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Influence of Surface Strain on Passive Film Formation of Duplex
Stainless Steel and Its Degradation in Corrosive Environment

Cem (")rnek5 1 Marie Langberg,!'? Jonas Evertsson,>*5 Gary Harlow, ©3* Weronica Linpé,’
Lisa Rullik,* Francesco Carla,® Roberto Felici, ®7 UIf Kivisikk,? Edvin Lundgren,
and Jinshan Pan ®1>**

! Division of Surface and Corrosion Science, School of Engineering Sciences in Chemistry, Biotechnology and Health,
KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden

2Swerim, SE-16407 Kista, Sweden

3 Division of Synchrotron Radiation Research, Lund University, SE-221 00 Lund, Sweden

4Deutsches Elektronen-Synchrotron (DESY), 22607 Hamburg, Germany

3 Physical Chemistry Department, Justus-Liebig-University Giessen, 35392 Giessen, Germany

6 Diamond Light Source, Didcot OX11 ODE, United Kingdom

7SPINCNR, Area della Ricerca di Roma 2 - Tor Vergata, 00133 Rome, Italy

8Sandvik Materials Technology, SE-81181 Sandviken, Sweden

The effect of surface strain on the passive film evolution of SAF 2507 super duplex stainless steel exposed to ambient air and 0.1 M
NaCl solution with varying anodic polarization at room temperature has been investigated using in-situ grazing incidence X-ray
diffraction (GIXRD) in combination with electrochemical measurements. Surface strain affected the crystallinity of the passive film
as such that the surface oxides/hydroxides were predominantly amorphous, with some minor crystalline CrOOH and FeOOH present
in the film. Crystalline CrOOH was seen to diminish in volume upon immersion in the NaCl solution, well-possibly becoming
amorphous during anodic polarization, whereas crystalline FeEOOH was seen to increase in volume during polarization to the passive
potential regime. Strain relaxation, associated with metal dissolution, occurred in both austenitic and ferritic grains during immersion
in the electrolyte. Anodic polarization to the transpassive regime led to maximum strain relaxation, occurring more on the austenite
than the ferrite. The selective transpassive dissolution nature of the ferrite was significantly reduced due to large strains in the austenite.
Passive film breakdown was reflected by enhanced dissolution of Fe, Cr, Mo and Ni occurring simultaneously around 1300 mV vs.
Ag/AgCl.
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The characterization of the outermost surface of metals has utmost
importance as it is the passive film which is in direct contact with the
environment and which determines the material’s resistance against
corrosion.!!% Structural as well as chemical information of the sur-
face oxide film in corrosive environments, ideally measured in-situ,
is needed to understand its degradation behavior in order to improve
our understanding about the initiation and propagation of localized
corrosion. So far, there has been an ample amount of research con-
ducted on the passive film of iron and steels, but a fundamental under-
standing about passive film formation of multi-phase, polycrystalline
stainless steels and its degradation in corrosive environment has not
been established. The reason is because of the complex nature of oxide
formation and the interaction of all compounds in the oxide with the
environment.' %812 There is, however, agreement that the passive film
of stainless steels is usually composed of two distinct layers: an inner
barrier layer of Cr-rich oxide/hydroxide and a top-outer layer of Fe-
rich oxide/hydroxide, with the film composition changing with depth,
and most-likely also along its width.!">*63-13 The exact composition
of the passive film depends on the microstructure of the stainless steels
and also the environment, with time well-possibly also having influ-
ence. Moreover, the thickness of the native passive film is usually be-
tween 1-3 nm, and its short- as well as long-range structural order de-
pends on surface aging and environment.®®-1%12-15 The native oxide on
stainless steels contains usually only Cr(VI) species with Cr(IV) possi-
ble to form but not stable after prolonged exposure to air.’ The structure
of the passive film, i.e. whether the oxides/hydroxides are crystalline
or amorphous, has remained less understood, although some valu-
able knowledge about atomistic processes on oxide/hydroxide for-
mation has been established.!>!'"! The air-formed oxide is usually
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amorphous but becomes crystalline with time, with the alloy compo-
sition and the environment playing a decisive role.”

