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This work aims to investigate the influence of optimized welding parameters on the corrosion 
performance of the lean duplex stainless steel (LDSS) UNS S32101. The correlation between 
microstructure and electrochemical behavior of the fusion line (FL) and fusion zone (FZ) has been 
investigated. In the study, six welded samples were manufactured with different welding parameters, 
specifically the welding current, travel speed and heat input. A mini-cell and Syringe Cell were used 
to characterize the electrochemical behavior of the different welded zones by means of the double loop 
electrochemical potentiokinetic reactivation test (DL-EPR) and potentiodynamic polarization tests. 
The results showed that the welding parameters tested in this study significantly affected the corrosion 
resistance of the LDSS UNS S32101. The heat-affected zone (HAZ) was the most susceptible zone to 
localized corrosion and the specific region most affected by corrosion process was that of the LDSS 
UNS S32101 adjacent to the FL.
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1. Introduction
Tanks for storing products in the food industry are usually 

made of stainless steel, as they must have hygiene and safety 
standards to ensure product quality. These stainless steels have 
been increasing demand due to their good combination of 
mechanical properties, weldability and corrosion resistance. 
Many tanks in operation are constructed with austenitic 
stainless steels. However, there is a tendency to replace it with 
duplex stainless steels (AID), due to its superior mechanical 
properties and high corrosion resistance1-4.

The AIDs have great technological importance due to 
their balanced combination of dual-phase microstructure3,5. 
The two primary phases in duplex stainless steel are austenitic 
and ferritic, resulting in a balanced combination of high 
strength and corrosion resistance, that combines features 
of both austenitic and ferritic stainless steels. The main 
alloying elements in duplex steels are chromium, nickel, 
molybdenum, and nitrogen5,6. When it comes to welding, 
duplex stainless steels present some unique considerations 
compared to other types of stainless steels, such as austenitic 
and ferritic grades. Austenitic stainless steels are less prone 
to cracking during welding. However, excessive heat input 
can lead to sensitization and intergranular corrosion in the 
heat-affected zone. On the other hand, ferritic stainless steels 
are also generally considered weldable. However, they are 
more susceptible to grain growth and sensitization during 
welding compared to austenitic grades6,7.

Duplex stainless steel is a type of stainless steel that 
combines features of both austenitic and ferritic stainless steels. 
The main alloying elements in duplex steels are chromium, 
nickel, molybdenum, and nitrogen. The two primary phases 
in duplex stainless steel are austenitic and ferritic, resulting 
in a balanced combination of high strength and corrosion 
resistance. When it comes to welding, duplex stainless steels 
present some unique considerations compared to other types 
of stainless steels, such as austenitic and ferritic grades6,7.

The welding in the AID significantly modifies original 
microstructure in the welded joint and adjacent regions due 
to the various thermal cycles to which the metal is subjected 
during process8. These changes of the microstructure can 
decrease the corrosion resistance in the welding zones. In 
the case of AIDs, depending on the parameters used, the 
precipitation of deleterious phases may occur, reducing the 
steel properties, including its corrosion resistance2,9. Some 
studies suggested that the heat-affected zone (HAZ) is the 
region most susceptible to localized corrosion in welded 
joints10-14. Therefore, the choice of parameters is important 
and must be careful to guarantee the excellent properties of 
the duplex stainless steel. There are studies that correlate 
decomposition and the formation of phases in the corrosion 
resistance of the UNS S32101, UNS S32205 and UNS 
S32520 stainless steels, after heat treatment15-17.

The literature about welding effects of heat input on 
microstructure, mechanical properties18-20, and corrosion in 
stainless steel; Mohammed et al.21 presented that low heat *e-mail: afbugarin@usp.br
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input in the welding should be avoided, since it would cause 
a rapid cooling rate and therefore would not have sufficient 
austenite in the weld filler metal, the heat affected zone 
(HAZ), and would lose the balance of austenite and ferrite, 
which is characteristic of AID. In studies about friction stir 
welded AIDs22, it was observed that the corrosion resistance 
of welded joints was better than base material and it increased 
with increasing in the heat input.

