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austenite is enriched in Ni and N, whereas the ferrite contains more Fe,
Cr and Mo. The ferrite and austenite phases exhibit different electrical/
electrochemical and magnetic properties, as observed by using Atomic
Force Microscopy (AFM)-based techniques [18-22]. However, there is
little information about the difference in the passive film formed on the
two phases of duplex stainless steels. Chemical analysis of the passive
film formed on the individual phases has previously been performed
through etching [10], local sputtering [23], and using single-phase
materials [9], all of which have led to findings of the passive film
thickness and composition. However, the results are less relevant to the
naturally formed native passive film on the duplex stainless steel due to
the changes of the surface film induced by the sample preparation.

Local characterization, down to the size of single grains, of the
passive film is desirable for a comprehensive understanding of the
passivity and corrosion resistance of duplex stainless steel. In this work,
the variations in chemical composition and thickness of the surface
layer over individual austenite and ferrite grains were analyzed by
using synchrotron hard X-ray photoemission electron microscopy
(HAXPEEM), with a lateral resolution down to 1 um. This allows the
comparison between austenite and ferrite phases and between in-
dividual grains. Details of the experimental approach of the HAXPEEM
have been reported previously [24]. In this paper, we present a com-
prehensive local chemical analysis of the native passive film formed on
a super duplex stainless steel, on the level of the average, individual
phases, and individual grain orientations, based on data from 58 single
grains. The results reported in this paper provide new insights into the
native passive film of duplex stainless steel, which cannot be obtained
with conventional surface analysis techniques.

2. Experimental
2.1. Material and sample preparation

The coupon-shaped specimen was cut along the rolling direction
from a 10 mm thick plate of super duplex stainless steel of grade 25Cr-
7Ni (UNS S32750), supplied by Sandvik Materials Technology, Sweden.
This grade contains 25 % Cr, 7 % Ni, 3.4 % Mo, and 0.3 % N (wt. %) as
the main alloying elements (bal. Fe). The dimensions of the specimen
were 10 mm X 10 mm X 1 mm. The surface was first wet-ground to
4000-grit with SiC sandpapers, followed by sequential polishing using
3, 1 and ¥ pm diamond paste, and then fine polishing in an active oxide
polishing suspension (OPS) to remove the deformation, induced by
grinding and polishing, from the surface. A short final re-polishing with
% pum diamond paste was done to remove the chemically-altered oxide
film formed during the OPS polishing. The specimens were rinsed in
MilliQ water and left in ambient conditions for one week before the
experiment [24].

2.2. X-ray photoelectron measurements

Prior to the measurements, three fiducial Pt-containing markers
with different sizes were hierarchically arranged by electron-beam in-
duced deposition (EBID) on the sample to enable selection the area of
interest [25]. The markers facilitated the identification of the same area
in the HAXPEEM measurement and the post-analysis with electron
backscatter diffraction (EBSD). HAXPEEM is a microscopic surface
chemical analysis technique, and details of the measurement proce-
dures have been described previously [24]. In short, the HAXPEEM
measurement was conducted with excitation energy of 4 keV at the P22
beamline at PETRA III at DESY (Hamburg, Germany) [26]. The mea-
surement generated photoemission electron images for different ele-
ments of the measured area, from which photoelectron spectra of Cr 2p,
Fe 2p, Ni 2p and O 1s core levels were obtained. The Mo signals were
too weak to be analyzed. A beam size of 70 um X 10 um with a field of
view of ca. 90 um x 90 um were employed for the measurements.

This paper is focused on the analysis of the native passive film of the
sample formed in ambient air. A combination of the HAXPEEM and
EBSD images of the analyzed surface area enabled identification of
individual grains and their crystallographic orientations. Here, crys-
tallographic orientation (hkl) is referred to the crystal face parallel to
the sample surface, since a rotation around a normal [hkl] to this sur-
face is not expected to influence the oxidation behavior so a complete
orientation description is not necessary. The individual grains yielded
an acceptable signal/noise ratio, so X-ray photoelectron spectroscopy
(XPS) spectra from each individual grain could be extracted from the
HAXPEEM data. Within the measured surface area, 22 austenitic grains
(no.1-22) and 36 ferritic grains (no. 23-58) were analyzed, with a total
area of ca 430 um? and 2072 pm? for the austenite and ferrite, re-
spectively. All analyzed grains are numbered in Fig. la, and their
crystallographic orientations are shown in the crystallographic triangle
given in Fig. 1b.