Most studies have been performed on pure materials, single crys-
tals, or model alloys, being valuable in understanding passive films,
however, having less significance in understanding passive film for-
mation as well as its degradation of commercial alloys, such as du-
plex stainless steel. In earlier work,'® the native surface oxide of SAF
2507 super duplex stainless steel, aged for one week in ambient air,
was shown to have a nanocrystalline structure and composed of a
mixed-oxide containing Cr-, Fe-, Mn-, and Mo-species. It was further
demonstrated that the degradation of the passive film in 1 M NaCl
solution at room temperature begins with the preferential dissolution
of iron primarily from the ferrite lattice. The oxidation of iron was
shown to occur when the metal is in its passive regime. Upon anodic
polarization to the transpassive regime, the crystallinity of the passive
film was reduced due to defect formation in the oxide, resulting in
the breakdown of the film and selective dissolution of the ferrite, with
less attack occurring on the austenite. The surface film, re-formed af-
ter breakdown, was shown to have a different chemical composition,
showing a thicker, semi-crystalline, and a more defective nature. This
paper is a follow-up work focusing on the effect of surface strain,
caused by different sample preparation (grinding and polishing), on
the passive film formation and its degradation in a chloride-containing
aqueous medium.

Experimental

The material used was SAF 2507 (UNS S32750) super duplex
stainless steel from AB Sandvik Materials Technology, with follow-
ing composition: 24.9% Cr, 6.9% Ni, 3.89% Mo, 0.77% Mn, 0.6%
Si,0.26% Cu, 0.27% N (wt.-%), and other elements. Hat-shaped sam-
ples, as shown in Figure 1, were manufactured from the plate material
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Figure 1. Schematic illustration of the electrochemical cell, made of PEEK,
used for in-situ synchrotron X-ray studies. A photograph of the sample used is
also shown.

so that the surface was parallel to the normal plane of the plate. The
samples were mechanically ground down to 4000-grit size, followed
by mirror-polishing using 3, 1, and 1/4 pm diamond paste slurries
with deionized water. The samples were flushed with a large stream
of deionized water, then dried with blowing air, and then stored in a
sample storage box for seven days until the measurement at the syn-
chrotron radiation facility was conducted. In earlier work,'® the same
material and preparation were used except that an extra step for the
sample in earlier work was OP-S polished for 16 hours using a Vi-
bromat polisher, followed by a short 1/4 pm polishing to have the
same aging and surface end-finish as the sample used in this work.
The OP-S suspension (Struers, Denmark) contains active silica col-
loidal particles in an alkaline solution (pH 9-10), which gently etches
the surface during mechanical polishing and removes most surface
strains/stresses due to grinding and polishing. The sample used in this
work, hence, is significantly more surface-strained than the sample
used in earlier work.!®

GIXRD was used to obtain real-time structural information and
to derive chemical information of the passive film formed in ambient
air and during exposure to deionized water/ambient air and aqueous
0.1 M NaCl electrolyte at ambient temperature. An electrochemical
cell, as shown in Figure 1, was used for the measurements. The cell
material was polyether ether ketone (PEEK), which is transparent to
x-rays. The cell consisted of an Ag/AgCl (3.5 M KCl) reference elec-
trode and a glassy carbon counter electrode. Electrochemical polar-
ization of the sample was performed at room temperature in 0.1 M
NaCl (aq), and the potential was swept up to the transpassive regime
in steps beginning at 600 mV, then at 900 mV, 1000 mV, 1100 mV,
1200 mV, 1300 mV, and 1400 mV. All potentials stated in this paper are
in reference to Ag/AgCl. The electrochemical current was recorded
for 10 minutes at each applied potential, followed by the in-situ XRD
measurement at the applied anodic potential (total polarization time at
each step was ca. 60 minutes without an XRD and 120 minutes with
an XRD measurement). The last XRD measurement, however, was
done after the termination of the final polarization step (1400 mV).
The volume of the electrolyte in the cell was ca. 3 ml, and new elec-
trolyte was continuously pumped throughout the experiments. Before
and after each XRD measurement, chemical analysis of the solution
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at a position of 3 mm above the sample surface was performed via
X-ray fluorescence (XRF) for 1 minute, with the beam shining through
the electrolyte parallel to the surface of the sample. The XRF signals
were calibrated using metallic elements in the electrolyte with known
concentration, and those signals were used for background subtraction
for data analysis. Characteristic emission peaks for Fe, Cr, Ni, and Mo
were assigned by calibrating the detector channels using a number of
reference samples and identifying the measured peaks according to
accepted values.?! The reported XRF signals are not cumulative as
new electrolyte was constantly pumped into the cell.