The Gas Tungsten Arc Welding double fusion method 
(GTAW-DF) have been investigated to weld AIDs. In GTAW-
DF, two heat sources are employed, which are positioned on 
opposite sides, allowing operators to perform the root pass and 
the welding simultaneously. The advantages of this process 
are a better-quality finishing, greater depth of penetration, 
greater welding efficiency and less microstructure distortion23,24. 
Guilherme et al.1 investigated corrosion performance of UNS 
S32101 duplex welded by GTWA-DF and verified that the 
joint with higher heat input and low current demonstrated 
better corrosion performance when compared to the joint 
with lower heat input and higher current. This work aims to 
investigate the influence of GTAW-DF welding parameters 
on LDSS duplex steel UNS S32101 used in the construction 
of tanks for the citrus juice industry from the point of view 
of corrosion resistance.

2. Materials and Methods
The materials used in this work were lean duplex 

stainless-steel grade UNS S32101 (LDSS UNS S32101) 
and weld filler metal ER2209, whose composition are shown 
in Table 1. Six (6) specimens (CP) were produced with 
parameters shown in Table 2. The GTAW welding procedure 
was double-fusion method (DF). The welding process was 
performed simultaneously by two welders: on the chamfer 
side, the main arc welder, responsible for depositing the 
filler material and initiating the process; on the root side, 
the auxiliary arc welder, who moves synchronously with the 
main arc welder, but with a delay that results in a distance 
of 5 to 25 mm from the main arc. In Figure 1 is showing 
the schematic illustration of the welded parts, indicating 
the chamfer angle of 35°, the root distance of 1 mm and the 
distance between the MB of 3.2 mm. Three specimens were 
welded with two passes, Figure 1b (CP 01, CP 02 and CP 
03), and another three specimens were welded with only one 
pass, Figure 1c (CP 04, CP 05 and CP 06), and Figure 1d is 
presented schematic representation of the GTAW-DF. Welding 
parameters (current intensity, arc voltage and welding speed) 
were selected based on the adequate evolution in carrying out 
welding, aiming at reducing discontinuities and increasing 
manufacturing productivity.

Table 1. Nominal chemical compositions (wt%) of LDSS UNS S32101 and filler metal ER2209.

C Cr Ni Mo Mn P S Si N Cu
S32101 0.019 21.32 1.15 0.19 4.87 0.024 0.001 0.73 0.22 0.53
ER2209 0.020 22.90 8.60 3.20 1.60 0.017 0.001 0.40 0.16 0.10

Table 2. GTAW root pass welding parameters.

CP
Welding pass Current Voltage Travel speed Heat input

(number) (A) (V) (cm/min) KJ/mm
01 01 140 130 18 12 8.82 1.4

02 140 140 11 11 3.03 3.0
02 01 230 220 18 18 19.04 1.3

02 230 230 16 16 9.52 2.6
03 01 320 300 22 19 17.1 2.2

02 320 320 20 20 9.3 4.1
04 01 230 17 15.2 1.5
05 01 230 15 23.0 0.9
06 01 230 17 31.5 0.7

Figure 1. (a) schematic illustration of the welded parts. Pass sequence to (b) two passes (CP 01, CP 02 and CP 03) and (c) one pass (CP 04, 
CP 05 and CP 06), and (d) schematic representation of the GTAW-DF.
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The preparation of all CPs was carried in the cross section 
of the welding joint. The specimens were grinded up to #4000 
to perform electrochemical tests and polished up to 0.25 µm 
to metallographic characterization. Metallographic etching 
was performed in a 10 wt% oxalic acid solution, by applying 
a current density of 1.0 A/cm2 for 20 s, at room temperature. 
These results were observed with optical microscope (OM) 
Leica DMLM model.

Vickers microhardness measurements were performed on 
the cross-section of the welding joint for all CPs investigated 
using the Struers DURAMIN-40AC3 equipment. The used 
microhardness scale was 0.3 HV, with an indentation time 
of 10 seconds.

The electrochemical tests were performed using three 
electrodes: working electrode (ET), reference electrode 
(RE) of Ag/AgCl KCIsat, and counter electrode (CE) of 
platinum wire. The areas analyzed in the welded joints CPs 
cross-section were the base metal (BM), fusion line (LF), 
welding root end welding face, Figure 2.

