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Precipitation of different types of chromium nitrides may occur during processing of super duplex
stainless steels, affecting the properties of the material. In this study the influence of querstzed
rangeca. 50-100 nm) and isothermal (size rangs 80-250 nm) types of nitrides on the corrosion
behavior of a 2507 super duplex stainless steel has been investigated at room temperature @nd at 90
(above the critical pitting temperature) in 1 M NaCl solution. The microstructure has been
characteried by scanning electron microscopy and magnetic force microscopy. The isothermal
nitrides exhibit a higher Volta potential compared to the matrix, but such difference could not be
observed for the quenché&d nitrides. Insitu electrochemical AFM measurente at room
temperature show stable surfaces for a wide range of applied potentials despite the presence of eithe
type of nitrides. In the transpassive region isothermal nitrides appear to be slightly more deleterious
than quencheth nitrides. At 90 C isothermal nitrides largely reduce the corrosion resistance of the
austenite phase, while the quencireditrides reduce the corrosion resistance of the material to a
much lesser extent. Tis&ze difference between isothermal and quenchethromium nitrdes may be

crucid, in particular above the critical pitting temperature.

Keywords: Duplexstainless steel,itnides, exposure temperaturégmic force microscopy, corrosion

1. INTRODUCTION

Duplex stainless steels (DSSs) have a heterogeneous mictosgr consisting of
approximately equal amount of ferrite)( and austenitegl, obtained by controlling chemical
composition and heat treatments, which confers excellent mechanical properties and corrosion
resistance to the materifil,2]. The final prodicts made of DSSmight during their service be
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subjected to welding and/or heat treatment processes, which could lead to microstructure changes. |
fact, the exposure to high heat treatment temperatures (betweet2@D0C) could result in a
different poportion d the main duplex phases ande@mhanced risk of secondary phase precipitation

[3]. In practice, thermodynamic calculations are commonly used to predict the constitution and amount
of equilibrium phases at specific heat treatment tempergtires

Nitrogen is commonly added into DSSs becautses beneficial for the mechanical
strengthening, the corrosion resistance of the material and for the equilibrium balance of ferrite and
austenitgd5]. Chromium nitrides, which are among the possible sergnghases that can precipitate
in the DSSs, have become an important issue with the increasing use of high chromium and high
nitrogen conterst in modern DSS46,7]. The formation of chromium nitrides takes place during
isothermal heat treatments at eledhtemperatures (760 C), or during the fast cooling process
from the solution annealing temperatures due to the supersaturatitrogén in the ferritic phadé].

Heat treatment temperature, exposure time, cooling speed and alloy compositiest acene of the
factors influencing the nature of the precipitating chromium nitrides, which might have different
impact on the corrosion and mechanical properties of the final profRdts]. Two families of
chromium nitrides, quenched and isothermalgan be formed in duplex stainless steels after specific
heat treatmentd.2-14].

Quenchedn chromium nitrides are normally formed by a fast cooling process from
temperatures above ca. 1000, nucleating intragranularly in the ferrite grains. In thisecdke fast
cooling procedure doesnboét all ow the nitrogen
awstenite phase, which has higrsmiubility for nitrogen As a consequence, the ferrite will become
supersaturated in nitrogen, and very small iatgr anul ar chromi um ni-inri de
ni t r [14],ewslloprecipitate and finely dispersén the ferrite grains. Instead, isothermal heat
treatments in the range about 7@ C usually result in the precipitation of intergranular chitom
nitri des, of t en c 414]] abong tha/gsra &/d Oundeadd15]n Theé exposues 0
time at these elevated temperatures strongly influences the size and the amount of the nucleate:
isothermal chromium nitriden this case, nitrogehad diffusedrom the ferrite towards the austenite,
favoring their precipitation along tledganda/a boundarieg14].

Sigma phases() is also one of the secondary phases thanoateate and growfter relatively
long holding timeduring the same hetttatmen{16]. The precipitation o§ phase can be represented
by a eutectoid reactiora(Y s + @) where ferrite phase is transformed istphase, which is enriched
in Cr and Mo, andy, phase (secondary austenite), whaan bedepleted in Crand Mo[1,16]. The
nucleation ok phase generally starts at th&boundaries and proceeds towaittaks ferrite phase until
its complete transformatidi6].