The measurements were performed at the ID03 beamline at the
European Synchrotron Radiation Facility (ESRF). The photon energy
of the X-rays used was 20.5 keV (A = 0.6048A) with a beam size
of 90 pm x 35 wm (ellipsoid shape). The X-ray beam impinged on
the sample with an incident angle of 1°, and then with an angle of
5°, yielding signals that were more influenced by the sub-surface. The
beam size area impinging on the surface (with 1°) was ~8.1-10% jum?
yielding signals from a minimum of 36000 grains from both ferrite
and austenite phases (average grain size was ~15 pm). The area was
~3.3-10° wm? for the incidence angle with 5° yielding signals from a
minimum of 1450 grains. DIFFRAC.EVA analysis software (Bruker)
was used for XRD data analysis by comparing collected diffraction
data with the ICDD reference database. Following PDF card numbers
of the indexed phases are reported: 01-074-2386 (CrOOH), 01-074-
1877 (FeOOH), 04-016-6641 (austenite, y), and 00-006-0696 (ferrite,
d). The diffraction positions of the reference phases from the database
were marked in the diffractograms, and for the purpose of comparison,
the 2-Theta positions were converted to the Bragg angles for Cu-Ka
(h = 1.54056A).

After termination of the last electrochemical polarization step
(1400 mV), the surface was examined by using scanning elec-
tron microscopy (SEM) in secondary electron (SE) imaging mode,
energy-dispersive X-ray spectroscopy (EDX), and electron backscat-
ter diffraction (EBSD) for phase identification. EBSD phase maps and
inverse pole figures (IPF) in Z direction were produced using HKL
Channel5 program.

Results and Discussion

Electrochemical behavior.—The current density vs. time
recorded during anodic polarization at different potentials are shown
in Figure 2. For each polarization step until 1000 mV, the current was
decreasing with time, reaching values down to 10~* A/cm?, indicating
passive behavior. The current began to increase when the potential was
increased to 1100 mV, indicating the onset of electrochemical events
for passivity breakdown. The current further increased with increasing
polarization, reaching values up to 103 A/cm?, clearly indicating the
onset and propagation of transpassive dissolution.

Dissolved elements (XRF).—The XRF measurements showed a
minor amount of Fe dissolution already to have occurred upon immer-
sion in the electrolyte at open circuit potential (OCP), as can be seen
in Figure 3. The K,-peak of Fe decreased when the sample was po-
larized to 600 mV and increased back during polarization to 900 mV.
Major Fe oxidation occurred during polarization to 1300 mV, at which
oxidation of Ni, Mo, and Cr was also detected. Ni, Mo, and Cr be-
gan to dissolve simultaneously at 1300 mV. Similar observations were
made by Oblonsky and Ryan who reported no dissolution of Ni and
Cr to occur at passive potentials of a stainless steel in sulfuric acid
solution.” When the sample was polarized to 1400 mV, oxidation of
Mo increased excessively, whereas oxidation of Ni did not show any
noticeable difference. Ni and Mo underwent less anodic dissolution
than Cr, indicating enrichment of Ni and Mo in the surface with signif-
icant depletion of Fe and Cr. However, the XRF signals from elements
with higher energies (as Ni and Mo) typically attenuate less than those
with lower energies (as Cr), which may imply that there was a consid-
erable amount of Cr oxidized but not detected.
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Figure 2. Current transients (in log scale) measured during anodic polarization.

Structure and composition of the outermost surface (GIXRD).—
The GIXRD results obtained at an incidence angle of 1° are
summarized in Figure 4. Diffraction peaks from ferrite and austen-
ite grains within the scanned 2-theta regime were obtained, yielding
five peaks for the austenite and four for the ferrite (Figure 4a). The
diffraction pattern, measured in the absence of electrolyte, showed a
large background signal, with an increased intensity at lower 2-theta
values (tail at the left part) indicating an amorphous structure of the
passive film. The results showed scattered data through the entire 2-
theta range, supporting this statement. In earlier work, the background
signal of the diffraction pattern of the same steel, but without the sur-
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face strain (of the same magnitude), was almost zero, and the pattern
showed clear, unambiguous diffraction peaks from oxides purport-
ing crystalline structure of the passive film.'® Apparently, the surface
finish had a major effect on the structure of the passive film formed
in ambient air. A similar observation was made on an aluminum al-
loy which showed no selective corrosion behavior in NaCl solution
when the surface was polished as contrasted to a state without the
mechanically-altered surface, supporting our observations.?? The pas-
sive film on the sample in our work was, however, not entirely amor-
phous since some small peaks could be unambiguously indexed as
crystalline oxy-hydroxides (Figures 4b,4c); three for FeFOOH and two