The degree of Cr depletion caused by microstructural 
modification during welding process was evaluated by Double 
Loop Electrochemical Potenciokinetic Reactivation test (DL-
EPR), using a Solartron 1287 potentiostat. DL-EPR test was 
carried out in a minicell with a capillary of 1.5 mm diameter. 
The electrolyte was 0.5 mol.L-1 H2SO4 + 0.01 mol.L-1 KSCN. 
The test was performed after 05 minutes of open circuit 
potential (OCP). The electrochemical test was scanned in 
the anodic direction, from of -500 mV (Ag/AgCl) up to 300 
mV (Ag/AgCl), and then reversed to -500 mV (Ag/AgCl), 

with a scan rate of 1.67 mV/s. Pitting corrosion behavior was 
characterized by anodic polarization scans in an electrolyte of 
3.5 wt.% NaCl with Syringe Cell method25,26, with exposed 
area of 0.07 cm2, using a Gamry PCI4/300 potentiostat. The 
tests were performed after stabilization on the OCP (5 min). 
The initial potential was -0.2 mVOCP and final potential,1.0 
VRef with scan rate of 1.67 mV/s. All tests were performed 
at least five times to confirm the reproducibility of the tests.

3. Results and Discussion
Macrographs of all samples cross-section - etched in 10 

wt% oxalic acid solution - are shown in Figure 3a-f. With the 
metallographic attack it was possible to observe the shape and 
extent of the FZ in each CP. In the manual welding process, the 
FZ was irregular along its length, therefore, it was identified 
that the FZ was different for each CP. In relation to the weld 
root, it was observed that the CPs had an average extension 
of approximately 08 mm, and only CP 04 had an extension 
of 10 mm. For CP 04, a lower welding speed and higher 
heat input value were used. It was observed that between 
the CPs of two passes (CP 01, CP 02 and CP 03), for CP 01 
and CP 03 the greater width of the FZ in the upper part of the 
cross-section of the weld, this was not observed for CP 02. 
As for the CPs with just one pass (CP 04, CP 05 and CP 06), 
only CP 06 presented a shorter FZ extension. For this CP, a 
lower heat input value and higher welding speed were used.

Figure 4a-h presented micrographs after etching in 10 
wt% oxalic acid solution for all CPs studied and MB 2101. 

Figure 2. Diagram of the welded cross-section indicating mini capillary coupling points of corrosion tests (FZ: fusion zone; HAZ: heat 
affected zone; FL: fusion line; BM: base metal).

Figure 3. Macrographs of (a) CP 01, (b) CP 02, (c) CP 03, (d) CP 04, (e) CP 05 and (f) CP 06 after etching in 10 wt% oxalic acid solution.
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This attack revealed microstructural heterogeneities, such 
as interphase and grain boundaries, and particular areas with 
higher chromium contents15,27,28.There are differences in the 
microstructure when analyzing the different regions (BM, HAZ 
and FZ). The BM presented elongated grains; characteristic 
of materials submitted to the lamination process, with ferrite 
(α) and austenite (γ). FZ presents a more elongated phase, in 
the form of laths. The literature10,11,29 relates FZ to austenite 
grains in Widmanstätten laths, secondary austenite (γ2) and 
matrix of ferrite, as observed in Figure 3. More intense attacks 
were observed near FL, between FZ and HAZ regions. In 
the HAZ, complexes and combined microstructures were 

also observed, with elongated grains like FZ, and smaller 
grains, similar to BM. In Table 1 it is observed that there 
is a difference in composition between BM UNS S32101 
and ER2209, with Ni being the element with the greatest 
difference. Increasing the nitrogen content accelerates the 
reforming of austenite of different morphologies during 
cooling, in particular Widmanstätten austenite, and limits 
the thermal welding effect30. Corrosive attack was observed 
near FL. This type of attack is characterized by chromium 
nitride precipitates1. These precipitates were observed in 
higher number on the surface of CP 01 (two-pass conditions), 
CP 04 and CP 05 (one-pass conditions).

Figure 4. Micrographs of CPs (a) CP 01, (b) CP 02, (c) CP 03, (d) CP 04, (e) CP 05, (f) CP 06, (g) and (h) BM 2101. Etching in 10 wt% 
oxalic acid solution, at room temperature.
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Figure 5a-f shows Vickers Microhardness maps along 
the cross-section of all CPs in all investigated conditions 
with different zones identification, such as BM, HAZ and FZ. 
The average microhardness of BM was approximately 248 
HV. The ZF was the region with the highest microhardness 
values, between 255 HV and 284 HV, as indicated by the 
red and yellow colors in the maps. The difference in the 
values of the microhardness maps were not that significant. 
However, these results show that the welding process altered 
the microstructure and hardness of the material, especially 
in the HAZ region. The highest values of FZ are due to the 
welding filler metal ER2209, whose composition contains 
8.6% of Ni, while MB has only 1.15%. The high Ni content 
stabilizes the austenite, resulting in hardness increasing. The 
other element that contributed to increase in hardness in the 
FZ was Mo, with 3.8%. this element is a strong solid solution 
strengthener, which contribute for increasing hardness in 
the region8,30,31.

