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Potentiodynamic polarization was applied to study efectrochemical behaviour of AISI
2205 duplex stainless steel welds and their registéo pitting corrosion in natural seawater
for different temperatures. The gas metal arc weldnethod (GMAW) was used to manu-
facture joints with and without the simultaneoupl@gation of an external magnetic field of
low intensity. The improvement of electrochemiocahaviour and resistance to pitting corro-
sion was evaluated as a function of the electraisteperature. The welded joints formed
under an external magnetic field of 3 mT preseptedtrochemical behaviour similar to that
for base metal samples, where as joints weldedutth magnetic field (0 mT) showed the
lowest resistance to pitting corrosion. The jowelded under the external magnetic field
presented stable passive behaviour in natural $eawato the temperature of°’d§ whereas
the base metal up to 85. The samples welded without a magnetic field stbwnstable
passive behaviour at a temperature of5The improvement in the resistance to pitting
corrosion of the welds with the application of agmetic field occurred due to the intensi-
fication of austenite phase regeneration duringhiemal cycle and the limitation of ferrite
phase grains growth. It also limits the precipitatiof Cr-rich secondary phases with the
consequent reduction of Cr-depleted zones, whicures the formation of a stable and
resistant passive film. The breakdown of this pas8im, both in welds with and without a
magnetic field, mainly occurs in the heat-affectede.

Keywords: duplex stainless steel, pitting corrosion, fusiading, magnetic field.

EnextpoximMiuHy MOBEIiHKY 3BapHHUX 3’ €xHanb (33) ayrurekcHol HepskaBHoi cram AlSI 2205
Ta ii TPUBKICTb O MITUHIOBOI KOpO3il y NPUPOAHIA MOPCHKiil BOJI 3a Pi3HUX TeMIepaTyp
JIOCITIJPKEHO METO/IOM MOTEHIIIOAMHAMIYHOI oJsipu3altii. 3’ €IHAHHS BUTOTOBJICHO AYTOBUM
3BapIOBaHHAM y cepenoBuili 3axucHux raszis (GMAW) 3a ta 6e3 Jii 30BHIIHBOrO HU3BKO-
gacTOoTHOro MarteTHoro mosst (3HMIT). EnexkrpoximMiuHy MOBEIiHKY Ta TPUBKICTb JI0 MITHH-
roBoi Kopo3ii oLliHeHO K (QYHKIII0 TeMIEpaTypH eNeKTposiTy. BussieHo, mo 33, yrBopeHe
3a nii 3HMIT 3 mT, Mae Taky %k €JIeKTPOXiMiUuHY MOBEIIHKY, SIK i 3pa3ku 0a30BOr0 MeTairy
(BM), Toni sik 3'eHanHs, chopMmoBaHi 6e3 Horo Jii, MpoJeMOHCTPYBAIH HAHHIKYY TPUBKICTh
JI0 TTHHTOBOI Kopo3ii. [ToBeminka 3paska 33, yreopeHoro 3a aii 3HMII, crabinbHO nackBHa y
NpHpOHIK Mopebkiit Bofi 10 45°C, a BM — no 65°C. IMoBeainka 3paskis, 3BapeHux 6e3 3HMIT,
Hecrifika nmacusHa Bijg 25°C. TpuBka 1o miTHHroBoi Kopo3ii 33, BUKOHAHUX i3 3aCTOCYBaH-
wsiM 3HMII, noninieHo BHACIIJOK MOCHIEHHS pereHepalii ayCTeHITy Mijl 4ac TepMIi4HOIO
LUKy Ta 0OMeXeHHsI pocTy 3epeH (depury. e Takoxk mepeikopkae ocapKeHHIo 30araue-
HHX XPOMOM BTOPHHHHX (a3 i3 HOJAIBIINM 3MCHIICHHSAM 30H, 301{HEHNX HUM, IO CHPHSE
BUHHMKHEHHIO cTaOlUIBHOT Ta CTiKKOI nacuByBanbHOT 1utiBKU. [1poGiit i€l miiBku 3a Ta 6e3 aii
3HMII BinOyBaBCs NEPEBaKHO Y 30HI TEPMIUHOTO BILIUBY.

