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This study analysed the integrity of welded joints of a UNS S32205 duplex stainless steel, using 
different welding energies: 0.5 kJ.mm-1, 1.0 kJ.mm-1, and 3.5 kJ.mm-1. Microstructural characterisation, 
tensile testing, intergranular attack susceptibility testing (ASTM A262 practice A) and pitting/crevice 
corrosion resistance tests (critical pitting temperature test, ASTM G48 practice C) were performed 
in these welded joints. The results showed that the tensile properties of the welded joints did not 
vary significantly with the welding energy. The microstructure’s ferrite content in the molten zone 
(MZ) was proportional to the welding energy: the ferrite concentration in the 0.5 kJ.mm-1 weldings 
was approximately 75%. When the welding energy increased to 3.5 kJ.mm-1, the amount of ferrite 
dropped to 54%. The 3.5 kJ.mm-1 welded joint featured a comparatively higher proportion of coarser 
austenite grains. The HAZ of the 3.5 kJ.mm-1 welded joint was comparatively more susceptible to the 
intergranular attack along the α/γ interfaces, while in the base metal and the other two welded joints, 
the intergranular attack along the α/γ interfaces was not prominent. Additionally, the pitting corrosion 
took place preferentially in the ferrite phase of the HAZ for all welding conditions.

Keywords: duplex stainless-steel, UNS S32205, welding energy, intergranular corrosion, pitting 
corrosion.

1. Introduction
Wrought and cast duplex stainless steels are commonly 

used in the oil extraction industry due to their high mechanical 
strength and corrosion resistance. Their microstructure 
is composed of austenite (FCC) and ferrite (BCC)1,2, and 
there are different classes of duplex stainless steels which 
are classified by their PREN (Pitting Resistance Equivalent 
Number)3 value, see Equation 1, which varies from 24.5 to 48.14.

( ) ( )  %   3.3 %   0.5%   16 %PREN Cr Mo W N= + + +  	 (1)

The proportion of α and γ phases in duplex-stainless 
steels also depends on the cooling rate from the ferritic 
field. Therefore, high cooling rates from the ferrite field may 
hinder the austenite nucleation and growth, as the ferrite 
decomposition into austenite presents C-curve kinetics in the 
TTT diagram5,6. Furthermore, modern duplex-stainless steels 
might contain nitrogen which promotes the precipitation 
of chromium nitride within the ferrite during cooling2,7,8. 
Thermal exposure of duplex stainless steels might encourage 
the precipitation of Cr-rich intermetallic phases, such as 
sigma phase (σ), chi phase (χ) or alfa-prime phase (α’). 
The sigma phase precipitates preferentially at the α/γ grain 
boundaries after long exposure at high temperatures (from 
700 ºC to 1000 ºC), and its growth consumes the ferrite 
phase9-11 preferentially. The α’ phase features a high chromium 

concentration and is formed by spinodal decomposition at 
temperatures between 300 ºC and 550 ºC6. Studies using 
isothermal treatments of duplex stainless steels showed that 
the precipitation of the Cr-rich sigma phase significantly 
reduces the corrosion resistance11,12. The precipitation of 
Cr-rich phases creates a Cr-depleted zone in the adjacent 
areas, locally reducing the corrosion resistance, also known 
as sensitisation6,13,14. The solubilisation of these Cr-rich 
phases revokes the sensitisation15-17. Moreover, in several 
cases, a more significant proportion of ferrite in the duplex 
microstructure reduces the corrosion resistance, suggesting 
that the localised corrosion preferentially nucleates in the 
weld bead region, which features higher ferrite content, as 
verified by Gennari et al.18. The localised corrosion may 
later evolve to stress corrosion cracking depending on the 
environmental and stress conditions, as shown by Pereira 
and Azevedo19-21.

The oil-extraction sites in Brazil are mainly located offshore, 
a very aggressive environment. Therefore, duplex‑stainless 
steel is widely used and some of these components are 
manufactured using welding processes, such as GTAW 
(Gas-Shielded Tungsten Arc Welding) or GMAW  (Gas 
Metal Arc Welding). Both methods promote the heating at 
the weld bead site, generating a thermal cycle that can cause 
microstructural changes in the adjacent regions, known 
as the heat-affected zone (HAZ)22. The N-133 Petrobras *e-mail: henrique.boschetti.pereira@usp.br
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standard23 provides some recommendations for the welding 
process of duplex stainless steels: the ferrite/austenite ratio 
in the melted zone (MZ) should be between 35% and 65%; 
the welding energy should be between 0.7  kJ.mm-1, and 
1.5 kJ.mm-1 for joints between 7 mm and 20 mm thick; and 
the maximum CO2 composition in the shielding gas must 
be a maximum of 2%. Also, this standard recommends the 
qualification of the welding procedure by practice A of the 
ASTM G4824 standard. The Petrobras N-133 standard requests 
that the test for detecting susceptibility to intergranular attack 
be performed for 24 h at 20 ºC. The ASTM G4824 standard 
establishes that this corrosion test should be done for 72 h 
at either 22 °C or 50 ºC. Additionally, the duplex stainless-
steel joints should not operate at temperatures above 250 ºC.

