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A new measurement protocol was used for microscopic chemical analysis of surface oxide films with lateral resolution of 1 pum.
The native air-formed oxide and an anodic passive film on austenite and ferrite phases of a 25Cr-7Ni super duplex stainless steel
were investigated using synchrotron hard X-ray photoemission electron microscopy (HAXPEEM). Pre-deposited Pt-markers, in
combination with electron backscattering diffraction mapping (EBSD), allowed analysis of the native oxide on individual grains of
the two phases and the passive film formed on the same area after electrochemical polarization of the sample. The results showed
a certain difference in the composition of the surface films between the two phases. For the grains with (001) crystallographic
face // sample surface, the native oxide film on the ferrite contained more Cr oxide than the austenite. Anodic polarization up to
1000 mV/ag/agc1 in 1M NaCl solution at room temperature resulted in a growth of the Cr- and Fe-oxides, diminish of Cr-hydroxide,
and an increased proportion of Fe3* species.
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Many metals spontaneously form oxide films on the surface when
exposed to ambient air or aqueous environments. The oxide film is
termed as “passive film” if it acts as a barrier against corrosion, i.e., it
is able to protect the metal from rapid corrosion. Passive films formed
on metals and multi-element alloys, e.g., stainless steels, play a deci-
sive role in their corrosion resistance. The passive films are often a few
nanometers thick and composed of oxides and hydroxides of the metal
elements. Chemical analysis of the passive films requires surface-
sensitive techniques, such as X-ray photoelectron spectroscopy (XPS)
or Auger electron spectroscopy (AES).!?

Duplex stainless steels contain approximately equal amount of fer-
rite and austenite phases in the microstructure, and super duplex stain-
less steels usually contain high levels of Cr, Ni, Mo and N that give
excellent corrosion resistance and mechanical strength of the material.
Efforts have been made to analyze the passive films of duplex stainless
steels, providing valuable information about the thickness and com-
position of the passive films formed in different environments.>'?
It is generally accepted that the passive films are composed of oxy-
hydroxides of Fe, Cr and Mo species with some variation in depth.
However, due to lack of local chemical information, the difference
between the passive films formed on the ferrite and austenite phases
is less known. In a few reports, it was claimed that the passive film
was homogeneous over the ferrite and austenite phases.>* So far, three
different experimental approaches have been reported, aiming to gain
local chemical information of the passive films formed on the individ-
ual phases: (i) local AES analysis in combination with ion sputtering,
having a spatial resolution up to 5 wm;'3 (ii) selective etching of one
of the phases in an acid under potentiostatic control followed by XPS
measurement on the remaining phase;'* and (iii) producing the sample
material with the chemical composition of the phase of interest, and
then analyzing the passive film using XPS."3
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In the first approach, Auger spectra were collected during local
ion sputtering, yielding microscopic elemental information. However,
AES does not provide information about oxidation states of the metal
elements that are important characteristics of the passive films. The
second approach provided information about chemical composition of
the surface films on the individual phases, but the etching procedure
may cause significant changes (e.g., selective dissolution of certain
elements) of the passive films, which are non-uniform for the two
phases, so the obtained data do not represent the passive films that are
naturally formed on the surface. In the third approach, the passive film
of a single-phase microstructure is assumed to have the same compo-
sition as the corresponding phase in the duplex-phase microstructure.
This assumption is questionable as the chemical composition of the
respective phases in the duplex microstructure is highly dependent on
the final heat-treatment (solution annealing), which is usually opti-
mized for the specific material. Furthermore, the grain boundaries and
residual strains will be different due to different deformation charac-
teristics and thermal expansion coefficients of the two phases, which
typically exist in the duplex microstructures.

