding procedure was applied to deposit four weld beads.
EachWPSwas performed with specific parameters (Table 2) and
the layer geometries shown in Figure 1.

WPS 1 used lower current and travel speed that gener-
ated higher heat input, and two cover weld passes were applied
with individual widths of 6.0 mm. On the other hand, the WPS 2
was set up with a higher current and travel speed, which resulted
in lower heat input. It is important to point out that WPS 2 had
only one cover weld pass with a width of 12 mm. Both WPS 1 and
2 used a large filler pass with a width of 8 mm to 9 mm, but the
change in the heat input was greatest at WPS 1, as can be seen in
the second weld pass of Table 2.

Metallographic characterization was performed of all weld
regions. All specimens were mounted in polyester cold cure
resin, ground to 4000 grit, and polished to colloidal silica

solution (0.04 μm) finish. Metallographic etching was performed
in aqueous 10% (wt%) oxalic acid solution, by applying a
current density of 1 A/cm2 for 20 s. This procedure is known to
selectively outline microstructure heterogeneities, such as
interphases and grain boundaries, and in particular areas with
higher chromium contents.16-18 The latter etching procedure
is applied to reveal Cr-enriched regions at ferrite/austenite
interfaces, grain boundaries, as well as intragranular precipi-
tates, such as chromium-nitrides. The resulting microstructures
were observed with an Olympus CX31† optical microscope
(OM) and JEOL JSM-7500F† scanning electron microscope
(SEM), equipped with a PC-SEM† v.2.1.0.3 analyzer. Addition-
ally, ferrite content measurements were performed with a ferrite
scope (Fisher FMP30†) to estimate the volume fraction of
ferrite in the different weld regions, shown in Figure 1.

Previous studies demonstrated that the heat-affected
zone (HAZ) is the region most susceptible to localized corrosion
in welded joints due to large local variations in the chemical
compositions.3,11,19-25 Therefore, the local chemical composition
variations of the austenite and ferrite phase were investigated
by EDX (energy dispersive x-ray) analysis. EDX data were ac-
quired using an 80mm2 X-Max† detector, collecting 106 counts
for each point, and the EDX spectra were quantified using ZAF
correction in the Aztec† software. For each phase (austenite
and ferrite) five spectra were acquired, and this procedure was
applied for the base metal, weld face, weld root, HAZ of weld
root, and HAZ of weld face.

Scanning Kelvin probe force microscopy (SKPFM) mea-
surements were performed on the same weld regions over an
area of 80 μm × 80 μm. The measurements were performed

Table 1. Chemical Compositions (wt%) of LDSS 2101 and ER2209

Sample

Element (wt%)

C Cr Ni Mo Mn P S Si N Cu

LDSS
2101

0.019 21.32 1.15 0.19 4.87 0.024 0.001 0.73 0.22 0.53

ER 2209 0.020 22.90 8.6 3.20 1.6 0.017 0.001 0.4 0.16 0.10

Table 2. TIG Welding Conditions to the WPS 1 and WPS 2(A),(B)

WPS 1

Weld Pass Current (A) Voltage (V) Travel Speed (mm/min) Heat Input (KJ/mm) Width of Weld (mm)

1 120±1 15.9±0.1 71.4±10 1.60±0.2 4

2 140±1 14.8±0.1 50.4±6 2.49±0.1 8

3 142±1 15.3±0.1 72±11 1.78±0.1 6

4 142±1 15.8±0.1 68±6 1.97±0.1 6

WPS 2

Weld Pass Current (A) Voltage (V) Travel Speed (mm/min) Heat Input (KJ/mm) Width of Weld (mm)

1 185±1 16.0±0.1 150±9 1.18±0.2 5

2 250±1 17.1±0.1 222±11 1.16±0.1 8

3 275±1 20.5±0.2 286±12 1.18±0.2 9

4 276±1 19.7±0.1 332±12 0.98±0.1 12

(A) Contact tip to work distance (CTWD): ±10 mm.
(B) Shielding gas / flow rate / polarity: 100% Ar / 15 L/min / DCEN(-).