Kuro4dosi ciioBa: dyniexcna nepacasna cmanv, Rimun206a KOpO3is, 36apioganHs NiaeeH-
HAM, Maz2HemHe noie.
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Introduction. The excellent mechanical properties, good machityakand high
corrosion resistance are some of the most impodaatacteristics of duplex stainless
steels (DSSs), which make them widely used incbiémical, nuclear, and other power
generation industries around the world, along Withr lower cost compared with Ni-ba-
sed alloys and super austenitic stainless steely.[DSSs present superior properties
due to their almost 50:50 two-phase ferrite/auehiplex microstructure, which provides
synergistically both the mechanical and electroébainproperties of the two phases.

Modern equipment and engineering structures maturizd with DSSs frequently
require welding junctions of different parts. Désgdusion welding is nowadays a con-
trolled and standardized process, DSSs undergoeseverostructure transformations
due to the thermal cycles, affecting the phaseildigion and balance in the high-tem-
perature heat-affected zone (HAZ) and in the weddatn(\WWM) [5, 6]. The microstruc-
ture evolution and the precipitation of detrimemabses affect the mechanical pro-
perties and the resistancepttting corrosion of DSSs [4, 7-9]. The thermal cycles du-
ring fusion welding stimulate the grain growth bétferrite phasedj due to the total or
partial dissolution of the austenite phageirf the high-temperature HAZ [4, 5]. Detri-
mental phases like phase, nucleate along tbky interfaces and grow into tiephase
in the high-temperature HAZ decreasing the toughrasl the resistance ftting
corrosion [6-8]. CrN is also an intermetallic ph#izat decreases the fracture toughness
of DSS by precipitating within th&phase grains and along t&ed andd—y bounda-
ries [1, 2, 4-7]. The precipitation of intermetlphases at temperatures ranging from
600 to 950C, leads to a considerable loss of toughness tr@edses the resistance to
fatigue damage due to the limited deformabilitydB,To determine the real capabilities
of welded DSS structures, when they are in congitt electrolytes at temperatures
higher than room temperature, a deep understarafinige relationship between the
d—y balance, texture, local misorientation and graorphology with the electrochemi-
cal behaviour is mandatory [10-12]. As reported],[f2demonstrated that the appli-
cation of a magnetic field of 3 mT induced an el@tiagnetic interaction during the
welding of 2205 DSS; this interaction modified thrcrostructure evolution at the
HAZ promoting the increase of austenite regenaratiring thermal cycles and avoided
the precipitation of detrimental secondary phases.

The present research work focuses on demonstrtitngpeneficial effect of the
application of an external EMF of 3 mT during tresgnetal arc welding (GMAW) of
2205 DSS on its resistance pitting corrosion in natural seawater at temperatures
higher than 28C, which is the annual average temperature oféhater in the Cam-
peche sea at the Gulf of Mexico.

Experimental. Plates of 2205 DSS (6.880x150 mm) with a singl& groove pre-
paration, were welded using the GMAW process witiE®-2209 electrode of 1.2 mm
in diameter 160 mm/s and as shielding gas a mixati@8% Ar + 2% Q (17 I/min).
The experimental setup for welding with the apgi@aof an external magnetic field
is explained in detail elsewhere [12—-14]. A magnéé&ld of 3 mT was applied during
welding, and welded joints were made without apujya magnetic field (0 mT). The
current 236...248 A and voltage 27.5 V were adflistemaintain an approximate heat
input of 1.4 kJ/mm considering an efficiency of 75¥%he preparation of samples for
the metallographic and electrochemical analysissisbed of small pieces cut trans-
verse to the direction of the weld bead and machine prism with a length of 5 mm,
containing the weld bead in the centre. Subsequehié samples were subjected to a
standard metallographic process with SiC paperiftérdnt grit up to 1200 and with
polishing with diamond paste. To reveal phasesgaaih boundaries, an electrochemi-
cal attack was performed using a 30% HNOIution applying 2 V for periods of 20 s.
For the electrochemical tests, the surface ofdngpdée was ground up to 1200 grit.