Several studies regarding the corrosion of welded 
joints have been performed using method A of the 
ASTM  G4824 standard. However, only a few25,26 have 
established a relationship between the microstructure of 
the duplex stainless steel welded joints and the corrosion 
properties. Salinas-Bravo and Newman25 determined 
the critical pitting nucleation temperature for 25% Cr 
duplex-stainless steels, which were welded by the GTAW 
and SMAW (Shielded Metal Arc Welding) methods using 
different welding energies: 0.8 kJ.mm-1, 1.2 kJ.mm-1 and 
2.1 kJ.mm-1. The critical pitting-nucleation temperatures 
obtained by method A of the ASTM G48 standard24 (after 24 h 
exposure) were 66 ºC for the base metal, 36.5 ºC for 0.8 kJ.
mm-1, 34.5 ºC for 1.2 kJ.mm-1 and 24 ºC for 2.1 kJ.mm-1. 
According to the authors, this is mainly due to the alloying 
elements partition variation in HAZ , which also depends 
on the heat input of the welding process. Nowacki and 
Rybicki26 studied the mass loss of UNS S31803 steel welded 
by the SAW (Submerged Arc Welding) process, varying 
the heat input from 3.0 kJ.mm-1 to 5.0 kJ.mm-1 at a step of 
0.5 kJ.mm-1. The resulting mass loss obtained by method 
A of the ASTM G48 standard24 (after 24 h exposure) was 
inversely proportional to welding energy, ranging from 
1.15 mg for 3.0 kJ.mm-1 to 1.05 mg for 5.0 kJ.mm-1. Also, 
the microstructural examination of the welded metal did not 
find sigma, carbide and other intermetallic phases. Paulraj 
and Garg27 studied the correlation between the welding 
parameters of high and low PREN duplex-stainless steels, 
which were welded by the GTAW process using welding 
energy from 1.05 kJ.mm-1 to 1.2 kJ.mm-1. They concluded 
that the corrosion rate increased with the welding energy. 
They explained this result by the secondary austenite 
precipitation and the formation of intermetallic phases during 
the thermal cycling of the welds with higher heat inputs. 
Recent studies19,20,21 performed on UNS S32205 duplex 
stainless steel have shown that the nucleation of SCC 
(stress corrosion cracking) may occur in corrosion pits28. 
At temperatures between 70 ºC and 110 ºC in a synthetic 
seawater-dropping-solution environment, the preferential 
corrosion of the ferrite has been observed19,20.

According to worldwide experts of the welding 
community, the usual welding energy input for UNS 
S32205 duplex stainless-steel  is between 0.4 kJ.mm-1 and 
2.5 kJ.mm-1. The present investigation characterises the 
microstructure and corrosion properties (pitting and 
intergranular corrosion resistance according to the ASTM 

G48 and ASTM A262 standards) of a UNS S32205 duplex 
stainless steel produced by the GMAW process using different 
welding energies. A welding energy of 3.5 kJ.mm-1, higher 
than the recommended upper limit23, was also investigated. 
Furthermore, this over-critical welding condition was performed 
with two consecutive passes to promote the precipitation of 
Cr-rich precipitates in UNS S32205 plates with a thickness 
of 12.7 mm. The investigation of the microstructure and 
corrosion properties of this extreme welding condition 
compared to normal conditions is the main novelty of this 
paper. The study of susceptibility to pitting corrosion is 
essential to improve the reliability of the structural integrity, 
particularly on the macro and microstructural heterogeneities 
generated by the welding processes. The main objective of 
this research is to verify the microstructural evolution of UNS 
S32205 duplex-stainless steel welding and its influence on the 
tensile properties and the susceptibility to pitting corrosion 
by ASTM A262 practice A29 and ASTM G48 practice A24.

2. Materials and Methods
The base metal used in this research was a 12.7 mm 

thick plate of UNS S32205 duplex stainless steel. The plate 
was solubilised at 1100 ºC and cooled in water to avoid 
the grain boundary precipitation of the sigma phase 
(sensitisation). The chemical composition is described 
in Table 1, along with the acceptance range according to 
ASTM A24030. The combustion and fusion methods were 
used to determine the carbon and sulfur content using 
Leco® analyser CS-300, according to ASTM E101931. 
The X-ray emission spectrometric method was used for the 
other alloying elements determination using a Panalytical® 
spectrometer PW2404, according to ASTM E57232.

A V-shaped chamfer (60º opening, 0.5 mm nose and no 
spacing) was machined at the centre of the plate. The welding 
consumable was ER2209 (see chemical composition 
in Table  1). Gas-Shielded Metal Arc Welding (60% Ar, 
38% He and 2% CO2) with a flow rate between 16 L.min-1 to 
18 L.min-1 was used for the automated welding. The root 
pass was made with purge gas (Ar), and the welding was 
performed with a pulsed current and a positive-polarity 
electrode (CC+) so that all welding passes were carried out 
with the droplet-metal transfer.