† Trade name.
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with a Dimension D3100† atomic force microscope (AFM) using
platinum-coated tips (OSCM-PT†) with 25 nm tip radius. Volta
potential (ΔΨ) measurements were obtained at room tempera-
ture, with an interleave lift height of 50 nm at 0.2 kHz scan
frequency. The Nanoscope Analysis† v.1.5 acquisition program
was used to investigate the Volta potential maps.

For corrosion testing, a customized electrochemical mini-
cell with diameter of 1.5 mm was used,26 with a platinum counter
electrode and a Ag|AgCl|KCL (3 mol/L) reference electrode.
The positions for analysis performed on the weld regions are
summarized in Figure 1, classified as base metal (BM), weld
face (WF), weld root (WR), and fusion line (FL). Five measurements
of each test type were made in each region, with polarization
scans started typically 5 min after making contact with the
electrolyte, and all measurements were performed at ambient
temperature (25°C). A Palmsens† v.3 potentiostat was operated
using commercial PSTrace† v.3.4 software. A number of dif-
ferent electrochemical measurements were performed with the
micromini-cell, including double loop electrochemical poten-
tiokinetic reactivation (DL-EPR) test, standard potentiodynamic
polarization (PDP) tests, and cyclic potentiodynamic polari-
zation (CPP) assessments.

The DL-EPR test was applied to measure the degree of
sensitization (DOS) of the weld microstructure regions by using
two different electrolytes: (i) standard DL-EPR solution of
0.5 mol/L H2SO4 + 0.01 mol/L KSCN and (ii) a more aggressive
2.0 mol/L H2SO4 + 0.5 mol/L HCl solution. The first test
environment (i) was used for determining the DOS of stainless

steels by evaluating the charge ratio of the cathodic reacti-
vation vs. anodic activation loop ((Qr/Qa) × 100), in combination
with microstructure observation by SEM after the electro-
chemical measurements. The second test environment (ii) is used
to characterize activation loop differences of duplex stainless
steel, by comparing the integrated charge density of the acti-
vation loop (Qa). For both assessments, the electrochemical
potential was scanned first in the anodic direction, from
−500 mVAg/AgCl to 300 mVAg/AgCl, where the polarization scan
was reversed, and scanned back to −500mVAg/AgCl. A sweep rate
of 1.67 mV/s was used for both tests.

Standard PDP tests in 2.0 mol/L H2SO4 + 0.5 mol/L HCl
aqueous solution were also performed over a wide range of
electrochemical potentials to identify the most suitable in-
terval to observe the austenite and ferrite activation peaks.27

Polarization scans were then repeated over a smaller potential
range, focusing on the activation peaks, with scans performed
from −50mVOCP to −80mVAg/AgCl using a scan rate of 0.1mV/s.
A Gaussian deconvolution of the activation peaks was performed
to understand the contributions of ferrite and austenite on the
anodic current density and the potentials in the active-to-passive
transitions region for each microstructure region of both
welding procedures.

CPP tests were performed in 3.5% NaCl solution to
evaluate the pitting corrosion resistance. After stabilization of the
open-circuit potential (OCP; 5 min), an anodic polarization scan
was performed at a sweep rate of 1.67 mV/s. The anodic scan
was reversed at a current density of 1 mA/cm2, with the
sample then being scanned in the cathodic direction to a po-
tential of −200 mVOCP.

RESULTS

Metallographic images of the welded microstructure
regions shown in Figure 1 are summarized in Figure 2. The
BM has an austenite:ferrite ratio of 56:44, showing a typical
banded microstructure without any evidence of local chromium
enrichment or depletion. The weld face shows the typical lath-
type Widmannstaetten austenite, formed due to shear assisted
diffusional transformation. The fusion zone (FZ) microstruc-
ture consist of austenite grains in the form of Widmanstätten
laths and secondary austenite (γ2) within a matrix of ferrite,
typically observed in lean duplex stainless steel weldments.3,11,28

The fusion line is the boundary among the HAZ and the FZ,
and this region showed the highest proportion of ferrite.
Quench-in chromium nitride precipitates were also present,
predominantly within ferrite grains. Figure 2 presents the
microstructure of the welded joints regions (BM, HAZ, FZ) and
the nitride colonies within the ferrite grains mainly in the HAZ and
weld root.