5.75

6.15

Figure 3. XRF results showing signals for Fe, Ni, Mo, and Cr as a function of anodic polarization. The data are corrected for their cross-sections. The peak of the

left hand-side is the Ka-peak.
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Figure 4. GIXRD results showing (a) the diffraction pattern from the surface with 1° and 5° incidence angle and as a function of anodic polarization, (b) showing
increasing peak intensity and peak broadening indicating oxide growth of FeOOH, (c) disappearing peaks for CrOOH and for ferrite due to exposure to 0.1 M
NaCl solution and selective dissolution, respectively, (d-f) showing peak shift, peak morphology change and peak intensity reduction of ferrite and austenite
peaks.

for CrOOH. Peak broadening was observed indicating polycrystalline When deionized water was added to the electrochemical cell, the
morphology showing oxide growth with random orientation. Other background signal intensity slightly increased, possibly due to the
small diffraction peaks were also seen, which however could not be dissolution of the crystalline hydroxide species formed in ambient

associated with any phase/compound. air that are soluble in water, or due to the formation of new oxides/
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hydroxides on the surface having amorphous character. It is likely
that both processes occurred since there is always a competition be-
tween oxide formation and dissolution occurring on metal surfaces
in aqueous media.'”'® Alternatively, phase transformation of crys-
talline to amorphous species may also have occurred which also can-
not be ruled out. The diffraction peaks for crystalline FeOOH and
CrOOH remained and showed the same intensity, and the un-identified
oxide/hydroxide peaks also remained unchanged. Upon exposure to
0.1 M NaCl solution at open-circuit potential, the peaks of all indexed
oxides/hydroxides remained unchanged, whereas the background sig-
nal decreased, indicating an increase of crystallinity and/or loss of the
amorphous part of the passive film. It is likely that the chloride ions
at this concentration level caused dissolution of soluble amorphous
species without damaging the crystalline oxides/hydroxides formed
on the super duplex stainless steel. Chloride absorption into the outer
layer of the passive film was shown by Sato who also demonstrated
that below the repassivation potential of the alloy in a given environ-
ment, the chloride at low concentrations contributes to an improved
passive behavior.'”

Polarization to 900 mV vs. Ag/AgCl (3.5 M KCl) increased again
the background signal, indicating loss of crystallinity. The intensity
of the diffraction peaks as well as their widths for FeOOH increased,
clearly indicating oxide growth (Figure 4b). The peaks for the (031)-
and (140)-orientations became overlapped. This indicates that the
new oxide was nano-crystalline as widened peaks over broad 2-Theta
ranges are typical for grain refinement. The peak width/intensity of
the (106)-plane also increased, supporting this statement. The anodic
oxide growth coefficient is usually 1-2 nm/V for metals such as Fe, Cr
and Ni.?* Here, the oxide growth of FeOOH occurred simultaneously
with the dissolution of Fe as detected by XRF. In contrast, the peaks
for CrOOH disappeared, indicating dissolution and/or changing to an
amorphous compound. No Cr was detected by XRF, suggesting the
latter as more likely to have occurred. It is well-likely that CrOOH
became amorphous due to vacancy formation as the dissolution of
chromium oxy-hydroxides below the transpassive breakdown has not
been reported, to the knowledge of the authors at least. However, the
dissolution of CrOOH cannot be ruled out as the sensitivity of XRF to
Cr is lower than for other elements. In general, hydroxides of Cr are
more soluble than those of Fe, and their solubility largely depends on
the pH of the solution.?* The NaCl solution was prepared using deion-
ized water; however, the pH of the chloride solution usually drops
down to 5.5 due to dissolution and dissociation of the CO, present
in the air. Under polarization at high anodic potentials, the pH of the
solution near the sample surface can further decrease due to hydrol-
ysis of dissolved metal ions (see Figure 3). This might be the reason
for the oxidation of CrOOH, if any, at high potentials. However, it
has been reported by Sass and Rai that oxidized chromium-(III) ions
have the affinity to co-precipitate with ferric ions as a mixed hydrox-
ide with the formula Cr,Fe,_ (OH); due to their similar ionic radii.>*
The mixed hydroxide has been reported to be amorphous, with lower
solubility than its own hydroxide species.’* The GIXRD results in
our work did not reveal any new diffraction peak, which may sug-
gest that a similar oxide, as reported by Sass and Rai,>* was formed
onto the surface. The passive films of stainless steels have been com-
monly reported to consist of a Cr-rich inner layer and a Fe-rich outer
layer.!” In this observation, crystalline CrOOH disappeared whereas
crystalline FeOOH remained in the passive film at 900 mV. XRF did
not detect Cr from oxidized CrOOH, which may indicate that there
is no or negligible Cr dissolution into the solution at this potential.
Most likely, the crystalline CrOOH became amorphous due to the
generation of a large number of vacancies in the lattice, in line with
the point defect model,!”!® although minor amount Cr ions may have
migrated through the oxide and hence dissolved into the electrolyte.
These observations suggest, furthermore, that most oxidized Fe (de-
tected by XRF) came from the bulk, and that the Fe ions migrated
through the oxides/hydroxides (vacancy positions) and perturbed the
lattice structure causing strain evolution/relaxation. The latter may
also be an explanation for the increase of the background signal since
point defects and partial ordering in the surface layer can give rise
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Table 1. Comparison of peak positions of the indexed
crystallographic planes from the strained sample (shown in
this paper) and from the non-strained specimen (reported in
earlier study'®).