It has been reported that chromium nitrides and other secondary precipitated phases may have
deleterious effects on the corrosion resistance of DSSs, due to the formaticdeyl€ied zones in
their surrounding aref’]. In a previous studya corrosion tendency evaluation of a DSS suggested a
larger detrimental effect of isothermal nitrides on the corrosion resistéitice material compared to
guenchedn nitrides[14]. Because of the great imofiance of the effect of chromium nitrides on the
performance of super DSSs, further studies are necessary to gain @rdesgerstanding of the
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influence of different types of chromium nitrides on the corrosion behavior of the DSSs at different
exposurgemperatures.

In this paper, we report the results from a detailed study on two differently heat treated samples
of a super duplex stainless steel (SD3%)7with high contents of chromium and nitrogen, with the
focus to compare the effect of quenchiednd isothermal types of chromium nitrid@s the corrosion
behavior of the materialhermodynamic calculations weperformed topredictthe formation of the
nitrides. Scanning electron microscopy (SEM) and magnetic force microscopy (MFM) were used to
characterize the microstructure athe precipitated phases. Kelvin force microscopy (KFM) was used
to evaluate the relative nobility of the nitrides precipitated in 82SS. Electrochemical
potentiodynamic polarization measurements at room temperaturealamce the critical pitting
temperature (CPT) of the material,-Situ electrochemical atomic force microscopy (BEM)
measurements as well as ppstarization analysewere performed to investigate the effect of the two
types of chromium nitrides on thmassivity and localized corrosion behavior of the heat treated 2507
SDSS samples.

2. EXPERIMENTAL

2.1. Material and sample preparation

Samples of a 2508DSS (UNS S32750) were commercially produeedplate materiaand
solution annealed in the produwmi process. The chemical composition of the material is shown in
Table 1.

Table 1.Chemical composition of the tested material (wt %).

0.015 0.24 0.83 0.023 0.001 248 6.89 383 0.23 0.27 Bal

Subsequent heat treatmenteres performed at Swerea KIMAB, Sweden, at two different
temperatures, in order to precipitate different types of chromium nitrides: C1#% 10min and 800
~C for 10 min respectively, followed by water quenching. The two heat treatment temperateee
carefully selected afteahermodynamic calculation délfie equilibrium phases by mean of Then@alc
[17,18]and TCFEG6 databagEig. 1).
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Figure 1. Thermodynamic calculatioof equilibrium phases vieating temperature

As can be observed in Figud, by holding the temperature at 1125 austenite and ferrite are
the only phasefound atthermodynamic equilibrium. At this temperature the material should be free
from precipitated nitrides, but due to the subsequent fast water quenching proces$sogae present
in the ferrited o e shavé enough time to diffuse towards the austemitegipitatinginstead as
quenchedn nitride particles finely dispersed in the ferrite grajhd]. This sample from now on is
denoted 2507 QUE.

For the sample he#ateatedat 800 C, Figurel shows that the equilibrium phases are austenite,
s phase and chromium nitrides. The amount, size, location and distributiorseé&wendary phases
may vary with thenoldingtime at this temperature. Sinttee eutectoid decoposition of ferriteinto s
phaseat 800 C takes several tens of hourstcompletel [19,20], duringthe 10 min heating at 800
“C, just a small percentage of the ferrite could be transformedsipioase andp. Meanwhile,the
nitrogen present in the fée had enough time to diffuse towards the austethitesisothermal nitrides
havenucleated along tha/g anda/a boundaries and their size was determined by the heating time
[15]. This sample from now on is denoted 2507 I1SO.

The samples used for the MEharacterizationwi t h di mensi ons of 10711
ground with SiC papers and further polished with diamond paste up ton@.2Bue to the small size
of the quencheth nitrides, the 2507 QUE sample was gently etched (electrolytical etchBtjval%
HNO; at 2 volts for 5 seconds). Note that the etching procedure was done only for the preliminary
SEM characterizationf this sample

Prior the MFM andKFM measurements, 2507 QUE and 2507 ISO sampliés dimensions
of 10711071 2 i n oumhwith SiCepapers and further polished with diamond paste up to
0.25 mm. The samples used for potentiodynamic polarization measurements were successively
polished with diamond paste up to rim. The small samples used for thesitu EGAFM
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measurementaere cut from the received square samples and mounted on a brass disc by conductive
silver paint. The samples were then fixed in a plastic mold by epoxy, leaving an exposed area of 0.2
cn?, and underwent the same preparation procedurésr dse MFM and KM measurementsAll
samples, including those used for the gmdtrization analyses, were ultrasonically cleaned in ethanol
and dried with M gas stream

2.2. Solution

The 1 M NaCl solution used in this study was prepared from analytical grade NaCl and
ultrapure water (MilkQ, 18 MWcm).