In this work, we utilized a new method for non-destructive charac-
terization of the passive film of duplex stainless steel using synchrotron
hard X-ray photoemission electron microscopy (HAXPEEM), which
can access site-specific chemical information with spatial resolution
up to 1 pm and depth information between a few to a few tens of
nanometres depending on the energy of the beam.'® By depositing
Pt fiducial markers on the sample surface, regions of interest (ROI)
can be selected for HAXPEEM measurement and re-measured af-
ter ex-situ electrochemical polarization to investigate the difference
between the air-formed film and the anodic passive film. Taking an
example of a 25Cr-7Ni super duplex stainless steel with typical duplex-
phase microstructure, this communication demonstrates the feasibility
to characterize the passive films over individual grains of ferrite and
austenite phases, and the possibility to re-measure the same sites af-
ter ex-situ electrochemical polarization to determine the changes of
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Method for The Characterization of The Passive Film in Local Scale
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Figure 1. Protocol showing the procedure to access local spectroscopic information as an example on duplex stainless steel: (a) Fiducial markers of Pt deposited
using FIB-SEM are employed to define the ROI, (b) in UV mode the ROI is located for subsequent PEEM measurement, (c,d) the same ROI is imaged in
photoemission mode and a measurement area is defined (half-moon) to collect local (lateral and depth) spectroscopic information with a user-defined pinning of
1 pm x 1 pm size (mesh), (e) the measured ROI can be later re-accessed using EBSD for allocation of crystallographic information (phases, orientation etc.), (f)
the spectra obtained can then be associated with the local microstructure as shown by an example on the ferrite and austenite grains with (001) orientation before
(native oxide) and after anodic polarization in 1 M NaCl, showing different iron and chromium composition.

the surface oxide film due to anodic polarization, which provides in-
sights into the passivity and passive film of such advanced multiphase
alloys.

Experimental

The sample material was grade 25Cr-7Ni super duplex stainless
steel (UNS S32750), supplied by Sandvik Materials Technology, Swe-
den, as plates with 10 mm thickness, which were solution-annealed
at 1070°C for 30 minutes. Coupon specimens in sizes of 10 mm x
10 mm x 1 mm were cut along the rolling direction of the plates.
The samples were ground down to 4000-grit SiC-sandpaper and then
diamond-polished down to 0.25 wm. Then, the specimens were fine-
polished using an oxide-active polishing suspension (OPS, with pH
9-10) to remove surface stresses induced by grinding and polishing.
The specimens were re-polished using 0.25 pm diamond paste for

1-2 minutes to remove the chemically-altered surface layer due to the
OPS polishing. The native surface oxide was formed in ambient air
for one week prior to the measurements.

A measurement protocol established at German Electron Syn-
chrotron (DESY, Deutsches Elektronen Synchrotron) was utilized for
performing HAXPEEM measurements to extract local surface chem-
ical information from individual ferrite and austenite grains in the
duplex microstructure. Using the facilities at DESY NanoLab,!” the
specimens were mounted in a dual beam focused ion beam FIB-SEM
instrument to select, image and mark a ROI of ca. 200 um x 200 pm,
being representative to the whole microstructure. Pt fiducial markers
with 1 pm thickness; one large L-shape marker (marker 1) in sizes of
60 wm x 40 wm and another L-shape marker of smaller size (marker 2)
in sizes of 20 pm x 10 wm were deposited using ion or electron beam
induced local cracking of a Pt containing precursor gas (Figure 1a).
In addition, one small marker in sizes of 2 pum x 1 wm (marker 3)
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was deposited ca. 50 wm away from marker 2 (Figure 1a). For this
smallest, highest hierarchy level marker 3 inside the ROI, electron
beam induced deposition was used to avoid beam-induced damage on
the oxide/hydroxide and possible ion implantation. As such, the whole
ROl including marker 3 could be imaged by HAXPEEM within a field
of view of ca. 90 pum x 90 wm and a X-ray beam size of 70 pm x
10 wm. Figure 1a shows an SEM image with all fiducial markers and
the ROIL. Then, the samples were rinsed with 99% pure acetone, fol-
lowed by a thorough flush with ultra-pure deionized water and drying
by pressurized N, streaming gas. The specimens were then transferred
to the P22 beamline at PETRA III at DESY for the HAXPEEM mea-
surement. The electrostatic HAXPEEM microscope with an imaging
energy filter (NanoESCA, Focus GmbH) was used and operated in
collaboration with Forschungszentrum lJiilich. The Pt fiducial mark-
ers were searched in ultra violet light mode in the ultra-high vacuum
(UHYV, 1.3-10~° mbar) chamber at ambient temperature (Figure 1b),
and marker 3 was positioned at the left bottom corner of the HAX-
PEEM image (Figure 1c).