Table 1. Chemical composition of UNS S32205 (wt%) duplex 
stainless steel plate and requirements established by ASTM A24030.

Element Sample ASTM A240 ER2209 
electrode

C 0.017 ± 0.002 < 0.030 < 0.020
Si 0.38 ± 0.01 < 1.00 0.05

Mn 1.44 ± 0.02 < 2.00 1.60
P 0.026 ± 0.002 < 0.03 < 0.02
S < 0.002 < 0.020 < 0.015
Cr 22.3 ± 0.3 22.0 to 23.0 23.0
Ni 5.79 ± 0.07 4.50 to 6.50 9.00
Mo 3.08 ± 0.03 3.00 to 3.50 3.20
N 0.16 ± 0.03 0.14 to 0.20 0.16

PREN 35.04 34.14 to 37.75 36.12
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The welding of the joints used three levels of welding 
energy: standard condition, 1.0  kJ.mm-1, following the 
Petrobras N-133 standard23; low-energy condition, 0.5 kJ.mm-1, 
intending to cause ferrite disproportion in the melted zone 
(MZ); and high-energy condition, 3.5 kJ.mm-1. This latter 
condition was performed with two consecutive passes to cause 
the precipitation of the sigma phase in the heat-affected zone 
(HAZ). As the amount of deposited material is proportional 
to the heat input (see Equation 2)22, the total number of 
welding passes was equal to ten on 0.5 kJ.mm1 (one root 
and nine filling passes); six on 1.0 kJ.mm-1 (one root and 
five filling passes); and three on 3.5 kJ.mm-1 (one root and 
two filling passes).

EIH
v

η=  	 (2)

Where: H is the heat input (J.mm-1), E is the voltage (V), 
I is the current (A), v is the welding speed (mm.s-1), and 
the η is the welding efficiency. The welding efficiency is 
dimensionless, with a range between 0.6 and 1.0.

The metallographic preparation involved mechanical 
grinding using sandpaper (following the #340, #600 and 
#1200 sequence). The polishing used 3 μm and 1 μm diamond 
paste suspension. Final polishing was carried out for 10 min 
using 0.05 µm alumina suspension solution. The polished 
samples were electrolytically etched in 10% oxalic acid or 
potassium hydroxide (KOH) solutions. For both etchings, 
a voltage of 10 V was applied for 30  s, as previously 
described11,19,20,28. The metallographic examinations were 
performed in the three regions of the weld beads: molten 
zone (MZ), bound zone (BZ) and heat-affected zone (HAZ) 
of the welded joints as described in Figure 1. As-welded 
samples were characterised by optical and SEM (FEI Quanta 
400 SEM) using SEI and BEI imaging. The latter used a 
voltage of 20 kV and a working distance of 10 mm.

The HAZ region was sometimes divided into two distinct 
zones: the HAZHT zone corresponds to a heat-affected region 
exposed to higher temperatures localised closer to the molten 
zone (MZ). The HAZLT zone corresponds to a heat-affected 
region exposed to a lower temperature, closer to the base metal. 
The research group responsible for producing the welded 
samples performed EBSD examinations for all weld joints33, 
and they did not observe the sigma phase in any region of 
the three welding conditions. A quantitative analysis of the 
proportion of α/γ phases in the welded metal was performed 
using an image segmentation program via neural networks 
SVRNA®: three planes of the welded joints (see Figure 2) 
were sampled and metallographically examined, and optical 
microscope images (500X magnification) were scanned in.

The tensile tests were performed with rectangular section 
specimens: (25x10) mm2 and parallel section of 80 mm, 
according to ISO 689234. The location of the weld bead 
in the specimens was approximately in the middle of the 
transversal section. The tensile tests were performed on 
a calibrated Instron® 300DX-C3A-G1E static hydraulic 
universal testing machine with a 95% confidence interval. 
For each welding condition, only one sample was tested. 
Extensometers were not used to prevent the device’s damage 
in case of an unexpected brittle rupture of the welded 

samples. Method of ISO 6892 B (stress control) with a 
strain range 4 (0.0067 s-1 ± 20%) was used. The stress-
strain curve was obtained using the force measurement 
from the load cell and the cross-sectional area to calculate 
the stress, and the original distance between the grips was 
used to calculate strain throughout the test. The offset yield 
strengths were determined from the stress-strain curves. 
The yield stress corresponds to the intersection of the 
stress-strain curve and a line parallel to its straight-line 
portion offset by 0.2% strain.

Intergranular-corrosion susceptibility analyses were 
performed using ASTM A262 practice A29. Although this 
standard is directed to austenitic-stainless steels, some 
authors have performed practice A for duplex stainless 
steels8,16,17. BZ-specimens with the approximate dimensions 
of (10x10) mm2 were extracted with the fusion line localised 
at the centre of the specimen. As mentioned before, these 
samples were metallographically prepared. A 10% oxalic 
acid solution and a current density of 1 A.cm-2 was applied 
to the exposed surface for 90  s at room temperature. 
For each welding condition, only one sample was tested.