The effect of welding on the microstructure can be clearly 
identified in the HAZ regions, observed by microhardness 
variations, indicated in blue color. This variation was observed 
to all welding conditions and can be associated to solution 
annealing process of BM. The microhardness heterogeneity 
between BM and ZF confirms the importance of the welding 
process in the corrosion resistance properties. It is important 
to mention the possibility of galvanic coupling between 
the HAZ and the welding filler metal, which can result in 
preferential attack in the interface regions. It is also noted 
that the highest microhardness values were identified (red 
color) at the top of ZF in CP 01 (Figure 5a), particularly in 
the CPs welded with two passes, suggesting formation of 
hardening precipitates with the heat input. To on-pass CPs 
the indication of higher hardness was identified along the 
ZF. CP 04 and CP 05 with lower values of hardness along 
the HAZ. For these two conditions higher heat input values 
and lower welding speeds were used during the welding 

Figure 5. Vickers microhardness maps along the cross-section of all CPs investigated conditions.
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process. Figure 6 presented DL-EPR curve to BM obtained 
in 0.5 mol.L-1 H2SO4 + 0.01 mol.L-1 KSCN solution. It is 
observed that the activation peak (ia) occurs at 4.0 x 10-2 
A/cm2 and the reactivation peak (ir), at 1.0 x 10-4 A/cm2. 
The ratio (ir/ia) x 100% indicates the degree of sensitization 
of the material. For the base metal, this ratio was 0.25%.

Figure 7a, b shows DL-EPR curve to all CPs in the LF 
(weld root and weld top). The behavior of both zones and 
the BM was similar among the six welded conditions. In 
the BM curve (Figure 6) the line in red (ia) is the maximum 
current that leads to the formation of the passive layer on the 
surface of the material, indicating the tendency to passivation. 
The blue line (ir), on the other hand, shows the maximum 
reactivation current during the reverse scan, and indicates 
the tendency to localized attack. In the curve obtained in 
the reverse direction three corrosion potentials are observed, 
being the first one, at higher potentials, associated with the 
formation of the passive film, resulting in ennoblement of 
the corrosion potential. The second corrosion potential is 
because the cathodic and anodic currents in the reverse 

direction are equalized during the reverse scan. The third 
potential is associated with the peak current density, or 
reactivation current.

Figure 8a, b shows the comparison of the in the ir/ia 
ratio of the all CPs in the LF, (welding root and welding top) 
obtained from the DL-EPR curves, in 0.5 mol.L-1 H2SO4 + 
0.01 mol.L-1 KSCN electrolyte. Differences in cell positioning 
result in differences in the proportion of LF exposed areas of 
both UNS S32101 and ER2209, and variations in the results 
of the DL-EPR test, mainly observed in CP 01 and CP 02 
in the LF root. For all conditions studied, it was observed 
that the welding process affected the intergranular corrosion 
resistance of the LF region, both root and top. The ir/ia rate 
values found were higher than those presented by the BM. 
Reactivation peaks of the DL-EPR test can be attributed to 
the preferential corrosion attack of Cr-depleted regions around 
Cr-carbides or Cr-nitrides1. The Sensitization process occurs 
when stainless steel is subjected to high temperatures such 
as heat treatment processes, high operating temperatures 
or welding processes. These situations give rise to the 
precipitation of phases and precipitates other than ferrite 
and austenite, such as carbides and nitrides that are rich in 
Cr. Therefore, the reduction of this element in the vicinity 
of the contours makes the material more susceptible to 
intergranular corrosion32. It was observed how the change in 
microstructure and the effect of galvanic coupling influenced 
the resistance to intergranular corrosion of the material. In 
position 02, the CPs underwent two-passes (CP 01, CP 02 and 
CP 03), CP 02 was the one that showed the highest degree 
of sensitization in the lower FL. In position 07, welding top 
of the LF, CP 03 was the one with the lowest resistance to 
intergranular corrosion. In relation to one-pass CPs, the most 
susceptible to this type of corrosion was CP 04, followed 
by CP 05 and finally CP 06.