The ferrite measurements via ferrite scope as a function
of weld region and welding procedures are summarized in
Figure 3. The ferrite number (FN) was initially around 42.3% for
the BM, and increased for all weld regions. WPS 1 had, compared
to WPS 2, a reduced ferrite count in the WF (44%) and the WR
(49%), but a similar value (53%) in the fusion line. The latter FN
was possibly related to the far higher heat input of the second
weld pass of 2.49 kJ/mm (see Table 1). WPS 2 had the highest FN
in all four investigated regions.

The chemical composition of austenite and ferrite within
the welded regions were measured, and the compositional dif-
ferences caused by local element segregations are similar to
observations made by Westin and Hertzman.3 The elemental
compositions of the different weld regions and differences in

35°
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Weld face
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Weld root

Weld root

Microcapillary of the microcell
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WPS 1

WPS 2

HAZ
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FIGURE 1. Schematic illustration of the welded joint, showing detail of
the bevel, the weld passes, and the microcapillary coupling points (FZ
= fusion zone, HAZ = heat affected zone, FL = fusion line, LDSS = lean
duplex stainless steel).
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austenite and ferrite are summarized in Table 3, with the data then
interpreted using PREN calculations in Figure 4.29 The higher
composition of the ER2209 weld consumable is clearly repre-
sented in the weld face. Both welding procedures show, in
general, similar PREN values for all assessed regions, with the
HAZ indicating the most Cr-depleted regions. If compared to
the base metal composition, the HAZ ferrite is depleted of both
Cr and Mo, with the PREN indicating the lowest values for both
WPS. In general, the performance of WPS 1 regarding the
chemical composition and associated PREN values are slightly
higher than the values of WPS 2. Figure 4 demonstrates the
better performance of WPS 1, which shows the PREN values of
base metal, weld root, and HAZ of face and root.

3.1 | Scanning Kelvin Probe Force Microscopy
Assessment

SKPFM measured Volta potentials were used to investi-
gate the potential variations between the weld regions of both
welding procedures. Each phase (austenite and ferrite) was
characterized using a line-scan of 10 μm length. Figure 5 pre-
sents the typical Volta potential maps and schematized line-
scan in the base metal (Figure 5[a]), weld face (Figure 5[b]), and in
the fusion line (Figure 5[c]) of theWPS 2. It is important to point
out that in Figure 5(c), Cr-nitride-containing zones are present in
the fusion line. Volta potential maps for all regions showed
small variations within each phase, but no obvious potential hot
spots (individual sites with high local ΔΨ). It is noteworthy that
differences in Volta potential measured indicate a driving force
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40

45

50

F
er

ri
te

 C
o

n
te

n
t 

(%
)

55

WPS 1

WPS 2

60

Microregions of Welded Joints

FIGURE 3.Quantitation of the ferrite content on the weld microregions
of WPS 1 and WPS 2, measured by ferrite scope. The error bars are
the standard deviation of 10 measurements.
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FIGURE 2. Optical microscopy images of: (a) base metal (BM), (b) weld face (WF) region showing Widmanstätten austenite, (c) fusion line (FL)
showing Cr-nitride containing zones, and (d) the weld root (WR) with secondary austenite and Cr-depleted zones.
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for galvanic interaction, as regions with large potential gra-
dients (ΔΨ) indicate susceptibility for localized corrosion.30

These results indicate the existence of a driving force for
galvanic interaction among austenite and ferrite, which causes
the electrochemical activity at interphase boundaries, with the
dissolution occuring toward the ferrite phase.30-32

The Volta potential variation among austenite and ferrite
was measured for all of the regions shown in Figure 1 for both
welding procedures, with data summarized in Figure 6. For all
regions, the austenite presented cathodic character vs. the

ferrite, and the average austenite-ferrite Volta potential dif-
ference in the base metal was +36 mV. A reduced potential
variation among the phases was observed in the weld face and
weld root for the WPS 1, while WPS 2 presented potential
variation similar to the base metal, with a smooth reduction of
Volta potentials toward the weld face.