The HAXPEEM measurements were performed at 4 keV, using a
raster area of 1 wm x 1 wm, which defines the lateral resolution of the
collected spectra. In XPS mode, spectra over a narrow energy range
of Fe 2p, Cr 2p, Ni 2p, O 1s, and Mo 3p (near N 1s) were measured
consecutively, with an energy resolution of 0.2 eV and 10 sec dwelling
time per step. The spectrum of Pt 3ds,; was also measured for inter-
nal calibration of the energy shift due to electrostatic charge on the
sample surface. Then, the sample was taken out from the HAXPEEM
chamber, mounted to an electrochemical cell filled with 1M NaCl so-
lution, and polarized at stepwise applied anodic potentials of 600, 900
and 1000 mV vs. Ag/AgCl (sat.) for 10 minutes at each potential. The
Pt markers were stable during this electrochemical polarization. This
procedure was chosen to reach similar surface condition as reported
in earlier work for comparison of the anodic passive film studied with
in-situ synchrotron X-ray diffraction measurements.'® The specimen
was then rinsed with deionized water and dried using pressurized ni-
trogen gas. With the help of the Pt fiducial markers, the same position
was found and remeasured with HAXPEEM to analyze the chemical
composition of the passive film over the ferrite and austenite formed
after the anodic polarization.

Analysis of the XPS spectra was performed after summing up
signals originated from a user-defined raster area through pinning
of 1 wm x 1 pm size (mesh) over the whole individual grain sur-
face to gain sufficient intensity-to-background signals. Hence, the re-
ported HAXPEEM signals were originated from an area 57 um? for
the austenite and 50 pm? for the ferrite (Figure 1d). The informa-
tion depth was ca. 18 nm, estimated by 3 times the inelastic mean
free path of the emitting electrons.!® The same ROI was then mapped
using electron backscattering diffraction (EBSD) to obtain crystallo-
graphic information. Phase maps, showing ferrite in red and austenite
in blue, as well as inverse pole figure (IPF) maps normal to sam-
ple surface were plotted (Figure le). The average grain size of the
studied duplex steel was ~20 wm. Only grains larger than ~5 pm
in size were chosen to extract local HAXPEEM data (Figure 1f).
The XPS spectra were analyzed using CasaXPS V2.3 software. The
peak identification and spectra fitting were made after binding en-
ergy calibration and Shirley background subtraction with a asymmet-
ric index of 0.1 added to the metallic peaks using Doniach Sunjic
line-shape.?°

Results and Discussion

Only Cr and Fe signals from one ferrite grain and one austenite
grain, both with (001) // sample surface, are reported in this commu-
nication to show the capability of the method. Extended quantitative
analysis of the full data set from the HAXPEEM measurements per-
formed at different X-ray beam energies, including averaging of the
grains of each specific phase, will be reported elsewhere.