Pitting-corrosion-susceptibility tests were performed 
according to ASTM G48 practice A24. Two specimens of 
dimensions (20x35x10) mm3 with a 3.5 mm hole at the top 
were used (see Figure 3). Specimens were extracted to keep 
the weld bead at the centre of the (10x35) mm2 transversal 
surface. For each welding condition, only one sample 
was tested. The specimens were immersed in a 10% 
(mass fraction) hexahydrate ferric chloride solution for 
72 h at 50 ºC in a way that all the specimen’s faces were 

Figure 1. Schematic representation of the regions analysed from the 
weld macrography. BM represents the base metal, BZ represents the 
bonding zone, and MZ represents the molten zone. The heat-affected 
zones are the regions between the bounding and base-metal zones.

Figure 2. Schematics of the sites where the qualitative analysis of 
phases present in the welded joints was performed.
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in contact with the solution. After the pitting-corrosion 
test, the specimen’s transversal section face (demarcated 
by the black arrow in Figure 3) was metallographically 
prepared, and electrolytically etched in a 10% oxalic 
acid solution. Macrographic images were obtained on a 
Leica® M205C stereoscope, and the micrographs of the 
pits were acquired on an Olympus® BX51M light-field 
optical microscope (OM). The maximum pitting rate was 
calculated by Equation 3 according to NACE SP077535, 
using the optical microscope.

365 YPR
t
⋅

= 	 (3)

Where: PR is the pitting rate (in mm.year-1), Y is the most 
profound pit depth (mm), and t is the test time (in days).

The topography of the corroded specimens was observed in 
an SEM (FEI Quanta 400 SEM using an accelerating voltage 
of 20 kV and a beam current of about 1 nA). Spot, area and 
line-mode EDS microanalyses were performed. The EDS 
microanalyses on the three different weld regions (MZ, BZ 
and HAZ) were carried out on three areas of approximately 
(100x100) μm, applying dwell times between 100 s and 120 s. 
A hypothesis testing - analysis of variance (ANOVA) - was 
performed to compare the EDS microanalyses results for all 
welding conditions and welding regions.

3. Results and Discussion
The microstructure of the UNS S32205 plate (BM) 

(longitudinal rolling section) is shown in Figure 4a. Only 
two phases can be identified: ferrite (dark regions) and 
austenite (light regions). A 3D assembly with the rolling 
direction is shown in Figure 4b. Despite having undergone 
the solubilisation heat treatment at 1100 ºC, the elongated 
microstructure from the rolling process (showing plate-like 
austenite) is still present

The macrographs of the welded joints are shown in 
Figures 5a to 5c. The 0.5 kJ.mm-1 macrostructure showed 
a higher number of passes; therefore, a smaller amount 
of material was deposited per pass than the welded joints 
with higher energy. The microstructure inside each welding 
pass presented directional growth (solidification growth 
perpendicular to the heat extraction); see Figure  5a. 
The 1.0  kJ.mm-1 weld bead presents seven passes with  
elongated shapes, characteristic of the welding process 

Figure 3. Schematic representation of the pitting corrosion 
susceptibility test specimen. The black arrow represents the face 
observed in the results section.

Figure 4. Cross-section microstructure of the UNS S32205 duplex stainless steel plate (a) and 3D assembly with the rolling direction (b)20,21. 
The microstructure comprises a ferritic matrix (α), dark phase, and elongated austenite (γ) precipitates, light phase. Ferrite content of 
51%. OM, electrolytic attack in KOH solution.
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using active gas, see Figure 5b. The 3.5 kJ.mm-1 weld bead 
showed a coarser macrostructure, but the growth was “less 
directional”. Both features indicate a higher-heat input of 
the molten metal and a more significant extension of the 
heat-affected zone (see the darker band close to the molten 
zone, see Figure 5c).

The proportion of ferrite in the MZ, HAZHT and HAZLT 
is shown in Table 2. The MZ of the 0.5 kJ.mm-1 welded 
joint featured about 70% of ferrite. In the other extreme, the  
3.5 kJ.mm-1 MZ presented maximum ferrite content of 54%. 
The cooling rate influences the proportion of austenite in 
the MZ: slower cooling rates from the ferrite field promote 
the austenite nucleation and growth. Therefore, the welding 
processes with higher energies presented a slower cooling 
rate, resulting in a higher proportion of austenite3,23,36. 
The HAZHT of 1.0 kJ.mm-1 and 3.5 kJ.mm-1 weldments 
showed lower austenite contents than the respective MZ, 
since the addition metal contained higher nickel content 
(see Tables 1 and 2). The filler contains a higher amount of 
austenitising elements, which facilitate the nucleation and 
the growth of austenite in the MZ area3. The ferrite content 
in the MZ of the 0.5 kJ.mm-1 welded joint was higher than 
in HAZHT due to the high cooling rate imposed by the low 
welding energy heat input1.