Potentiodynamic polarization was applied to thededlsamples using a conven-
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tional three-electrode cell with a calomel elec&ods the reference electrode, a
graphite bar as a counter electrode and the 22 Wweded samples as the working
electrodes. The exposed area of the working eiesraontaining the HAZ, WM, and
base metal (BM) was 1 énthe electrochemical tests were carried out thiees
using natural seawater at different temperaturB¥J230; 35; 45; 55; 60 and 85).
The electrochemical cell was connected to an eelémical workstation Solartron,
model Z83, PC controlled. The potentiodynamic poédion was carried out by applying
a potential ramp starting at a cathodic overpaérmtf 500 mV vs OCP followed by
an anodic overpotential of 1200 mV with a scan matte20 mV/min. The electro-
chemical polarization tests followed the ASTM G&&aStandard, with the electro-
lyte at the temperatures mentioned above. Becaus®m temperature it is difficult
to establish a pitting potential from potentiodymamolarization tests for the AlSI
2205 DSS in natural seawater, the strategy for itmigstigation was to evaluate
the electrochemical behaviour of the welded samplath and without applied
magnetic field during the GMAW process at tempergthigher than 2&. The tests
at 25°C were conducted to compare with the infolonarom the literature.

After the electrochemical tests, the surface ofwteéled samples was analyzed by
optical microscopy to evaluate the corrosion danfage, distribution, and severity.

Results. Fig. 1 shows the microstructure of the BM, the dasizone (FZ), and
the HAZ of the welded samples manufactured with $iraultaneous application of a
magnetic field of 3 mT and samples made withoutapplication of magnetic field
(0 mT). The BM presented a microstructure congitubf 52% ferrite § and
48% austeniteyj.

verse area; FZJ and HAZ €) of the welded joints with the application of a matin field
of 3 mT; FZ €) and HAZ ) of welds made without the application of a magnigicl.
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The FZ of both welds, 0 mT, and 3 mT are very similecause the 2209 DSS is
filler metal, whereas the HAZ is different for batlelded samples. The samples welded
under the 3 mT EMF induced one of the smallest t#aas and smaller grains at 90 %
of the cumulative frequency as compared with weldale without EMF in both the
high-temperature HAZ. Also in the welded samplesdenavith a magnetic field of
3 mT, the quantity of thg phase is higher than in the welds made withoutgrmeatic
field. As reported [12, 13], the 3 mT applied magméeld during the GMAW process
induced a higher regeneration of austenite. HAZhisller in the welded samples with

a magnetic field application than the welds madaea® mT, which is corroborated in
[12, 13] and as shown in Fig. 2.

Fig. 2. Micrography of the 2205 DSS welds made withmagnetic field (0 mT)g)
and under the effect of a magnetic field of 3 m)[L5].

Fig. 3 shows the electrochemical behaviour of th®l 2205 DSS samples in the
three different metallurgical conditions: BM, contienal welds (0 mT), and welds with
a magnetic field of 3 mT from the polarization aesvin natural seawater at°25 30;
35; 45; 55; 60 and 6&. These results clearly show that the BM doespnesent a
pitting potential for polarization at temperatutewer than 63C in natural seawater.
The samples welded conventionally, 0 mT showedreable passive condition during
the potentiodynamic polarization and pitting coimasat temperatures higher tharf@5s
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As temperature increases the cathodic current tyeaisp increases on samples of
welds made without the application of a magnegtdfi however, the anodic polariza-
tion induced unstable behaviour of the passive.filime CPT tests indicate that pitting
corrosion is induced when the temperature is ar@lfi€. Polarization tests at tempe-
ratures lower than 45°C showed transpassive digsolwithout pitting.