Figure 2 displays the XPS spectra of Cr and Fe obtained from the
ferrite and austenite grains, and the peak assignment as well as the
deconvolution of the measured spectra into the metallic, oxide and
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hydroxide components. The Cr 2p3, spectra of the native oxide show
a metallic peak (Cr%) with a binding energy at 574.3 eV, an oxide
peak (Cr,0;) at 576.2 eV, and an increased intensity at higher bind-
ing energy that we tentatively assign to a hydroxide peak (Cr(OH);)
at 577.3 eV.>!'415 After the anodic polarization, this peak vanished.
While the fitting and interpretation of the Cr 2ps, spectra are quite
straightforward, it is more complicated for the Fe 2ps/, spectra. It is
clear that the anodic passive film show more signal at higher binding
energy than the native oxide. However, the interpretation of the spec-
tra is not straightforward, since both Fe>* and Fe’* species can be
present and the Fe?* species may exist as FeO and Fe;0y4, while Fe3*
species may exist as Fe;O3; and FeOOH.%'* The quantitative anal-
ysis of the Fe-spectra was further complicated by beam fluctuation
during the measurements, giving rise to an oscillating background,
making it difficult to extract the signal. Though the beam fluctua-
tions were present also for the Cr measurements, the signal was in
this case stronger and much easier to extract. For simplicity, we have
used three components for fitting the Fe spectra, assigned to Fe’, Fe**
and Fe3*, and the discussion is focused on the ratio between metallic
and oxidative components. The binding energy is 707.2 eV for Fe?,
708.8 eV for Fe?*, and 711.2 eV for Fe*, respectively.>® The Fe**
component is not visible in the spectra of the native oxide. Keeping in
mind that these spectra were extracted from the PEEM data originated
from single grains of several micrometers in size, the relatively low
signal intensity and energy resolution do not allow for a more de-
tailed analysis, and this simplified spectra fitting can be regarded as
reasonable.

The fitting yielded the atomic percent values of the components
for the individual ferrite and austenite grains (Table I). These results,
obtained from the same sample surface, enable direct comparison be-
tween the ferrite and austenite phases in the duplex microstructure.
Based on these data, the ratio between the oxidized and metallic
species of Cr and Fe was calculated to access the relative (normal-
ized) amount of the oxide species in the passive film as well as their
changes due to the anodic polarization, for the ferrite and austenite
grains, respectively. It can be seen from Table I that the air-formed
native oxide film on the ferrite seemed to contain more Cr,O3 than
that on the austenite. Moreover, the oxide/metal ratio indicates a
thicker oxide layer for ferrite (Crox/Crpe = 0.93) than for austentite
(Crox/Crye = 0.65). Assuming the hydroxide layer was present on top
of the oxide layer, the thickness of the oxide layer and hydroxide layer
can be calculated based on the intensity of the metallic and oxidative
components according to the formula reported in literature,?! using the
electron mean free path at the given photon energy,?? and the intensity
of the metallic and oxidative components. Alternatively, assuming the
passive film was a homogeneous layer of oxy-hydroxides of Cr, Fe
and Mo, the thickness of the passive film can be calculated following
the method reported by Marcus et al.'> The calculation procedure and
results based on the Cr spectra are given in the supplementary material.
These calculations are only meant as an example of film characteristics
that can be obtained with our approach. A reliable thickness calcula-
tion requires higher signal-to-noise ratio for a more reliable spectra
de-convolution.

After the anodic polarization, the amount of Cr,O3 increased on
both phases, indicating a growth of the anodic oxide. Cr(OH); became
negligible, which was probably due to deprotonation of the hydroxide,
since no Cr dissolution from the sample was detected by X-ray fluo-
rescence during the anodic polarization up to 1000 mV/ Ag/AgCl~23 The
difference in Cr,O; amount in the passive film on the two phases was
reduced by the polarization (Table I) The Cro/Cry, ratio remained
similar for the ferrite (0.93 vs 0.96) and changed from 0.65 to 0.92
for the austenite. The change in the Cr,,/Cry, ratio for the austenite
after the anodic polarization suggests a large Cr,O3; growth on the
austenite, which is absent on the ferrite. These results show that the
native oxide films on the ferrite and austenite had different chemical
composition and that their change due to anodic polarization was also
different.