2-Theta Position (°)

Sample with more
surface strain

Sample with less
surface strain

Orientation (this work) (previous work)
(111)y 16.57 16.62
(110)8 16.99 17.01
(200)y 19.17 19.23
(200)8 24.08 24.19
(220)y 27.23 27.33
211)8 29.63 29.74
(311)y 32.07 32.19
(222)y 33.52 33.65
(220)8 34.36 34.47

to low-intensity scattering between the Bragg peaks (diffuse scatter-
ing). It should be noted that the passive film was not only composed
of crystalline CrOOH and FeOOH but also of amorphous oxides that
most-likely accounted for more of the total than the crystalline oxide.
An amorphous halo (large background) was seen in the XRD patterns
whichis a clear sign for amorphous structures in the outermost surface,
evidently oxides/hydroxides, which supports this statement. Hence, it
is highly speculated that amorphous Cr, O3 and Fe,O; formed the ma-
jor oxide. It is furthermore likely that Cr,O5 and Fe, O are not pure but
rather mixed oxides as the investigated duplex stainless steel is highly
alloyed. The Cr,03 can contain high levels of Fe and the Fe,O; can be
highly rich in Cr, which in both cases can largely shift the characteris-
tic Bragg angles and hence complicate indexing via XRD. We believe
that both Fe,O; and Cr, 05 existed but were highly amorphous, which
seemingly formed the major part of the oxide since a large halo was
observed.

Preferential dissolution (de-alloying) and strain relaxation.—
The ratio of the peak intensities to the background signal was relatively
low as contrasted to the measurement results on the sample reported in
the previous study (sample there had less surface strain).'® This indi-
cates that strain and/or the presence of amorphous oxide/hydroxide
must have led to fewer signals originating from the bulk phases.
Furthermore, the diffraction peaks of austenite and ferrite were dis-
torted and broad indicating large strain, as contrasted to the sample
reported in earlier work having less/no surface finishing-induced strain
due to the final OPS-polishing.!® Peak broadening is a clear sign of
micro-strain (non-uniform) in the microstructure due to crystal defects
(dislocations) and/or decrease of the grain size which is also related
to defects, i.e. grain boundaries. The latter is less likely to have oc-
curred due to grinding and polishing but may still have been possible
as deformation can significantly increase the density of dislocations,
which can result in the formation of new (sub)grain boundaries and
hence reduce the size of (sub)grains. Kempf et al. reported plastic
strain evolution associated with thermal oxide formation on the outer-
most surface of duplex stainless steel, supporting the observations in
this work.?> Microplasticity was observed occurring more readily on
the austenite due to lower yield point, confirming the large propensity
for strain evolution due to oxide formation in duplex stainless steel.>
Kempf et al., furthermore, showed that the duplex microstructure con-
tains large strain gradients, even within single grains.>> Compressive
and tensile strains were seen to co-exist within the same grain showing
the complexity of polycrystalline, multi-phase steels.?

The peaks indexed in this study were compared with those reported
in earlier work, as seen in Table I. The peaks were more distorted indi-
cating a more strained surface, which is assumed to be due to the sam-
ple polishing procedure used in this work. The peaks had lower 2-theta
positions indicating uniform compressive macro-strains, more in the
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Figure 5. Strain evolution/relaxation in austenite and ferrite grains as a function of exposure conditions. Note that at 900 mV the grazing incidence angle was

increased from 1° to 5°.