Besides the regions shown in Figure 1, the Volta potential
measurements also evaluated the Cr-nitride-containing zones
shown in Figures 1(d) and 5(c). These regions presented a
large austenite-ferrite Volta potential difference, with variation of
up to 45 mV. This supports the presence of an increased local
galvanic activity in regions where Cr-nitrides are present. The
differences in Volta potential for both welding procedures are
given in Figure 6. A clear trend is apparent, with WPS 2 showing a
relatively constant Volta potential difference between ferrite
and austenite. The weld face and root of WPS 1 show far lower
differences of only 15 mV to 20 mV compared to all other
measured values, in line with lower ferrite counts of both regions
(Figure 3). This would certainly mean that ferrite stabilizing
elements are partly re-distributed into the austenite, which in turn
would also affect the corrosion resistance and associated
Volta potential differences.29

3.2 | Degree of Sensitization
Figure 7 presents typical DL-EPR curves of the fusion line

of WPS 1 and WPS 2 obtained in ([a] and [b]) 0.5 mol/L H2SO4 +
0.01 mol/L KSCN aqueous solution and ([c] and [d]) obtained in
in 2.0 mol/L H2SO4 + 0.5 mol/L HCl environment. DL-EPR DOS
values and corresponding activation charge densities (Qa) of
all weld regions of both welding procedures are compared in
Table 4. Post-test SEM investigation indicated that the reac-
tivation peaks of the DL-EPR test can be attributed to the

Table 3. Variance in Chemical Composition of Austenite/Ferrite for the Investigated Microregions

Chemical
Composition of
Phases

WPS 1 WPS 2

Element % (SD)(A) Element % (SD)(A)

Region Phase Cr Mo Ni Mn PREN
(B) Cr Mo Ni Mn PREN

(B)

BM Ferrite 20.41
(<0.1)

0.39
(0.12)

1.3
(<0.1)

4.17
(<0.1)

21.70 20.12
(0.24)

0.47
(0.11)

1.29
(<0.1)

4.52
(0.13)

21.67

Austenite 18.69
(0.23)

0.16
(<0.1)

1.70
(<0.1)

4.78
(<0.1)

19.22 19.08
(0.25)

0.13
(<0.1)

1.89
(0.12)

5.28
(0.17)

19.51

WF Ferrite 23.51
(0.12)

3.11
(0.22)

7.31
(0.32)

1.37
(0.30)

33.77 23.34
(0.2)

2.95
(0.19)

7.44
(0.15)

1.13
(0.12)

33.08

Austenite 22.0
(0.33)

2.55
(0.27)

8.67
(0.35)

1.76
(0.11)

30.42 22.65
(0.23)

2.71
(0.16)

8.25
(0.38)

2.32
(0.15)

31.59

WR Ferrite 19.83
(0.17)

0.36
(<0.1)

1.35
(<0.1)

4.29
(0.15)

21.01 19.15
(0.24)

0.29
(<0.1)

1.36
(<0.1)

4.22
(0.13)

20.11

Austenite 19.25
(0.38)

0.18
(<0.1)

1.44
(0.12)

4.37
(0.12)

19.85 18.76
(0.17)

0.14
(<0.1)

1.51
(0.12)

4.46
(0.17)

19.22

HAZ of
face

Ferrite 19.67
(0.3)

0.29
(<0.1)

1.52
(0.17)

4.22
(0.29)

20.63 19.59
(0.18)

0.24
(<0.1)

1.44
(0.24)

4.85
(0.15)

20.38

Austenite 18.73
(0.23)

0.27
(0.11)

1.72
(0.14)

4.6 (0.2) 19.62 18.49
(0.29)