Regarding the Fe data, it can be seen that the proportion of Fe® is
similar on the two phases for the native oxide film (Table I). Because
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Figure 2. XPS spectra of the peak 2p3/, for Cr and Fe obtained from individual grains (shown in the EBSD graphs on top of the figure) of ferrite and austenite
with (001) orientation. The signal shows signs of both metallic and oxidized species. Black curve: native oxide film; gray curve: anodic passive film. Color peaks

(deconvoluted components) for C1%, Cr¥* oy, Cr¥+yyq, Fel, Fe?* and Fe3+.

the above-mentioned complications in the quantitative analysis of Fe-
spectra, it is hard to ascertain the difference in the Fe-oxides between
the two phases (the sum of Fe>* and Fe** is similar). Nevertheless,
certainly there were more Fe-oxides on both phases after the anodic
polarization. In particular, the Fe** species appeared on both phases
(Table I). The results suggest that the anodic polarization also caused
oxidation of Fe, leading to a growth of Fe-oxides in the passive film
with an increased proportion of Fe** species.

In summary, the results demonstrates the feasibility of the de-
scribed method for local chemical analysis of the surface oxide
films formed on the different phases in the microstructure of the su-
per duplex stainless steel, and the possibility to analyze the same
spot before and after electrochemical polarization of the sample.
With this method, the local surface analysis can be done without
the need for chemical etching or other manipulation of the sample.
Using this approach, it is possible to correlate the chemical

Downloaded on 2019-06-06 to IP 131.169.66.159 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



C3340

Journal of The Electrochemical Society, 166 (11) C3336-C3340 (2019)

Table I. Quantitative XPS analysis of the passive film over austenite and ferrite with (001) orientation before and after the anodic polarization.

Cr components Cr0 (at%) Crit o (at%) Cr3*pya (at%) Crox/Crmet

Native Austenite 51 33 16 0.65
Ferrite 45 42 13 0.93

After anodic polarization Austenite 52 48 ~0 0.92
Ferrite 51 49 ~0 0.96

FWHM: 1.04 eV for Cr°, 2.48 eV for Cr’* oy and Cr¥tpyg.

Fe components

Fe? (at%) Fe2* (at%) Fe3* (at%)

Native Austenite
Ferrite

After anodic polarization Austenite
Ferrite

FWHM: 1.38 eV for Fe?, 3.20 eV for Fe?* and 3.70 eV for Fe3*.

information of the passive film as well as its changes caused by
the electrochemical reactions (anodic oxide growth and/or dissolu-
tion) to the microstructural features, e.g., individual phases or even
grains of the duplex stainless steel. Such knowledge will provide a
scientific explanation for the experimental observations of the dif-
ference in the relative nobility and the selective dissolution of spe-
cific phases,'?**2 thus contribute to a fundamental understanding
of the corrosion mechanism of such alloys. Since advanced multi-
components alloys used today possess multi-phase microstructures,
this method is valuable in the study of localized corrosion behavior of
the alloys.

Conclusions

This work demonstrated the feasibility for microscopic chemical
analysis of the surface oxide films formed on polycrystalline multi-
phase alloys through HAXPEEM measurements. The following con-
clusions can be drawn:

* Pre-deposited Pt markers on the sample surface in combination
with SEM and EBSD enable HAXPEEM analysis of thin surface films
formed on individual grains of the ferrite and austenite phases in the
duplex microstructure, and the analysis of the same grain before and
after ex-situ electrochemical polarization.

* Direct comparison between the ferrite and austenite phases re-
vealed that certain differences exist in the native oxide film formed
on the two phases, and also in the passive film formed after an-
odic polarization, e.g., the native oxide film on the (001) ferrite
grain contained more Cr,O; than that on the (001) austenitic grain;
and, anodic polarization up to 1000 mV/agaeci in 1M NaCl solu-
tion at room temperature resulted in a growth of the Cr- and Fe-
oxides, diminish of Cr hydroxide, and an increased proportion of Fe**
species.
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