2.3. SEM characterization

The microstructures othe 2507 QUE and 2507 ISO samples were characterized by using a
JEOL JSM70Q0F field emission SEM. To detect the very small quenchreditrides in the 2507 QUE
samplethe gently etbed sample surface was imagedskgondary electron (SE) mode. Instead, due to
the larger size of the isothermal nitrides formed in the 2507 ISO sample, their detection was easily
done on the polisheslrface by backscattering electron (B&t)de imaging.

2.4. MFM measurements

The MFM measurements were performed on the polished surfaces of the 2507 QUE and 2507
ISO samples in order to characterize and identify the main duplex phases, ferrite and austenite. A
Dimension 3100 AFM from Veeco wased for the MFM imaging and probes of the MESP type with
CoCr magnetic coating (resonance frequencyl®D kHz, spring constant3 N/m), purchased from
Bruker, were used for the measurements. The images were recorded by using 512 points/line with &
scanrate of 0.5 Hz. A duascan lift mode was used to obtain concurrent topography and magnetic
images of the same scanned area. The signal from the topography was recorded during the first line
scan, while the magnetic signal was recorded in the second pass the tip was lifapproximately
50 nm from the surface in order to avoid crtaking disturbances. The magnetic domains of the two
materials were displayed in the phase image with a scale unit expressed in degree (deg).

2.5. KFM measurements

The KFM measurements were performed by using an Agilent 5500 scanning probe microscope
equipped with a MAC Il unit. This system has three lotlamplifiers able to run mulrequency
measurements. The topography and Volta potential signals were simultanesostied by using a
singlepass mode to achieve a high lateral resolution. The plenofghe technique and the details of
the instrumental setup have been previously descrifig22] The probes used for these
measurements were Nanoprobes of SEN type purchased from Bruker, having a resonance
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frequency of 6@L00 kHz, a spring constant of5LN/m and a conductive coating (Ptlr) necessary for
measuring the electrical signal.

2.6. Electrochemical instrument and measurements

Potentiodynamic polarizationmeasurements ave performed to investigatgassivity
corrosiordissolutionbehavior and eventual breakdown of the 2507 QUE and 2507 ISO samples, in 1
M NaCl solution at room temperature{f, ca. 20 C) and 90 C, which is above the CPT values of
boththe 2507 QUE and 2507 QUE samlk4].

A Solartron 1287 electrochemical interface was used for the potentiodynamic polarization
measurements. An Avesta Cell purchased from Bank Elektronik wdsasg@ree electrode cell, with
the sample asvorking electode, a saturated Ag/AgCl electrode (197 mV vs. SkHg)eference
electrode and a platinum meshcasinter electrode. The Avesta cell is specially designed for avoiding
crevice corrosion due to mountingthesample onto the cell. An external thermostas wannected to
the heating jacket of the Avesta cell, allowiihg controlof the electrolyte temperature. The solution
was added in the amount of ca. 300 mL and the exposed sample area was’.ofecapen circuit
potential (OCP) was recorded for 15 miallowed by the potentiodynamic polarization measurement,
in which the potential was swept frofd.2 V vs. OCP towards more positive potential values with a
constant rate of 0.5 mV/s

2.7. Insitu EGAFM measurements

The insitu EGAFM measurements werperformed to investigate theromsion/dissolution
behavior of the 2507 QUE and 2507 ISO samples inNB€Il solution, through monitoringhe
topographicchanges taking place at consecutive applied anodic potentialsoogt The AFM
instrument used waan Agilent 5500 scanning probe microscope equipped with a MAC Ill unit and a
built-in potentiostat. The electrochemical cell used was specially designed for this application. The
instrumental details have been described elsew[#3F The SDSS samples veerthe working
electrode, a saturated Ag/AgCI electrode (197 mV vs. )SMES used aseference eleobde and a
platinum sheet asounter electrode. The 1M NaCl solution was added into the cell so that the sample
surface was covered by a solution layer ofZanm thickness. The probes used for the contact mode
AFM were ContAlG silicon AFM probes, purchased from Budget Sensor, with a resonance frequency
of 13 kHz and a spring constant of 0.2 N/m.