0.27
(0.12)

1.93
(0.18)

5.05
(0.17)

19.38

HAZ of
root

Ferrite 19.34
(0.28)

0.23
(<0.1)

1.41
(<0.10)

4.21
(0.14)

20.10 19.37
(0.22)

0.25
(<0.1)

1.28
(<0.1)

4.32
(<0.1)

20.20

Austenite 18.39
(0.29)

0.19
(<0.1)

1.61
(0.17)

4.57
(0.15)

19.02 18.34
(0.16)

0.20
(<0.1)

1.66
(0.14)

4.65
(<0.1)

19.00

(A) SD = standard deviation.
(B) PREN =%Cr + 3.3% Mo.
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FIGURE 4. Weld regions and their PREN values from Table 3.
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preferential corrosion attack of Cr-depleted regions around
Cr-carbides and Cr-nitrides. The presence of other tertiary
phases, such as σ-, α’-, G-, and Chi-phase can also promote
increased DL-EPR values, but these were not found here in the
lean duplex microstructures.16,28,33-34 In general, WPS 1
resulted in lower DOS values thanWPS 2 when tested in 0.5 mol/L
H2SO4 + 0.01 mol/L KSCN solution. WPS 2 showed significant

sensitization of the fusion line and the weld root regions. Small
DOS variation of the different regions (e.g., face vs. root inWPS
1) should be treated with caution, as small differences can be a
function of the size of the chromium-depleted zones present
within the tested surface area of the mini-cell used.26,33-34 A
distinct difference between root, face, and fusion line is ob-
served in WPS 2.
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Tests in H2SO4 + HCl solution were also performed to
comprehend the electrochemical behavior of all weld regions in a
more aggressive electrolyte. In this environment, reactivation
peaks were not observed, which is possibly related to the for-
mation of an intact passive film at the surface after the anodic
scan, combined with the lack of a depassivating agent (KSCN) in
the solution. The corrosion performance of the different weld
regions can be analyzed based on the activation charge (Qa),
which has been reported to be primarily related to ferrite
dissolution.27,35 In this electrolyte, WPS 1 also showed lower Qa

values than WPS 2 for all regions, shown in Figures 7(c) and (d)
and Table 4.

Figure 8 show SEM images of the weld region after DL-
EPR testing in 0.5 mol/L H2SO4 + 0.01 mol/L KSCN solution. The
DL-EPR test performed here on lean duplex stainless steel
induces corrosion attack on the ferritic phase and along inter-
phase boundaries. The images shown relate the DOS value
with surface attack observed due the corrosion. The surfaces of
all regions after DL-EPR testing are consistent with micro-
structural observations reported in Figure 2. Once a significant
deterioration of the corrosion resistance of the ferrite phase
was observed, higher DOS values were obtained from attack of
the grain interior and along interphase boundaries. Figure 2
presents Cr-nitride-containing zones observed in some weld
regions, which is also in line with surface deterioration
reported in Figure 8. It is worth mentioning that tertiary phase
formation is mainly related to phase transformation taking
place inside the ferrite. The interphase boundaries are also
heavily corroded, with the austenitic phase showing no sig-
nificant dissolution. The presence of Cr-nitrides in conjunction
with Cr-depleted zones in the ferritic matrix, and the preferred
nitrogen and nickel partitioning in the austenite renders en-
hanced passivation behavior to the austenite, resulting in more
selective dissolution of the ferrite.18,31-32,34-36

3.3 | Ferrite/Austenite—Electrochemical Activity
The environment containing 2 mol/L H2SO4 + 0.5 mol/L

HCl in Figure 9 enhanced the anodic current density in the active-
to-passive transition region, and it is important to point out
that two distinguishable peaks were observed in this region,
consistent with those reported by other authors.29,35

According to the literature,27 preferential dissolution of ferrite
phase occurred at lower peak potential (≈ −270mV to the base
metal), while the austenite phase corroded at a fast rate at higher
peak potential (≈ −220 mV to the base metal). This electro-
chemical behavior provides a specific analysis based on the
critical potential for dissolution of ferrite and austenite (Eαmax

and Eγmax) and their corresponding anodic current density (Iαmax

and Iγmax). Figure 9 also gives potential ranges to show the
potentials peaks for both WPS 1 (inset in [a]) and WPS 2
(inset in [b]).