Figure 9 presents three polarization curves for MB 
UNS S32101 obtained after 5 minutes of OCP in a 3.5%wt. 
NaCl solution. The MB shows average values of Ecorr = 
-243 mV, Epite = 383 mV and ΔE = 627 mV. At potentials 
below the Epite, current oscillations typical of metastable 
pits are noticed. Figure 10 presents the average Ecorr values 
obtained from the polarization curves for the welding 

Figure 6. DL-EPR curves for the BM UNS S32101 0.5 mol.L-1 
H2SO4 + 0.01 mol.L-1 KSCN solution, indicating the current density 
of activation (ia) and reactivation (ir).

Figure 7. DL-EPR curves for the LF (a) weld root and (b) weld top positions in the different CPs, in 0.5 mol.L-1 H2SO4 + 0.01 mol.L-1 
KSCN solution.
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face and welding root after 5 minutes of OCP in 3.5 wt.% 
NaCl solution in the FZ. In this region it was not detected 
the breakdown potential. This is due to the ER2209 high 
concentration of Cr, Ni and Mo, favoring better corrosion 
resistance. The difference between the welding face and 
welding root of the FZ was also investigated in all samples 
and there were no significant differences in Ecorr values 
between the root and top part of the FZ. CP 03 and CP 

04 presented the lowest Ecor values. These two welding 
conditions presented the highest heat input for the two-pass 
and one-pass condition, respectively. These results suggest 
that the welding parameters used for CPs interfered in the 
corrosion resistance of ER2209 filler metal when compared 
to the other investigated conditions.

Figure 11a, b presents the average of ∆E (Epit-Ecorr) values 
for two positions of the LF of all studied conditions, the 
root and top LF. For all welding conditions, Ecorr values 
were close to –200 mV. However, when studying Epite, a 
variation was observed between the CPs, the ∆E values 
were different for each CP. Higher ∆E values indicate 

Figure 11. Ecorr, Epit and ∆E values obtained from the polarization 
curves for the (a) face and (b) root of the LF position of all CPs 
studied, 3.5 wt.% NaCl solution.

Figure 9. Potentiodynamic polarization curves of BM UNS S32101 
obtained in 3.5 wt% NaCl solution.

Figure 10. Ecorr values obtained from the potentiodymamic polarization 
curves for the FZ for all CPs studied in 3.5 w t.% NaCl solution.

Figure 8. Comparison of the ir/ia ratio CPs in the LF, (a) weld root and (b) weld top, obtained from the DL-EPR curves, in 0.5 mol.L-1 
H2SO4 + 0. 01 mol.L-1 KSCN solution.
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greater resistance to pitting corrosion. To compare the FL 
regions, where there is the effect of coupling between the 
HAZ of the BM LDX 2101 and the ER2209. In welding 
conditions with two-passes (CP 01, CP 02 and CP 03), a 
slight tendency towards an increase in ∆E from CP 01 to CP 
03 was observed in the case of the region (root), however, 
the measurement variability was also greater for the CP 03. 
This suggests that the welding parameters in the two-pass 
condition affected the resistance to pitting corrosion in the 
FL region, which is the region that includes the HAZ and FZ. 
In these CPs, the weld root region is influenced by the first 
and second passes. The one-pass CPs, the results indicate 
an increase in the value of ∆E of CP 04 < CP 05 < CP 06, 
suggesting that the welding parameters in one-pass also 
affect the resistance to localized corrosion of duplex steel 
2101. However, they follow a trend, that is, it was observed 
that the greater the heat input and the lower the detachment 
speed, the lower the resistance to pitting corrosion in the LF 
region of the samples welded with just one-pass.

4. Conclusion
In this work, six different GTAW-DF welding conditions 

for LSSD UNS S32101 welding were investigated. The 
different values of heat input were selected based on the 
adequate evolution in the execution of the welding aiming 
at the reduction of discontinuities and high productivity in 
the manufacturing process.

The effect of the welding parameters was observed on 
the microstructural change and on the corrosion resistance 
near LF of the CPs. DL-EPR tests identified susceptibility 
to intergranular corrosion in all CPs studied. Polarization 
tests with the Syringe Cell method proved to be effective, 
with absence of crevices and good reproducibility.

For the conditions of two-pass, it was observed that the 
CP with the highest heat inputs, not only in the first but also in 
the second pass, was the one that presented higher corrosion 
resistance. For the conditions welded with one-pass, it was 
observed that the CP with lower heat input and higher travel 
speed was the one that presented better results of corrosion 
resistance. It was also noticed the effect of galvanic coupling 
between the base metal (LDSS UNS S32101) acting as anode 
and filler metal (ER2209) as cathode.
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