2.8. Postpolarization investigation

Light optical microscop investigation was performed on the corroded surfaces of the 2507
ISO and 2507 QUE samples after the polarization measurements @t 80sing with ethanol and
drying with N, gas stream
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3. RESULTS AND DISCUSSION

3.1. SEM characterization

The duplex sucture and secondary phases (chromium nitridessaptiase) formed in the
samples due to the heat treatments were revealed by the SEM imaging in suitable-igoce2ab
gives an example of backscattered imagjesang the typical elongated duplex stture for the 2507
QUE and 2507 ISO sampleAustenite exhibits brighter contrast in the BSE mode, compared to
ferrite, which appears darkgr4]. Small islands of austenite can be generally observed in the ferrite
grains of both samples, but with highesibility in the 2507 ISOFigure Z displays aSE image with
atypical ferrite phase of the 2507 QUE sample with finely dispersed quentingddes. Due to the
small dimension, their detection by high resolution SEM was possibleoardygentlyetchel surface.
Acicular, round and specklesthhaped nitrides can be observed, witsize range afa. 50100 nm[14].
The austenite, instead, appears free from secondary phase precilititgare 2d typical isothermal
nitrides precipitated along the/g boundaries in the 2507 ISO sample can be clearly observed on the
freshly polishedsurface without etching. They appear darker in the-B&E! image (black spotsjue
to the high content of N, and present larger dimension, with a size range of-230 8én [14],
compared to the quenchadnitrides. Moreover, a small amount of sigma phase particles can also be
observed in Figre 2b, typically precipitated along th&/g boundariesexhibiting brighter contrast
(white spots) in the BSISEM imagedue to its highecontent inMo. The small amount of sigma
phase found in the material is due to the short exposure time (10 min) during heat treatmentat 800
which limited the extent of transformation of ferritestphase.

Figure 2. ab) BSE micrographs diypical elongated duplex structure for the 2507 QUE and 2507 ISO
sampls (limited amount of sigma phase, white spots, in 2507 ISO), respectiwel$E
micrograph of th&507 QUE sampléetched) showing finely dispersed naisized quenched
in nitrides in theferrite grainsd) BSE micrograph of the 2507 ISO sample, showing isothermal
nitrides appearinglackin the backscattering moderecipitated alon@/gboundaries.
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3.2. MFM characterization

Figure 3ab shows the magnetic domain distributions of the alrext 2507 QUE and 2507 1SO
samples, respectively. The magnetic domaintsined by MFM give a direct information of the ferrite
and austenite location in the material [24]. In fact, the ferrite phase, being ferromagnetic, exhibits a
Awor mo | i k eeticspattern gue t then@regence of different magnetic domains, whereas the
austenite, being paramagnetic, exhibits a rather uniform contrast in both samples. The differences in
the contrast within the ferrite phase are most likely due to different bogstphic and domain
orientations [24] It can be observed that a large number of rather small austenite islands have been
formed within the ferrite matrix in both materials, with a larger extent in the 2507 ISO sample.

5 deg

Figure 3. MFM domain images shwi ng t he typi cal Awor mo la)ke n
and the uniform contrast of the austengeirf a) 2507 QUE andb) 2507 ISO samples.

3.3. KFM characterization

By using the singlpass multfrequency technology in th&KFM measuremest a higher
resolution has been achieved in the Volta potential mapmngpared tgrevious studie§l4,18,24]
Figuresda-d display examples of Volta potential maps obtaimedir at T,oom for the polished SDSS
2507 QUE ad 2507 1ISO samples

In the 2507 Q& samplethe austenite phaggenerallyexhibitsslightly higher Volta potential
(brighter contrastin the images (Figdab), suggesting its slightly higher relative nobility compared to
the ferrite phase. Some local Volta potential variations can @b within both phases, which may
be due to differences in local elemental composition, different crystallographic orientations, or in the
case of the ferrite grains different amounts of the small querioheittides. In this case the sample
surface wapolished without any etchinghusthe very small quenchead nitrides were not visible in
the topography, and their presence could not be resolved in the Volta potential images. The limitation
of this technique in displaying the Volta potential diffeenof nanesized nitrides has been
investigatedelsewhere[14]. On the other hand, these results suggest that the presence of finely
dispersed quenchadn ni tri des in the ferrite doesndt si
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material. The verysmall dimension othe finely dispersed quenched nitrides seems not to create
large Cr and N depletiarin their surrounding aregprobably due to their fast nucleation and limited
growth during the rapid cooling proces$sstead, the/gphase boundass showthe darkest contrast in

the Volta potential images, indidag these sites amore prone to corrode in case of aggressive
conditions. Thisnightbe due to alloying element depletion at #ig phase boundaries, caused by the
partitioning of key dbying elements between austenite and ferrite, observed even for commercial
grade duplex stainless stedige from precipitated nitridd25,26]