austenite than in the ferrite. In the approximation of the elastic contin-
uum within the crystalline ‘surface’, all atoms are shifted due to strain,
resulting in changes in the d-spacing. It should be noted that the strain
obtained via the GIXRD approach is an average of the x-ray-interacted
volume only. Grinding and polishing introduce typically compressive
strains into the surface, this, however, toward the depth (stress acting
in the z-direction is compressive).?® The in-plane strain along the sur-
face in lateral dimensions may more likely be tensile due to highly
distorted grains® on the surface (the average stress is still compres-
sive). Hence, the austenite was more strained both toward the surface
and depth due to having more active slip systems facilitating defor-
mation, in line with previous observations.?’-? Besides, the distorted
peaks could be due to an asymmetric distribution of alloying elements,
especially nitrogen that is interstitially dissolved in the lattice, causing
micro-strain. Thus, strain apparently affected crystal oxide formation
and hence the nature of the native passive film. The amorphous nature
of the oxide implies that the atoms do not show translation properties
and, hence, symmetry relationships as they do in crystalline structures.
Amorphous oxides do not have grain boundaries as crystalline oxides.
Amorphous oxides have isotropic properties and contain more stored
energy. Furthermore, amorphous oxides in the passive film are less
dense, which means that localized corrosion events occur in a rather
stochastic manner than being deterministic in crystalline passive films.
The (defect) structure of amorphous oxides over distance varies less
than it does for crystalline oxides (long-range order), hence, chinks in
the oxide film are rather uniform when its structure is amorphous, and
amorphous passive films are more defective as contrasted to crystalline
oxide films.

Dissolution of the surface layer (GIXRD with an incidence an-
gle of 5°).—Increasing the incidence angle to 5° significantly reduced
the background signal due to signals emanating from far deeper sur-
face (Figure 4) due to the reduction of scattering volume containing
the amorphous phases, approximately five-times more in-depth than
the previous setup (incidence angle of 1°). The signal contribution
from the oxide diminished to such extent that the signals became less
discernible. The background signal further decreased when the sam-
ple was polarized to 1400 mV where transpassive dissolution of the
passive film and the ferritic and austenitic grains occurred. In ear-
lier work, it was demonstrated that the oxide film dissolved at this
potential.'® This indicates that the reformed oxide was more crys-
talline than before, clearly demonstrating the effect of strain on pas-
sive film formation, since strain relaxation must have occurred during

2The grains are heavily deformed along the surface due to the ‘dragging’ effect of the
grinding/polishing procedure.

dissolution (oxidation), allowing the growth of new oxides/hydroxides
with crystalline structures. In post-exposure surface examination by
SEM/EBSD (Figure 6), almost the entire surface could be indexed by
EBSD, indicating that the surface strains were largely removed (oth-
erwise the indexing would not have been possible). This observation
demonstrates that the super duplex stainless steel has the ability to
form crystalline oxides, with the strain clearly affecting the crystal-
lization process. The extent of strain relaxation was calculated relative
to the initial surface condition before the exposure to water/electrolyte,
as shown in Figure 5. Most strain relaxation occurred on the austenite
under all exposure/polarization conditions. The GIXRD results re-
vealed the changes of the ferrite and austenite grains upon dissolu-
tion, mostly occurring on (110)-oriented ferritic and (111)-oriented
austenitic grains (Figures 4d—4f), with the austenite being less dis-
solved than the ferrite. The (200) and (220) ferrite faces remained un-
changed through the entire exposure conditions, clearly showing that
ferrite was less strained than austenite, which is in-line with previous
works.?”?® The strained austenite had a higher susceptibility to metal
dissolution than the condition with no/minor surface strain (previous
work!®). This clearly demonstrates that strain accelerates oxidation,
with the austenite being more affected than the ferrite due to that fact
that the austenite was more strained.

Another observation of the effect of strain on metal oxidation was
that the surface oxide was not entirely removed after the termina-
tion of the electrochemical polarization (final step was 1400 mV).
The diffraction peak shapes remained asymmetric, indicating that
the strain-affected layer® was not entirely dissolved. The final pol-
ishing step was 1/4 pm corresponding to a deformation layer of ap-
proximately 125 nm,**3! being compressive in nature.?® The austen-
ite was most strained and therefore highest strain relaxation oc-
curred due to metal dissolution. Apparently, the strain facilitated metal
dissolution. Dissolution of ferrite® was, however, slightly more en-
hanced by the polarization as apparent from reduction of peak sig-
nals and disappearing signals (Figures 4a, 4c, 4d), also confirmed
by post-exposure surface examination by SEM/EBSD (Figure 6)
showing more indexed austenite as the ferrite was more dissolved
and became recessed in the microstructure due to transpassive dis-
solution.! However, in earlier work,'¢ the selective dissolution of
the ferrite in the same material was observed, which shows that

°It should be noted that the strain-affected layer is thicker than the deformation layer
induced by grinding and polishing due to the fact that the deformation layer is compressive
in nature and that there is need for stress balance which develops tensile strains beneath
the deformation of, perhaps, the same or similar thickness.

“The ferrite is also heavily deformed but less than the austenite.