Figures 6a to 6c show the MZ microstructures for the 
three welding conditions. The average size of the austenite 
precipitates follows the trend of heat input; the higher the heat 
input, the coarser the austenite precipitation2. According to the 
Dubé classification37-39, the microstructure comprises primary 
Widmanstätten austenite plates, secondary Widmanstätten 
austenitic sawteeth and grain boundary allotriomorphic austenite.

Figures 7a to 7c show the microstructures of the bounding 
zone (interface between the MZ and the heat-affected zone, 
also known as a high-temperature region of the HAZ or 
HAZHT) for the three welding conditions. The austenite 
morphology changes in the 0.5 kJ.mm-1 and 1.0 kJ.mm-1 welds 
(see Figures  7a  and  7b). During heating, the base-metal 
austenite partially dissolves at elevated temperatures, but 
during cooling, some of the dissolved austenite grows 
back in a more acicular morphology40. The shades of grey 
in the ferrite matrix in the samples featuring a more rapid 
cooling rate (see Figures 7a and 7b) might suggest solute 
segregation caused by the partial dissolution of the austenite 
in the HAZ. In some regions, secondary Widmanstätten 
austenitic sawtooth morphology is noted37,38. Finally, the 
transition region between MZ and HAZHT shows epitaxial 
growth at the solid/liquid interface. For the 3.5 kJ.mm-1 weld 
(see Figure 7c), the HAZHT remained at a high temperature 
for longer, causing partial austenite dissolution and ferritic 
grain growth. During the comparatively slower cooling, a 

Figure 5. Macrography of weld beads performed with the following welding energies: (a) 0.5 kJ.mm-1, (b) 1.0 kJ.mm-1 e (c) 3.5 kJ.mm-1. 
OM, electrolytic etching in oxalic acid solution.

Table 2. Ferrite content of welded joints with 0.5 kJ.mm-1, 1.0 kJ.mm-1 
and 3.5 kJ.mm-1 in the different regions analysed: molten zone (MZ); 
heat-affected zone of high temperature (HAZHT); and heat-affected 
zone of low temperature (HAZLT).

Region
Ferrite content (%)

0.5 kJ.mm-1 1.0 kJ.mm-1 3.5 kJ.mm-1

MZ 70 (4) 63 (3) 54 (3)
HAZHT 68 (3) 65 (3) 59 (3)
HAZLT 57 (3) 60 (3) 55 (3)

Base metal 51 (3)

Figure 6. Microstructure of the molten zone (MZ). (a) 0.5 kJ.mm-1 with a ferrite content of 70% (matrix) and acicular austenite precipitation; 
(b) 1.0 kJ.mm-1 with a ferrite content of 63% (matrix) and acicular austenite precipitation; (c) 3.5 kJ.mm-1 with a ferrite content of 54% 
(matrix) and coarser acicular austenite precipitation. OM, electrolytic etching in KOH solution.
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higher proportion of austenite reprecipitates with a coarser 
morphology, which can be observed qualitatively in 
Figure 7c. All HAZHT microstructures showed austenite 
allotriomorphic grain boundary and primary Widmanstätten 
austenite plates37,38.

Figures 8a to 8c show the microstructure of the HAZLT 
of the three welding conditions. For the 0.5 kJ.mm-1 and 
1.0 kJ.mm-1 weldings, the austenite reveals a morphological 
alteration in relation to the base metal. This change is due 
to austenite dissolution at high temperatures and austenite 
reprecipitation and/or growth during slow cooling40. The shades 
of grey in the ferrite matrix in the samples featuring a more 
rapid cooling rate (see Figures 8a and 8b) suggest solute 
segregation caused by the partial dissolution of the austenite 
in the HAZ during the welding process. The HAZLT austenite 
shows a morphology similar to the base metal, but featuring 
a lesser degree of austenite dissolution (exposure to lower 
temperatures) and the presence of secondary Widmanstätten-
plate austenite (formed during the cooling of the welding 
process), see Figures 8a and 8b. For the 1.0 kJ.mm-1 welding, 
for example, the presence of secondary Widmanstätten austenite 
sawtooth is observed but less frequently than in the HAZHT 
region. The microstructure of the 3.5 kJ.mm-1 welding shows 
grain-boundary allotriomorphic and primary Widmanstätten-
plate austenite in a ferritic matrix (dark phase). Additionally, 
the ferrite grain size is comparatively larger (see Figure 8c).