As reported [15, 16] for the case of AISI 2205 D&3ded by GMAW assisted by
magnetic fields of several intensities, the critipdting temperature for the samples
welded under a magnetic field of 3 mT was the tsglaéter the one for the BM. In the
case of welds made under the influence of the 3magnetic field, the welds show high
resistance to pitting corrosion at temperaturesidlvan 55°C. Even at 45°C the welds
presented transpassive dissolution with no pittiagosion. At 55°C the weld develops
pitting corrosion, holding its passive conditiontaa potential of 500 mV vs SCE.

The important aspect of this result is that theighental effect of heat input during
the thermal cycles of fusion welding like the GMAMbcess can be reduced by the
application of an axial magnetic field of low ing#y (3 mT). Higher magnetic field
intensities applied do not promote better resigdo@itting and intergranular corrosion.

The potentiodynamic polarization of the samplesadtural seawater at temperatu-
res higher than 4& presented a similar cathodic kinetics, however anodic behaviour
of the welded joints presented a reduction of thtential window for passive condition.
The breakdown of the passive layer, both in weldirtp and without the application
of a magnetic field, was formed mainly in the HA#ie to the microstructural discon-
tinuity that causes the change in 8tephase relationship and the formation of detrimen-
tal secondary phases. The WM zone (AE 2209) predeminimum corrosion pits,
thus showing that the microstructural compositiérthis zone after the solidification
process presents a high resistance to pitting sioman the AISI 2205 DSS welds.

The resistance to pitting corrosion was calculatgdrms of the difference

AV = E, —Econ, Q)
where E,, andE,, are the pitting and corrosion potentials, respebti determined
from the potentiodynamic polarization tests atedi#ht temperatures. For samples of
BM, it is worth mentioning that at temperaturesoweb5°C this alloy did not present a
pitting potential; instead, the evolution of @1d H was promoted at high anodic po-
tentials. The table presents this result for BM gasof 2205 DSS and welded samples
with and without the application of magnetic fieRImT and O mT respectively as a
function of the temperature of the natural seawdtke empty cells correspond to the
tests in which no pitting potential could not b&abtished.

Theresistanceto pitting corrosion in terms of AV (1) from the potentiodynamic
polarization of samples of BM, conventional welds, and welds with a magnetic field
of 3mT in natural seawater

Temperature’C av. v
BM omT 3mT
25 — 0.50+ 0.020 -
30 — 0.40+ 0.028 -
35 — 0.45+ 0.025| 1.2£0.032
45 — 0.44+0.020| 0.92:0.018
55 — 0.65+ 0.030| 0.86: 0.025
60 — 0.53+ 0.020| 0.9 0.020
65 1.2+ 0.022| 0.5% 0.025| 1.0 0.022
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In all cases, the corrosion pits were formed inHA at different temperatures, no
pits were formed at the FZ and the corrosion pit8® at 65C were formed at th&y
phase boundaries with the pits growing in the tiephase. This aspect is one of the most
important parameters for the resistance to pittogosion of duplex stainless steel
welds, along with the quantity and distributiordetrimental secondary phases [17, 18].

CONCLUSIONS

This investigation confirmed the beneficial effedtan applied axial magnetic
field during the GMAW joining of AISI 2205 DSS, witthe following conclusions. The
AISI 2205 DSS did not present pitting corrosiomatural seawater at temperatures lower
than 68C. The application of an axial magnetic field ah3 intensity during the GMAW
of the AISI 2205 DSS induced higher resistanceiting corrosion than the samples
welded conventionally (O mT). The samples weldetheut the application of a mag-
netic field presented the poorest resistance tmgitorrosion in natural seawater at all
temperatures evaluated. Even with the beneficialcebf the applied magnetic field,
pitting corrosion takes place in natural seawatethea HAZ at temperatures equal to
or higher than 6%C, the BM presents also pitting corrosion undes thiperimental
condition.
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