AdThe phase fraction of the microstructure was around 50:50.
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Figure 6. SEM-EBSD analysis of the surface after polarization to 1400 mV in 0.1 M NaCl showing selective dissolution occurred on ferrite with most attack
occurring on (101) family planes with least attack happening on (111) family grains. The analysis was performed on the edge of the specimen where most attack

occurred.

strain resulted in enhanced dissolution of the austenite, resulting
in reduced galvanic coupling between austenite and ferrite. Hence,
the dissolution kinetics for the ferrite was decreased, but austenite
was still the less dissolving phase. The EBSD analysis further re-
vealed that the dissolution of ferrite was related to crystallographic
orientations, with (101)-family grains showing most dissolution
(indexing by EBSD was possible). Dissolution of austenite, in contrast,
seemed to occur homogeneously in an anisotropic manner. Strain, thus,
not only enhanced dissolution but also changed the transpassive dis-
solution morphology from selective dissolution of ferrite to uniform
dissolution of the entire microstructure (Figure 6). In a nutshell, the
dissolution of the ferrite was more pronounced upon increasing the an-
odic potential indicating that the dissolution is polarization-induced,
whilst dissolution of the austenite was strain-induced (provoked by
polarization) apparent from the reduced selective dissolution nature
of the ferrite.

Most transpassive dissolution occurred on the edge of the speci-
men, with the ferrite being slightly more dissolved than the austenite,
apparent from recessed ferrite and higher EBSD band detection rates
obtained. The dissolution of the edge and the near-edge regions resem-
bled a more uniform attack, as shown in Figure 6. However, toward
the center of the specimen, numerous micro- and nano-pits were ob-
served in both ferrite and austenite grains (Figure 7). The smallest
pit observed had a width in the order of 10-20 nm. The pits formed
in the austenite were smaller than those formed in the ferrite. These
small pits are most-likely associated with local strain pockets (strain
localization), earlier introduced as ‘hot spots’ in the microstructure,
which promote accelerated corrosion by the development of numer-
ous micro-galvanic cells.?> The electron channeling contrast pattern
in the SEM images (Figures 7a, 7b) show numerous strain localization
sites, with the austenite clearly being more strained than the ferrite. It
should be noted that, however, strain localization in duplex stainless
steel microstructures does not necessarily indicate stress localization
due to the different deformation nature of ferrite and austenite. Despite

the higher strains in the austenite, the ferrite is usually more stressed
as demonstrated in earlier work.?®

Near the edge of the sample (further toward the center by 50—
200 wm from the position reported above), deposits of corrosion
products were seen almost entirely on austenitic sites, indicating
that the austenite was nobler than the ferrite, in-line with previous
studies.?’-?832-3% EDX mapping over such areas showed that the cor-
rosion products were primarily composed of Cr and O, with a mi-
nor amount of Fe (Figure 8), suggesting chromium oxide/hydroxide.
Moreover, stronger oxygen signals were detected on the ferrite, indi-
cating the presence of oxides/hydroxides, which were more readily
formed over ferritic sites. This indicates that for the reformed passive
film after transpassive dissolution, the oxide composition of the ferrite
significantly differs from that of the austenite. EDX mapping further
revealed that Cr was not enriched in the ferrite anymore, indicating
enhanced Cr dissolution of the ferrite that occurred during transpas-
sive dissolution, resulting in the same/similar Cr composition over
austenitic and ferritic sites (Figure 8, Figure 9). Typically, the ferrite
has 3-5 wt.-% higher content of Cr than the austenite, whereas Ni is
enriched in the austenite (Figure 8 does not show contrast for Cr be-
tween the two phases).’® The EDX analyses were performed with an
accelerating voltage of 5 kV which produces an interacting volume of
ca. ~200 nm (the contrast between of Cr signals between ferrite and
austenite reduced). It seems that, during transpassive dissolution, the
surface became depleted in Cr, resulting in similar contents of Cr for
both phases. However, Ni was still enriched in the austenite (Figure 8).
Ni was absent in the oxide or had far low concentrations as compared
to Cr and Fe, which imply that Ni oxidized significantly less than Cr. Ni
is typically enriched beneath the passive film and is known to form the
so-called ‘surface alloy layer’.*>#! The strong passive nature of duplex
stainless steel is provided by the synergy between the surface oxide
film and the underlying Ni-rich layer, retarding metal dissolution. The
Ni in the austenite seemingly led to less oxide/hydroxide formation.
The surface alloy layer was shown to have a thickness of ~5 nm in
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Figure 7. SEM analysis of the surface after polarization to 1400 mV in 0.1 M NaCl showing (a-b) transpassive pitting attack observed at sites between the center
and the new-edge of the sample, (c) selective dissolution of the ferrite with less dissolution occurred on the austenite on the edge of the sample, (d) corrosion

products deposited almost entirely on austenitic grains.