170 mV

Figure 4. (a, b) Volta potential maps of the 2507 QUE sample showing different nobility between
austeni¢ (g) and ferrite(a) phases, andc, d) Volta potential maps of the 2507 ISO sample
showing higher nobility of the isothermal nitridgsight contrastand lower nobility of the/g
boundariegdark contrast)

For the 2507 ISO sample, the high&Atlta potential areas (bright sites in Figc-d) clearly
show the isothermal nitrides precipitated along alig@ phase boundaries. The precipitated nitrides
exhibit higher relative nobilityvhencompared to both the ferrite and the austenite, in agreement with
previous observatiorj4]. Note that the sample surface vjast polished withoubeing etchedin this
case, although the nitrides were not visible in the topography images, they could be easily identified in
the Volta potential images because their ggnificantly higher Volta potential compared to the
surrounding aread.he low Volta potentiabbservedat the phase boundariésark contrast) suggest
these sites acations susceptible ttmcalized corrosion initiation. The low potential of the phase
boundaries could be due either to alloying element depletion causdbebiprmation of the
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precipitates, or to the presencef It has been reported thgt easily forms along tha/g phase
boundaries in a temperature range at which isothermal nifpigiespitate inSDSS 2507[27,28] @
has lower Cr, Mo and N contents compared to the primary auster2€], especially when
cooperatively precipitateswith chromium nitrides, and therefore more susceptible to corrosion
initiation [15]. The effect ofy on thecorrosion behavioof DSSis a topic for another study.

s phase was not observed in the Volta potential maps of the 2507 ISO sample, due to its small
amount in the material.

3.4. Influence of quenched and isothermal nitrides on the dissolutiantiation atroom temperature

Potentiodynamic polarization measurememése carried out for the 2507 QUE and 2507 ISO
samples exposed to 1 M NaCl solution ai,. and Figure 5 displays typical polarization curves
obtained for the two materials undergbeconditions.

At Troom both samples exhibit high corrosion resistance, with rather similar behavior, showing
a wide passive range (up to 1.25¥gc1) and a passive current density below the ordemdtm?, in
which a protective passive film is formesh the sample surface, reducing the dissolution rate and
protecting the material from corrosion attack. Despite the presence of finely dispersed girenched
nitrides in the ferrite phase of the 2507 QUE sample and isothermal nitrides, together with a small
amount ofs phase, in the 2507 ISO sample, these results indicate the preservation of the high
corrosion resistance of the investigated materials when exposed to 1 M Naghat T

The presence of nitrides, either quenciredr isothermal type, did natause the onset of a
localized corrosion attack at..dm, a result already observed for a heat treated 2205 DSS with
precipitated quenched nitridesthat will soon be published

L5
I MNaCl, 7:'()01."
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Figure 5. Potentiodynamic polarization curves for the 2507 ISO and 250E @amples, when
immersed in 1 M NaCl aqom With ascan ratef 0.5 mV/s.
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At anodic potential higher than 1.2xd/agci (€Xtreme condition, not possible in practice without
external polarization) a current increase is registered for both samples, dbe transpassive
dissolution of the material together with the water oxidation reaction. Unfortunately, potentiodynamic
polarization measurements provide just information on the overall corrosion behavior of a material. In
order to gain a deeper knowledge the sites for dissolution initiation at high anodic potential, an in
situ EGAFM investigation was executed.

In situ EGAFM measurements were performed for the 2507 QUE and 2508d8@lesn 1
M NaCl solution at Tom at stepwise increased appligmbtentials. Figurestac and 7ac show
examples otopographiacchanges due to the increasing of the anodic potential fawtheamples. At
the OCP conditions (Figha and Fig.7a) andat theanodic polarization in thegssiverange up to 1.1
Vagiagel (Fig. 6b and Fig.7b), the surfaces of the two samples remained teelpg stable, where no
topographicchanges could be detected by repeated AFM imaging. In fact, due to the well polished
surfaces, even the identification of the ferrite and austenite phasasdifficult task. These
observations indicate a stable passive behavior of the two materials in this concentrated chloride
solution (1 M NaCl). This implies that at.dnthe presence of precipitated chromium nitrides, either a
large amount of finely diggysednanoesizedquencheedn nitrides orslightly larger isothermal nitrides,
together with a small amount &f p has e, doesnot hedfecteon the cbrimsiog e n
resistance of the 2508DSS withoutapplication of ehigh potential.The results idicate that both the
ferrite andthe austenite phases of this highly alloy@dSS form a stable protective passive film on the
surface.