The HAXPEEM provides microscopic images of the photoelectron
intensity from which XPS spectra from individual grains can be ex-
tracted. However, the HAXPEEM data have a low energy resolution,
and the XPS spectra from small areas suffer from weak signals, which
give a low signal-to-noise ratio and thus make the spectra deconvolu-
tion difficult from a single grain. Complementary hard X-ray photo-
electron spectroscopy (HAXPES) measurements of the same sample
surface were performed at the same beamline. The HAXPES data have a
high signal-to-noise ratio, which served as a reliable reference for peak
assignment in the analysis of the HAXPEEM data. The detailed HAXPES
results and analysis will be reported elsewhere, while an overview
HAXPES survey spectra is shown in Figure S1 in the supplementary
material.



3.1. Analysis of individu

In this work, the XPS spectra of Cr, Fe, Ni,
tracted from the HAXPEEM data of the individual grains. By summi
up the signals from the grains of the same orientation, the same phase,
and all the grains, the summed XPS spectra representing each grain
orientation, each individual phase, and the material (all the grains)
were obtained and analyzed. The results from fitting of XPS spectra of
individual grains were used to evaluate the thickness and composition
of the major components of local passive films formed on the individual
grains [24]. Then, the average thickness and composition of the passive
film on each crystallographic orientation of each phase were obtained
through deconvolution of the summed XPS spectra from the grains of
the same orientation and the same phase. Similarly, the average
thickness and composition of the austenite and ferrite, respectively,
were obtained by fitting the summed XPS spectra from all the grains
belonging to the same phase. The summation of the signals increases
the signal-to-noise ratio; however, the averaging may hide variations
between individual grains and between different crystallographic or-
ientations. The standard deviation was calculated from all the grains
included in the average, for the particular phase, and each grain or-
ientation.

3.2. Deconvolution of XPS spectra

The spectra deconvolution was performed by using Casa XPS soft-
ware (version 2.3) on the raw data without any normalization. The
spectra were background-subtracted using a Shirley background, and
then normalized to the strongest peak to facilitate comparison. The
binding energies of the HAXPES measurement were calibrated by the
Fermi level of a gold foil and the carbon peak of —CH— CH- fixed at
284.8 eV [27]. The binding energies of the HAXPEEM spectra were
calibrated with Fe 2p metal peak according to the HAXPES spectra.

The O 1s spectra could be deconvoluted into O~ and OH™ compo-
nents, indicating the presence of oxides and hydroxides in the native
passive film. Following the literature, the metallic components (Crpe,
Femer, Nimer) were fitted with a Lorentzian asymmetric peak shape [28],
and the remaining components were fitted with symmetric Lorentzian/
Gaussian peak shape with a ratio of 70/30 [13]. The XPS spectra of Cr
were satisfactorily fitted by using the metallic Cr and the oxidic com-
ponents Cr,03 and Cr(OH); [29]. Regarding oxidic Fe components,
both Fe?* and Fe®* may co-exist in the oxide and hydroxide forms, and
in addition Fe;0, is also possible [29]. The total signal of oxidized Fe
was ca 10 % of the metal peak, and hence too low for making un-
ambiguous peak assignment of many oxidic components. For simplicity,
the Fe 2ps,, spectra were fitted with only Fen.., Fe** oxide, and Fe3™*
oxyhydroxide components. Although deconvolution of Fe spectra into
more components have been reported [29], in this work, no such effort
was made considering the weak signals and lack of certainty for the
peak assignment. Moreover, the Ni 2p3,, spectra from the HAXPEEM
show that Ni is mainly in its metallic form. The small peak at higher
binding energy may indicate a minor amount of Ni oxide as reported in
literature [30]. However, it may also be the satellite peak of metallic Ni
[31,32], and was thus ignored due to lack of certainty.

The summed spectra of all grains and of each phase had high signal-
to-noise ratio, and the deconvolution of these spectra yielded the peak
position, i.e., the binding energy (BE), and the full width at half max-
imum (FWHM) for the components, see Table 1. These parameters were
then used in the spectra fitting of the individual grains and each crys-
tallographic orientation. In the fitting procedure, the BE and FWHM
were allowed to vary slightly ( = 0.2 eV) considering the disparity of
the spectral resolution of the techniques [29,33].

jh

Fig. 2. Simplified two-layer model of the native passive film: an inner layer
composed of Cr** and Fe?" oxides and the outer layer composed of Cr®* hy-
droxide and Fe** oxyhydroxide. The model was used for estimating thickness
of the oxide and hydroxide layers and the contents of the major components.
The presence of a Ni-enriched alloy surface layer beneath the passive film is also
shown. For the bulk, the two phases are represented as red ferrite () and blue
austenite (y).