A Gaussian deconvolution was applied to the peak pro-
files in order to assess the austenite and ferrite contribution in
the active-to-passive transition region observed,27 as dem-
onstrated in Figure 10. It is noteworthy that the curves of the
fusion line did not permit to be deconvoluted into active-to-
passive transition region, probably due to the weld dilution
processes between weld metal and base metal. At potential
range between Eαmax and Eγmax, the preferential dissolution
of individual phases and its reversion can be observed,
highlighting that below Eαmax the dissolution rate of γ phase is
lower than that of α phase and, on the other hand, above Eγmax

both phases are in passive state.27 Based on Emax and Imax of
both phases, the performance of the weld face of WPS 1 is
slightly better than the weld root of WPS 1 and the weld face of
WPS 2. The weld root of WPS 2 presented higher Iαmax and
lower Eαmax, which indicate that this region will be severely
attacked.

3.4 | Pitting Corrosion Resistance
Cyclic potentiodynamic polarization curves in 3.5% NaCl

solution are presented for the weld regions in Figure 11. All
polarization curves showed a passive behavior of the weld
regions, with no evidence of a reactivation current peak when the
potential was reversed.37 The base metal had a large current
spike, indicative of crevice corrosion, possibly caused by the
mini-electrochemical cell used.

The PREN values of all different regions are compare to
the breakdown potentials (Epit) of both welding procedures and
the different regions in Table 5. WPS 1 showed a similar
performance of the weld face and root. The Epit were registered
for all weld regions of WPS 2, probably due to the presence of
Cr-nitrides and Cr-depletion in these regions, which are the
preferential sites to pit nucleation.11,35,38-40 The fusion line of
both welding procedures had lower Epit and a positive hyster-
esis. This observation supports the presence of a critical
microstructure zone, in the form of the fusion line, for the
corrosion performance of lean duplex welded joints in chlo-
ride solution. The fusion line had an Epit value range of 250 mV to
300 mV and the PREN range of the ferrite phase was 20.10 to
20.20. The weld root of the WPS 2 obtained an Epit of 555 mV
with a similar PREN of the ferrite. One of the factors that
influenced these results were the difference among PREN values
of austenite phase. The weld root region had a better per-
formance due to the better PREN of austenite phase, as the PREN
of ferrite were similar (between fusion lines and root). There-
fore, although the weak phase is the ferrite, it defines the
corrosion performance for dual phase stainless steel;41 it is
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Table 4. Quantitative Determination of the DOS

WPS Weld Region

Electrolyte 1(A) Electrolyte 2(B)

DOS (%) Qa (J [mA/cm2])

1

Face 0.22 11.3

Fusion line 22.39 54.3

Root 0.11 15.0

2

Face 2.57 45.2

Fusion line 10.71 68.5

Root 25.59 61.1

(A) Electrolyte 1: 0.5 mol/L H2SO4 + 0.01 mol/L KSCN.
(B) Electrolyte 2: 2.0 mol/L H2SO4 + 0.5 mol/L HCl.
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important to consider the PREN of austenite phase in the cor-
rosion performance analysis.