The tensile test results of the welded joints are shown 
in Table 3. All tensile specimens broke in the base metal 
region (away from the weld bead and HAZ), which features a 
lower ferrite proportion when compared to MZ, HAZHT and 
HAZLT (see Table 2). The fracture position suggests that the 
higher proportion of ferrite in the microstructure increases 
the yield and the tensile strengths of the duplex stainless 
steel, which is in agreement with the tensile properties shown 
in Figure 941 (apud2). The welding process with energy of 
3.5 kJ.mm-1 (a condition apparently more prone to embrittlement 
by intermetallic Cr-rich phase precipitation)3,9,23 showed 
higher yield strength, ultimate tensile strength (UTS) and 
elongation values than the other specimens. Nevertheless, 
the tensile properties of the remaining welded joints did 
not vary more than their respective standard deviations and 
presented values close to those of the base metal.

Figures 10a to 10c show the microstructure of the bonding 
zone (BZ) for all weldings using backscattered electrons 
imaging. These BEI images did not reveal intermetallic 
precipitates with high chromium content, such as the sigma 
phase, even for the welding at 3.5 kJ.mm-1 energy (BEI 
resolution is around 500 nm). These results agree with the 
observations made by the welder’s report33, indicating that 
the kinetics of sigma phase precipitation was not rapid 
enough to promote sigma phase precipitation for the most 
critical condition. Additionally, Figures 10a  to 10c show 

Figure 7. Microstructure of the bounding zone region and the heat-affected zone with high temperature (HAZHT). (a) 0.5 kJ.mm-1 with a 
ferrite content of 68% and austenite precipitation featuring sawtooth interface; (b) 1.0 kJ.mm-1 with a ferrite content of 65% and austenite 
precipitation with a sawtooth interface; (c) 3.5 kJ.mm-1 with a ferrite content of 59% (matrix) and austenite precipitation (parallel plates). 
The shades of grey in the ferrite matrix suggest solute segregation caused by the partial dissolution of the austenite during the welding 
process. OM, electrolytic etching in KOH solution.

Figure 8. Microstructure of the heat-affected zone and the heat-affected zone with low temperature (HAZLT). (a) 0.5 kJ.mm-1 with a 
ferrite content of 57% (matrix) and plate-like austenite precipitates. (b) 1.0 kJ.mm-1 with a ferrite content of 60% (matrix) and plate-like 
austenite precipitates. (c) 3.5 kJ.mm-1 with a ferrite content of 55% (matrix) and plate-like austenite precipitates. The shades of grey in 
the ferrite matrix suggest solute segregation caused by the partial dissolution of the austenite during the welding process. OM, electrolytic 
etching in KOH solution.
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similar morphological information to the light microscopy 
(see Figures 7a to 7c).

The EDS line analysis results between austenite and 
ferrite phases at the 1.0 kJ.mm-1 HAZHT are shown in 
Figures 11a and 11b. The austenite presented higher nickel 
and lower molybdenum contents than the ferrite. Additionally, 
these results suggest a compositional gradient in the ferrite 
matrix, indicating higher Ni and lower Cr and Mo contents 
close to the partially dissolved austenite. These results confirm 
previous observations proposing solute segregation in the 
ferrite (see Figures 7a, b and 8a, b) for the more rapidly 
cooled samples. Still, a more definitive analysis, such as APT 

(Atom Probe Tomography), is needed to confirm the solute 
segregation in the ferrite due to the austenite dissolution.

EDS point-mode analyses in the ferrite and austenite 
phases of the HAZ regions indicates that molybdenum 
(ferritising alloying element) partitions preferentially into the 
ferrite independent of the welding energy (3.3 (0.1)% in the 
ferrite and 2.1 (0.1)% in the austenite), confirming previous 
results42. Nickel partitions preferentially in austenite, also 
independent of the welding energy (5.2 (0.2)% in ferrite and 
6.9 (0.5)% in austenite). Additionally, the results of the EDS 
area-mode analyses on the three different weld regions under 
all conditions are shown in Table 4 indicate that:

Figure 9. General results from41 (apud2). Relationship between the percentage of ferrite in the microstructure of duplex  stainless-steel 
and its mechanical properties: ultimate tensile strength (UTS), yield strength and ferrite content (%). Figure adapted from41 (apud2).

Figure 10. Duplex microstructure of the boundary zone welded with the following welding energies: (a) 0.5 kJ.mm-1, (b) 1.0 kJ.mm-1 
e (c) 3.5 kJ.mm-1. The matrix is the ferrite phase, and the precipitates are the austenite phase. The microstructures show the differences 
in the austenite morphology. The lower welding energy presented a steep morphological gradient and acicular austenite (sawtooth). In 
comparison, welding with higher energies showed a smother morphological gradient, with coarser austenite precipitation. There is no 
indication of the sigma phase precipitates (BEI resolution is around 500 nm). SEM, BEI, electrolytic etching in oxalic acid solution.

Table 3. Mechanical properties of the welded joints and base metal obtained from tensile testing.