40 nm

35 X35 um 0

[ d) Depth line profiles, 1.2 V

Ag/AgCl
[ 100

Depth (nm)

. Y 'V a+CrN Y
0 Distance (um) 16

35X 35 um 0
Figure 6. In situ AFM images of the same area of 2507 Qdaiple obtained under potential control
in 1 M NaCl solutim at Teom &) at OCP,b) 1.1 Vagiagcl, €) at 1.2 Vagiager. d) Depth line
profile drawn at 1.2 Wyagci, for the line marked in Fidac.
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Sometopographichangs started to be detected at 1.2gMqci, Where transpassive dissolution
of the samples surfas occurred. At this high anodic potential, the two samples exhibited differen
dissolution behaviors. From Figu6e it can be noted that ttdissolutionprocess of the 2507 QUE
sample initiated in the ferrite phase, appearing like selégttehed while some small particles in the
ferrite phase became visible, remaining in the dissolving matrix. Fagusows the depth line profile
for the 2507 QUE sample polarized at 1.24)ci (line shown in Fig. 6c)where the protruding
particles presen heght of ca. 90 nntcompared to thdissolved matrix. These particles are identified
as the genchedn nitrides, judgingfrom their position, dispersion, size and stability (relative
nobility). Preferential dissolution can also be obserakuhg thea/g bourdariesin the line profile in
Figure 6d The higher susceptibility of the ferrifghase andi/g boundaries taindergopreferential
dissoltion at high anodic potential is accordance with the KFivesultspreviously reportedFig 4a
and4b).

¢)1.2V, et d) Depth line profiles, 1.2V,
800

2

Depth (nm)

=

0 Distance (pm) 14

70 X 70 pm 0
Figure 7. In situ AFM images of the same area 60Z 1ISOsample obtained under potential control
in 1 M NaCl solution at om @) at OCP,b) 1.1 Vagagel, C) at 1.2 Vagiagel- d) Depth line
profile at 1.2 \Ag/agc, for the lines marked in Fig7c.

Different isthe behavior of the 2507 ISO sample during transpassive dissolution aighg1V
where no selective dissolution of the ferrite phase was observed, and both austenite and ferrite
remained rather stable under this condition. Instead, the dissolutioesprmitiated and took place
mainly along thea/gphase boundaries (Fig. 7c), situation observed also in previous §iLEIRS31].
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As shown in the SEM images (Fig. 2 b,d), a number of isothermal nitrides and a small an®unt of
phase had precipitatedoag the ga phase boundaries in the 2507 ISO sample. These secondary
phases are enriched in alloying elements (mostly Cr, Mo anfi@2\83], which are subtracted from the
surrounding areas during their nucleation and growth, creating alloying elemepitedezone$7]

that may become the starting points for metal dissolution under highly corrosive conditions. This
explains the localized transpassive dissolution that selectively occurred in the boundary regions
surrounding the isothermal nitrides and shphase. With prolonged polarization at the potential of 1.2
Vagiagel (> 20 min), the metal dissolution in tke locationsbecame so severe that even these
precipitated particlesadbeendetachedrom the surface.

Figure7d displays the depth profiles tfio lines(lines shown in Fig. 7ajrawn on the surface
of the 2507 ISO sample aft&d0 mirutes of holding potentialat 1.2 \Vagagcl. Line 1 crosses a
selectively corroded/g phaseboundary vith a dissolutiordepthof ca. 200 nmwheremost probably
nancsized isothermal nitrides were present and caused local alloying elementodepietheir
boundary regios Line 2 crosses micronsized selectively dissolved aredth a dissolution depth of
ca. 650 nmwhere most likelys phasewas located, possiblpgether withg.