The electrochemical parameters obtained from CPP
testing are summarized in Figure 12, which presents the corro-
sion potential (Ecorr), pitting potential (Epit), protection (repas-
sivation) potential (Erp), and passive region (Erp – Ecorr). In addition,
it can be asserted that the fusion line has not a constant
electrochemical behavior along its length. Figure 13 presents a
comparative study that evaluated two different points at the
same fusion line: (a) fusion line near weld face, and (b) fusion line

near weld root. It is evident the best performance is of the
fusion line near the face, according to the CPP curves. This is
evidence that the thermal history of the multi-pass welded
joint can cause the decrease of corrosion performance due to
changes in the microstructure and their ability to passive film
formation in this region. Also, this point of view is useful to the
industrial facilities manufacturer to choose the weld surface
that it will be exposed to the corrosive environment (e.g., tube
sheet weld of heat exchanger) to avoid the surface degra-
dation during equipment operation.23,26,42-43
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FIGURE 8. SEMmicrographs of the surface of LDSS 2101 after DL-EPR tests: (a) base metal, (b and c) weld face, (d and e) fusion line, and (f) weld
root.
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DISCUSSION

Comparing the microstructural observations of the
present work with those of Westin,4 the influence of peak tem-
perature and cooling rate on the weld microstructure, aus-
tenite/ferrite ratio, and Cr-depleted and Cr-nitride-containing
regions have been observed. It is considered that the arc
welding process has moderate cooling rates, and the micro-
structure of the weld joint forms a fraction of lamellar Wid-
manstätten austenite. Secondary austenite is also observed
when supersaturated ferrite, containing chromium nitride
precipitates, is reheated by subsequent multipass welding.34,44

The most frequently reported chromium nitride,4,28,34,45 and its
formation is related to the rapid cooling and high ferrite contents.
So, convergences between the microstructural characteriza-
tion and the welding procedures were observed. TheWPS 1 used
a higher heat input and the travel speed was significantly
slower, resulting in a smaller cooling rate, which resulted in higher
austenite level and reduction of chromium nitrides precipita-
tion. The WPS 2 used a high peak temperature (related to current

density) and rapid cooling rate (related to high travel speed),
prejudicing the driving force for austenite growth. This welding
setup resulted in higher ferrite content to the HAZ and weld
root due the multipass weld condition, including high Cr2N levels
for these regions. Another difference among the welding
procedures is associated to the layers and passes width, once
large passes can prejudice the partition of alloy elements
during welding solidification and, consequently, influence the
corrosion performance.3

The fusion line of both welding procedures resulted in a
degraded structure due to the multipass thermal cycle of
welding. Brandi, et al.,34 detailed the potential problems related
to the high-temperature HAZ (HTHAZ), where the fusion line is
located. These conditions were evident in the chemical
composition variation of austenite and ferrite phases (Table 3)
and by SKPFM measurements. The difference in the chemical
composition between the austenite and ferrite was reduced due
to the initial solidification of ferrite and fast cooling that
provided diffusion of heavy elements in short distance.34 In
addition, this condition caused reduction of chromium content
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in the ferrite phase and became more susceptible to localized
corrosion attack,44-46 highlighting the decrease of the ferrite
PREN in fusion line regions. The chemical composition variations
of phases had direct influence in the quality of the passive film
formation in each phase. The Volta potential difference dem-
onstrated that the austenite has cathodic behavior relative to
the ferrite, and higher values were observed in the fusion line.
This clearly demonstrated the galvanic interaction between
ferrite and austenite.

The DL-EPR tests performed in 0.5 mol/L H2SO4 +
0.1 mol/L KSCNwere suitable to assess the DOS. Once the fusion
zone for a single pass has balance of approximately equal
amounts of ferrite and austenite for optimum corrosion resis-
tance and mechanical properties,4,14,34 the DOS for this
microregion indicated homogeneous microstructure without
depleted zones, as can be seen for the weld face of WPS 1.
The WPS 1 obtained a better performance than WPS 2 for the
weld face and root regions due to the welding parameter
setting. This statement is not applicable to the fusion line, where
both welding procedures obtained a nonsatisfactory perfor-
mance. It is noteworthy that there was a consistent relationship
between DOS values and ferrite content. When ferrite content
is increased, the probability to Cr2N precipitation is also higher,
and the DOS variation occurred as a function of the number of
chromium-depleted zones present on the scanned surface area.
Figure 14 presents, for both welding procedures, the corre-
lation between DOS and ferrite content, noticing the logarithmic
trendline that obtained R-squared values greater than 0.91,
which is a good fit of the line to the data. When the ferrite content
was superior to 50%, an expressive increase in DOS was
observed.