Mechanical properties Base metal
Welded joints

0.5 kJ.mm-1 1.0 kJ.mm-1 3.5 kJ.mm-1

Yield strength (MPa) 501 ± 3 484 ± 3 504 ± 3 530 ± 3
Tensile strength (MPa) 706 ± 4 670 ± 4 694 ± 4 722 ± 4

Elongation (%) 33 ± 1 24 ± 1 27 ± 1 31 ± 1
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a)	 The nickel content in the MZ was higher than the 
HAZ for all weld conditions. This characteristic 
is mainly due to the filler metal’s higher nickel 
content than the MB (see Table 1).

b)	 The chromium content in the MZ for the 0.5 kJ.mm-1 
and 3.5 kJ.mm-1 conditions was higher than in the 
HAZ. However, a hypothesis testing - analysis of 
variance (ANOVA) - was performed, showing for 
all welding conditions and welding regions that Cr 
results were equal with 95% confidence (p-value of 
0.62501, 0.5657, and 0.5486 for energies of  0.5 kJ.mm-1, 
1.0 kJ.mm-1, and 3.5 kJ.mm-1, respectively).

c)	 The Mo content in the MZ of 0.5 kJ.mm-1 was the 
highest. Again, a hypothesis testing - analysis of 
variance (ANOVA) - was performed, showing that 
these Mo values have no statistically significant 
differences for all welds and regions at 95% 
confidence (p-value of 0.4950).

The ASTM A262 practice A29 results are shown in 
Figures 12a to 12d. In general, Figures 12a to 12d show an 
elongated microstructure with a continuous matrix, as the 
attack revealed the α/γ and γ/γ interfaces, but not the α/α 
interface. There is preferential corrosion of the ferrite phase 

for all conditions. These results agree with Ha et al.43,44, who 
studied the influence of the ferrite to austenite ratio on the 
pitting corrosion resistance of UNS S32205/S3180343 and 
UNS S32101 duplex stainless steels44. Different ferrite 
and austenite proportions were obtained in their studies by 
isothermal treatments. They observed43,44 that ferrite suffered 
preferential pitting corrosion by a galvanic coupling process 
with austenite, even when the ferrite phase presented higher 
pitting resistance equivalent numbers (PRENs).

Figures 12a to 12c show elongated austenite grains featuring 
annealing twinning inside them. The electrolytic etching 
with 10% oxalic acid promotes the preferential corrosion of 
the ferrite matrix the 3.5 kJ.mm-1 HAZ showed intense α/γ 
intergranular corrosion (see yellow arrows in Figure 12d). 
These results suggest that the higher welding energy and 
lower cooling rate may have promoted the sensitisation of the 
microstructure along the α/γ interfaces without compromising 
the mechanical integrity of the welding (see Table 3).

The experimental results of the tests according to ASTM 
G48 standard24 are shown in Figures 13a to 13c. The samples 
extracted from the base metal showed no sign of corrosion, 
so a macrography was not necessary. These images reveal 
a different corrosion behaviour according to the welding 
energy. The welding with less energy (0.5 kJ.mm-1 – see 
Figure 13a) showed a high corrosion rate, mainly in the 
molten zone. This behaviour results from the high ferrite 
content (~70%, see Table 2) in this region, recognised as a 
low corrosion-resistant phase in duplex stainless-steels 43. 
The welding with intermediate energy, recommended by the 
Petrobras N-133 standard23 (1.0 kJ.mm-1 – see Figure 13b), 
did not show intense corrosive attack in the molten zone 
(MZ). This attack was only observed in the MZ near the 
weld bead interface (BZ). Finally, the welding with higher 
energy (3.5 kJ.mm-1 – Figure 13c) showed intense corrosive 
attack in HAZ, which features lower ferrite content (see 
Table 2). This preferential attack in the HAZ suggests that 
the thermal exposure may have promoted the sensitisation 
of the microstructure. Further TEM characterisation is 

Table 4. Results of the EDS analysis on the different weld regions.

Welding energy Zone Cr Ni Mo
0.5 kJ.mm-1 MZ 24.2 (1.2) 7.3 (0.4) 2.9 (0.6)

BZ 23.6 (0.4) 6.1 (0.3) 2.6 (0.1)
HAZ 23.6 (0.3) 5.4 (0.3) 2.8 (0.5)

1 kJ.mm-1 MZ 24.9 (0.4) 7.4 (0.1) 2.5 (0.2)
BZ 24.4 (0.3) 6.3 (0.2) 2.5 (0.1)

HAZ 24.5 (0.5) 5.2 (0.2) 2.3 (0.2)
3.5 kJ.mm-1 MZ 24.5 (0.8) 5.4 (0.3) 2.4 (0.2)

BZ 23.8 (0.8) 5.4 (0.6) 2.5 (0.2)
HAZ 23.8 (1.0) 5.9 (0.4) 2.5 (0.4)

Figure 11. Results of the EDS line analysis (the black line shows the EDS line analysis and the dotted white line shows the position of 
the austenite/ferrite interface) between α and γ phases at the HAZHT (a) and (b) 1.0 kJ.mm-1. The austenite presented higher nickel and 
lower molybdenum contents. These results suggest a compositional gradient in the ferrite matrix, indicating higher Ni and lower Cr and 
Mo content close to the partially dissolved austenite. These results confirm previous observations suggesting solute segregation in the 
ferrite (see Figures 7 and 8). SEM, BEI, electrolytic etching in oxalic acid solution.
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needed to check the presence of the submicron sigma phase 
precipitation.