Also in this casgthe dissolutionbehavior of the 2507 ISO samgetranspassive conditions is
in accordance with the Volta potential mapping res{iitg. 4cd), andindicates the nearby areas of
the isothermal nitrides and tlag¢g boundaries as the sites more prone@mndergoanodic dissolutiorat
Troom-

The quenchedh nitrides present in the 2507 QUE sample, due to their smal(cz&0100
nm) and uniform dispersion, did not cause considerable alloying element depletiaidrrite phase,
which might havdead to local breakdown of the passive film @, The same phenomenon was
observed on a previous and soon published study on a heat treated 2205 DSS. This commor
observation indicates that size and distribution of thecipitated nitrides are important for the
corrosiordissolution resistance, and the nasized finely dispersed quenchid nitrides are not
harmful for the DSSs with sufficient contents of Cr, Ni and Mo.

For the 2507 ISO sample, the presence ofgbthermal nitrides together with a small amount
ofsphase didnbét cause | 0c aoh Zhe grecipiation af the isotherncaf  t
nitrides and a small amount of phase particles along the/g phase boundaries can cause some
alloying element depletion in the boundary aj24]; however, the extent of the depletion is limited by
the small size of these secondary phases, ensuring the maintenance of passivity and thus the corrosic
resistance even in this areas. This implies that eveheifprecipitation of some small isothermal
nitrides and a small amount sfphase would occur during the processing or heat treatments of the
final productmade of the 250BDSS, this will not drastically decrease its corrosion resistance in
chloride solubn at T,om With noapplied potential.

During transpassive dissolution at 1.2;Mgciin 1 M NaCl at Toom, the topographichanges of
the surfaces monitored by the BEM revealed different behaviors of the two 2507 DSS samples,
influenced by thenature size and locations of the precipitated secondary ph@sescan assume that
the slight alloying element depletion in these areas may act as preferential dissolution sites under
extreme conditions such as transpassive dissolution. The isothermal Hiridesl along the phase
boundaries in the 2507 ISO sample seem to have a more detrimental effect on the corrosion behavio
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of the material than the quenchiednitrides in the 2507 QUE sample under transpassive conditions
causing larger dissolution deptNote that this dissolution is induced by the application of a high
anodic potential, not a normal corrosion situation.

In short, the results obtained atdf, indicate that the narsized quencheth and isothermal
nitrides are not harmful for the corrosi resistance of thiSDSS in 1 M NaClwhen no elevated
anodic potentia areapplied. Under transpassive dissolution, the quenghedrides lead to selective
dissolution of the ferrite, whereas the isothermal nitrides cause preferential dissolutigrinea/g
boundaries, most probably due to the formation of some alloying element depletion regions in their
surrounding areas.

3.5. Influence of quenched and isothermal nitrides on the corrosion initiation at
temperature above the CPT

Potentiodynenic polarization measurements were carried out for the 2507 QUE and 2507 1SO
samples exposed to 1 M NaCl solution at €) and Figure 8 displays typical polarization curves
obtained for the two materials under these conditions. At®Qtemperature jusabove the earlier
measured CPT of the 2507 QUE sanjfil¢]), the 2507 QUE sample showed a wide passive potential
region, with a current value in the rangen#f’cm? up to the potential of ca. 0.8ayagcl- These results
indicate a good corrosion resistarfoethe 2507 QUE sample en at thigsemperaturg90 C) in this
concentrated chloride solution. This implies that the presence ofsmeet (ca. 5400 nm) quenched
in nitrides finely dispersed in the ferriggainsd o e s n 6t have a riosongsistared df e c t
the 2507SDSS, even at this temperature. At tgpliedpotential of 0.8 Wgagcl passivity breakdown
occurredand a sharp increase of current density, typical for the onset of localized corresisn
observed

In contrast, the 250T SO sampl e di dnot e X @, wherethe carmregt p a ¢
density increased gradually with the potential from the corrosion potentialZa/agagcr) up to 0.08
Vagiagcl, followed by a sharp current rise as a result of a fast initiatiorpesghgation of corrosion
attack.

The 2507 ISGsampleis not resistant under these exposure conditions, whereas the 2507 QUE
samplemay still be considered to be resistant despite of a large amount of quémcitedes These
results show that the prewse of the isothermal nitrides (ca.-880 nm) and asmall amount ofs
phase hav@armful effects on the corrosion resistance of the matsrtemperature above the CRT
limiting the range of exposure temperature at which the material can be used.

In order to investigate the origin of the corrosion initiation at these conditocisser loolof
the corroded surfaces was takbg light optical microscopyFigure 9 gives examples of the initial
stages of the corrosion processes for the two materials.