The SEM images in Figure 8, obtained after DL-EPR
testing in 0.5 mol/L H2SO4 + 0.01 mol/L KSCN, demonstrate that
the ferrite phase and the interphase boundaries were the
preferential sites for localized corrosion, and the degradation
increased proportionally to the DOS. The passive film obtained
with WPS 1 had better quality than that of WPS 2, according to
the Volta potential measurements (Figure 5) and activation
charges (Figure 9) for all regions. In addition, the Gaussian
deconvolution of the active-to-passive transition regions was
useful to demonstrate the consequences of the microstructural
changes on the global electrochemical behavior of each weld
region. The determined Emax and Imax parameters of each phase
demonstrated that the weld face presents a nobler electro-
chemical behavior and reduced anodic peak compared to the
weld root. In the fusion line, with high content of ferrite, the
activation peak takes up a larger area of the active-to-passive
region of the potentiodynamic curve and, probably, a larger
difference between the potentials of the phases is noted,
inhibiting the deconvolution in two anodic peaks. Thus, the
preferential dissolution of ferrite occurred, as shown in
Figure 8(e).

The cyclic polarization study supported the previous
results, where WPS 1 presented a better electrochemical be-
havior in weld face and root, and similar performance of the
fusion line compared to WPS 2. A lower corrosion resistance was
observed in the fusion line, with sites of pit nucleation probably
related to chromium nitride particles, as reported by Tan, et al.47

The higher susceptibility of the fusion line to preferential
corrosion is related to microstructural evolution during welding.
The volume fraction of the ferrite is increased in the fusion line
and the Cr and Mo content are diluted, resulting in decreased
concentration of these alloying elements in ferrite phase. Cr2N
also typically precipitates in the ferrite phase due to the lower
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Table 5. Quantitative Determination of PREN and Pitting Potential for Each WPS Regions

Welding Procedure
(WPS) Weld Region

PREN

Epit
(A) (mV)α γ

1

Face 33.77 30.42 Did not occur

Fusion line 20.10 19.02 301

Root 21.01 19.85 Did not occur

2

Face 33.08 31.59 652

Fusion line 20.20 19.00 250

Root 20.11 19.22 555

(A) Electrolyte: 3.5% NaCl at room temperature.
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solubility of nitrogen in this phase.15,28,34,39,47 Examination of
Table 3 and Figure 13 confirms the relation between micro-
structural features, thermal history of welds, and electro-
chemical behavior.

At construction sites using lean grade 2101 duplex
stainless steel, welding quality control only based on heat input
and measurement of ferrite content is certainly not enough to
inform about the corrosion resistance of the weld region. It is
suggested to also include information about the peak weld
current density and the weld width, as these are related to the

microstructure evolution during welding, which influence
generation of deleterious Cr-depleted zones.

CONCLUSIONS

The corrosion performance of lean grade 2101 duplex
stainless steel, welded by two ASME qualified welding procedure
specifications, were assessed. From the results the following
conclusions can be drawn:
➣ WPS 1 with heat input of 1.6 kJ/mm to 1.9 kJ/mm and low
current (140 A) demonstrated better corrosion performance
compared to WPS 2 with heat input of 1.0 kJ/mm to 1.2 kJ/mm
and high current (275 A).
➣ The weld face (WF) had higher corrosion resistance with the
highest PREN, due to alloying elements retention of the weld
consumable in the ferrite phase. This region is recommended
for exposure to the corrosive environment.
➣ The fusion line (FL) showed the lowest corrosion resistance.
Chromium nitrides were present in the fusion line for both
welding procedures, precipitated within ferrite grains and at
interphase boundaries.
➣ A relationship between microstructure features within the
weld regions, with Volta potential differences, ferrite content,
microstructure appearance, DOS, and the critical pitting po-
tential was apparent.
➣ The corrosion performance of the microregions should be
used to complement the ASME requirements to qualify these
welding procedures.
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