The corrosion specimens of ASTM G48 standard24 tests 
exhibited no corrosion products adhered to them. The pitting rate 

for the specimens was calculated from Equation 3. The results 
obtained were 3.8·103 mm.year-1, 1.1·102  mm.year-1 and 
4.1·103 mm.year-1 for the welded specimens at 0.5 kJ.mm-1, 
1.0 kJ.mm-1 and 3.5  kJ.mm-1, respectively. For the 
0.5 kJ.mm-1 welded joint, there was preferential corrosion 
in the molten zone, which has the highest percentage of 
ferrite (see Figure 13a). These results agree with several 
studies that indicate that a greater amount of ferrite in duplex 
stainless steel decreases the corrosion resistance of the 
welded joints18-20. For the 1.0 kJ.mm-1 weldment, corrosion 
occurred near the bonding zone, see Figure 13b. Paulraj and 
Garg27 observed higher ferrite content and lowest corrosion 
rates for welding energies closer to 1.0 kJ.mm-1. For the 
3.5 kJ.mm-1 weldments (see Figure 13c), the molten zone did 
not corrode (it has the lowest percentage of ferrite, given the 
high cooling rate). However, the heat-affected zone underwent 
an intense corrosive process to its full extent due to its low 
cooling rate, generating more ferrite in this particular region. 
Nowacki and Rybicki26 observed similar behaviour after 
ASTM G48 standard24 corrosion testing, in which studied 
the duplex stainless steel UNS S31803 weld joint by SAW 
with high energy (3.0 kJ.mm-1 up to 5.0 kJ.mm-1).

4. Conclusions
•	 	The welded UNS S32205 duplex stainless-steels 

did not show mechanical embrittlement during 
tensile testing.

•	 	 Microssegregation was observed in the HAZ ferrite 
matrix close to the austenite for the lower energy 
weldings (0.5 kJ.mm-1 and 1.0 kJ.mm-1).

•	 	 Optical and scanning electron microscopy did not 
reveal sigma phase precipitation for all welding 
conditions and regions. The most critical condition 
for sigma phase precipitation was created by using 
two consecutive passes and welding energy of the 
3.5 kJ.mm-1. The latter is higher than recommended 
by the Petrobras N-133 standard (welding energy 
of 1.0 kJ.mm-1).

•	 	 Practice A of ASTM A262 showed preferential 
corrosion of the ferrite phase for all conditions.

•	 	 Practice A of ASTM A262 for the 3.5 kJ.mm-1 welded 
joint revealed severe localised corrosion in HAZ 

Figure 12. Results of ASTM A262 practice A. (a) 0.5 kJ.mm-1 HAZ (b); 1.0 kJ.mm-1 HAZ; (c) 3.5 kJ.mm-1 HAZ. Electrolytic etching 
in 10% oxalic acid solution, a current density of 1 A.cm-2 for 90 s at room temperature. A direct relationship of etching depth to welding 
energy is observed. The corrosive attack mainly consumes the ferrite matrix and reveal α/γ and γ twins interfaces. The ferrite phase suffers 
preferential corrosion for all conditions, especially lower energy welding. However, the 3.5 kJ.mm-1 HAZ showed a more prominent attack 
at the α/γ interfaces, generating cavities (see yellow arrows). This attack suggests some level of sensitisation at the α/γ interfaces. SEM, SEI.

Figure 13. Macrographs of specimens after the ferric chloride test for 
72 h at 50 ºC for the three different welding energies. (a) 0.5 kJ.mm-1; 
(b) 1.0 kJ.mm-1; (c) 3.5 kJ.mm-1. OM, electrolytic oxalic acid solution 
etching. The 0.5 kJ.mm-1 welding showed a greater proportion of 
corroded region, with more significant corrosion in the MZ region. 
The 1.0 kJ.mm-1welding showed lesser corrosion in the BZ. The 
3.5 kJ.mm-1 welding did not present corrosion in the MZ and BZ 
regions, but it presented accentuated corrosion in the HAZ. OM, 
electrolytic etching in oxalic acid solution.
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α/γ interfaces, suggesting submicron precipitation 
of the sigma phase along these interfaces.

•	 	 Practice A of ASTM G48 indicated that the welded 
joint regions featuring a higher proportion of ferrite 
were more susceptible to localised corrosion.

•	 	 Localised corrosion occurred preferentially in 
the weld bead for the 0.5 kJ.mm-1 welded joint 
and preferentially in the HAZ for the 3.5 kJ.mm-1 
welded joint. The 1.0 kJ.mm-1 welded joint was 
less affected by localised corrosion (ASTM G48 
Practice A). These results validate the welding 
energy requirement of the Petrobras N-133 standard.
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