austenitic stainless steels.*>*>*3 However, the EDX results in this work
suggest that the alloy surface layer has a varying thickness across fer-
rite and austenite regions. The fact that the usual Cr contrast between
ferrite and austenite was reduced (see Figure 9) suggests similar Cr-
content in the surface layer on the ferrite and austenite. Ni became
more enriched in the surface, in particular on austenitic sites. Hence,
the ferrite dissolved more Ni than the austenite did, corroborating the
statement that most dissolution of the alloying elements occurred from
the ferrite. Moreover, the Mo map showed that Mo was still enriched

in the ferrite after the transpassive dissolution, indicating a stronger
resistance to dissolution.

Transpassive dissolution of the super duplex stainless steel did not
occur homogeneously over the surface of the sample as confirmed by
post-polarization examinations. Not only the selective dissolution of
the phases but also site-specific dissolution kinetics was observed by
the SEM/EDX analyses. Figure 9 shows an exposed region close to
the edge of the specimen where the chemical contrast between ferrite
and austenite was clearly distinguishable. Here, the ferrite was more

Figure 8. SEM-EDX analyses of the surface on the edge of the sample after polarization to 1400 mV in 0.1 M NaCl showing selective dissolution occurred on
ferrite, apparent from Cr and Mo enrichments in the ferrite and Ni enrichment in the austenite. Mo did not show clear contrast between ferrite and austenite and is

therefore not shown.
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Figure 9. SEM-EDX analyses of the surface after polarization to 1400 mV in 0.1 M NaCl showing the composition of the corrosion products indicating chromium
oxide. The oxides precipitates preferentially on austenitic grains (note the Ni enrichment next to the deposits indicating austenitic regions). Also note large oxide

signals coming from the surface of ferritic grains indicating oxide thickening.

enriched in Cr and Mo but depleted in Ni. Interestingly, Mo had here
a stronger contrast than Cr, which usually is the opposite for freshly
ground/polished surfaces, indicating no or minor dissolution of Mo at
this site. The site-specific dissolution behavior is likely related to lo-
cally varying pH and hence potentials/currents as well as strain/stress,
which lead to different dissolution kinetics of the alloying elements.
At this site, most dissolution occurred on the phase boundaries and
grain boundaries (Figure 9). The Cr-contrast between the two phases
showed that the surface was not homogeneous in Cr, suggesting that
either both phases dissolved Cr in similar amounts or the austenite
dissolved more Cr. The Ni-contrast was strong, suggesting that Ni be-
came more enriched in the austenite and/or that ferrite dissolved Ni
more readily. This also suggests that the thickness of the Ni-rich alloy
surface layer varies beneath the passive film over ferrite and austenite
regions.

Conclusions

Combined electrochemical and in-situ synchrotron GIXRD and
XREF studies at room temperature of SAF 2507 super duplex stainless
steel, mechanically ground and polished and aged for one week in
ambient air, have led to following conclusions:

* Grinding and polishing resulted in strains in the surface, com-
pressive perpendicular to the surface but most-likely tensile along the
surface, affecting the crystalline structure of the passive film as well
as its degradation behavior.

 The native air-formed passive oxide film formed on the sample
with surface strain was mainly amorphous containing, however, some
crystalline oxy-hydroxides of Cr and Fe were detected.

e The reformed oxide after transpassive dissolution due to an-
odic polarization beyond the transpassive breakdown potential (in
0.1 M NaCl solution) had an increased fraction of crystalline ox-
ide/hydroxide species because of dissolution-induced strain relax-
ation.

» Strain in the surface layer caused enhanced susceptibility to the
preferential dissolution of Fe and Cr. The propensity to the selective
transpassive dissolution of the ferrite became significantly reduced

due to the heavily-strained austenite, causing enhanced dissolution
of the austenite. However, dissolution-induced strain relaxation in the
austenite was more than that in the ferrite despite the lower dissolution
of the austenite.

 The transpassive dissolution over the exposed surface was non-
uniform, with the center being less active than the edge. The ferrite
dissolved slightly more than the austenite in the edge area, whereas nu-
merous micro- and nano-pits developed in austenite and ferrite grains
in regions between the edge and the center.

 Strain increased the susceptibility to transpassive corrosion of
the austenite thereby reducing the selective dissolution nature of the
ferrite (reduced galvanic coupling), with the ferrite, however, being
still the predominantly dissolving phase.
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