For the 2507 QUE (Fig. 9a), passivity breakdown occurred at Qy@q¥, and ferrite was the
phase suffering selectivtissolution which developed intoiting corrosion (black areas the image),
starting in confined spatprobably in the area@ound he quenchedn nitrides and propagatingp the
entire ferrite phase. Smailands ofthe austenite phase within the ferrite grains, similar to the
previously observed in Figuré&a and3a can be noted in the uncorroded part of the image, allowing
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the identification of the two phasesBSE postanalysis investigation confirmed the preferential
corrosion of the ferrite phase.

1 M NaCl, 90°C
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Figure 8. Potentiodynamic polarization curves for the 2507 ISO and 2507 QUE samples, when
immersed in 1 M NaCat90 C, with asan rateof 0.5 mV/s.

The increase of exposure temperature frapgmfio 90 C resulted in a reduced passive range
for the 2507 QUE sampl@levertheless, a passilehaviorup to 0.8 \agagci can still be regarded as a
good corrosion resistance, becausdanmormalexposuresituations(without applied potentialit is
unlikely that some cathodic reactecan support the corrosion process occurring at this high potential.
It should be noted that the CPT for a commercial 2507 SDSS free from precipitairdessgphases
in 1 M NacCl [i4. It @llowsuhatdhe Pré&sénce of quenchiesh ni t ri des doe
affect the corrosion performances of this SDSS, where the passivity and the corrosion resistance ar
maintained in this concentrated NaClsot i on at hi gh exposure temper
For the 2507 1ISO sample, a sharp rise in current density occurred at the applied potential of
0.08 Vagiagel, and the austenite was the phase interested by corrosion initiation and propagation (Fig.
9b). In fact, also in this case small islands of austenite, similar to thoseysigwobserved in Figures
2b and3b, can be observed within the ferrite matiiike aistenite appears now darker because of its
faster dissolutioncompared tdhe ferrite, during polarization at 90C. As can be noted in Figu@b,
the austenite grains exhibit different dissolution tendency, some (darker areas) are more prone tc
dissolve, while other (lighter areas) are slightly more resistant to corrosion. This coulatbd tel
different crystallographic orientations of the grains, which it was proved to have an influence on
preferential corrosion of stainless steghg,35]. The same phenomenon was observed, and soon
published, for a heat treated 2205 DSS exposed toentnated chloride solution @& temperature
slightly above the CPTwhere just some of the austenite grains were selectively dissolved.
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Figure 9. Light optical microscopy micrographs of the corroded areas after the onset of fast
dissolution upon anodipolarizationin 1 M NaCl solution at 90C, of a) 2507 QUE and)
2507 IS0, respectively.

The pitting resistance equivalent (PRE) number is often used for comparing the corrosion
resistance of stainless steels. This number is obtained by empiricabeguathich take into account
the amount of specific alloying elements, as Cr, Mo and N. The most commonly used equation (Eq. 1)
is given below27,36]:

PRE = (%Cr) + 3.3 (%Mo) + 16 (%N) (Eq. 1)

Figure 10 shows the thermodynandalculation by Therm&alc [17] of the PRE number of
the specifically tested 2507 DSS, as a function of heat treatment temperature, for the ferritke and th
austenite phase#t can be noted that, at the heating temperature of IdZBrrite and austemthave
similar PRE values, slighter higher for the ferrite phase (PRRE3) than the austenite (PRE 41).

Both phases still have very high PRE values, but the thermodynamic calculation would suggest
austenite as preferential phase for pitting initiation at temperatures above the CPT.

However, as shown in Figure 9a, foeth507 QUE sample ferrite was observed to be the phase
suffering preferentiatorrosionat temperature just above the CPT when passivity breakdown occurred.
This deviation of the corrosion behavior from the thermodynamic prediction can be explained by
taking into account the effect of the precipitated quendhettrides. Atthe heating temperature of
1125 C, nitrides are not among the stable equilibrium phases (Fig. 1), and for this reason not
considered in the thermodynamic calculation of the PRE pta. (10). In reality, nansized
quenchedn nitrides were formed in the ferrite phase of the 2507 QUE sample (Fig. 2c) due to the
quick cooling. The precipitation dhe quenchedn nitride particles (although very small) in the ferrite
phase will subtraca certain amount of Cr and N from the matthus resulting in a locally lower PRE
value within the ferrite matrix. Due to the presence of a large number of quanahigtte particles
precipitated in the ferrite phase, the PRIimberof the ferrite natrix may decrease to a value lower
thanthe PRE value of the austenite, so that the ferrite phase becomes preferential site for corrosion
initiation.