3.3. Information depth and model of the passive film

The information depth of the emanating signals from the probed
surface was calculated according to Egs. (1) and (2), and considering
the bulk composition of the alloy (stainless steel):

d= 3/1A”uysin(6) (1)

_ (+Fe Fe Cr Cr J J
Aatioy = Kalloy Ay + XalloyAhy -+ X0y Ainy) 2)

where d is the information depth; A the inelastic mean free path of
photoelectrons for an individual element, /l,{v, and for the alloy, Ay ; ©
the take-off angle of excited electrons; x the atomic percentage of the
element j in the alloy; hv the beam energy. The atomic percent of each
element in the alloy and calculated A/ of the element used for the
calculation of A4y, are given in Table S1 in the supplementary material.
The X-ray beam energy of 4 keV and the take-off angles of 90° give an
information depth of 15 nm for the HAXPEEM measurement.

The native passive film on stainless steel is formed as a result of
oxidation reactions of the metal elements present in the material. The
elemental oxygen affinities and oxidation rates determine the compo-
sition and thickness of the oxide film [1,34]. The passive film formed on
stainless steels has been reported to have a two-layer structure, i.e., an
oxide inner layer and a hydroxide outer layer [35]. In our study, ad-
ditional HAXPEEM measurements were performed at an excitation
energy of 6 keV, and the results (Figure S2 in the supplementary ma-
terial) show that the signal intensity of the hydroxide decreased more
than that of the oxide at the higher excitation energy (less surface
sensitive), which supports the two-layer model. Fig. 2 shows schema-
tically the two-layer model, where the inner layer refers to Cr** and
Fe®* oxides with a thickness of d,, and the outer layer refers to Cr>™*
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Fig. 3. Summed XPS spectra extracted from the HAXPEEM data from all the 58 analyzed grains and the deconvolution components for Cr 2p3,», Fe 2p3,5, O 1s and Ni

2ps,2. The spectra are normalized (to the strongest leak) for easy comparison.

Table 2

Thickness and Cr content of the inner and outer layers of the native passive film
obtained from the summed spectra of all analyzed grains, and the mean values
of all individual grains.

Summed spectra Mean of all individual grains

Thickness Cr content (at  Thickness Cr content (at
(nm) %) (nm) %)
Inner layer 1.4 75 1.2 (%= 0.3) 67 (+16)
Outer layer 0.9 88 0.9 (£0.3) 75 (= 14)
Total/average 2.3 81 2.1(x0.4) 71 (+10)

Values in the parentheses are standard derivations among all analyzed grains.

hydroxide and Fe®** oxyhydroxide with the thickness of dy.

In this simplified model, a possible minor amount of Fe>* oxide is
included in the hydroxide layer, so the outer layer can also be regarded
as the oxyhydroxide layer. The existence of a minor amount of oxida-
tive Mo-species in the passive film is neglected in the quantitative
analysis. Preferential oxidation of Cr and Fe forming the surface oxides
leads to a modified alloy layer beneath the passive film, which is en-
riched in Ni and depleted in Cr and Fe [1]. The so-called alloy surface
layer is also illustrated in Fig. 2. In our previous work, this layer was
found to have a higher density than the bulk material [36]. The com-
position and thickness of the alloy surface layer have been measured
and estimated by other investigators [13-15,37]. A detailed discussion
of the alloy surface layer requires data of Mo species, which are not
available in the HAXPEEM results, and is therefore not included in this
paper.

3.4. Calculation of thickness and Cr content

The two-layer model of the native passive film in Fig. 2 was used to
estimate the thickness and Cr content of the inner and outer layers.
Using the intensity data of the metallic and oxidic components of Fe and
Cr, the thickness and Cr content of the inner layer and outer layer were
calculated using the following equations [9,13,38]:

) Iz:anet /Lmet
din = A}”sin(@)-ln(l + %]
1 D" 3)

MDAl d;
dour = A;“‘sin(e)-m[l + %) 1- Exp[—%]
"D A; A" Sin(6) )

Where d is the thickness of the single-layer; A the inelastic mean free
path and 6 the take-off angle of excited electrons; I the peak intensity; D;
is the component concentration defined as D; = %-xj, where p is the
volume density, M the molar mass, x the atomic percentage of the
component j (only Cr and Fe were considered here). The subscript and
superscript of ‘in’, ‘out’, and ‘met’ refer to the inner layer, outer layer,
and the metallic components, respectively. These equations are derived
based on the factors that influence the peak intensity of photoelectrons
emitted from the bulk and the oxidic layers, respectively. Photoelec-
trons emitted from the oxidic layers have deviating inelastic mean free
path and thickness dependence than those emitted from the bulk [39].
Most parameters in Eq.s (3) and (4) are constants, while the thickness d
and the composition x are unknowns for the oxide and hydroxide
layers. By solving the Eq.s (3) and (4) for Cr and Fe, the thickness and
Cr content can be obtained, which is further explained in the supple-
mentary material. Because the native passive film is assumed to consist
of Cr and Fe components only, the results from this work may slightly
differ from other studies considering all oxidic Cr, Fe, and a minor
amount of Mo components. Our focus is the evaluation of the lateral
distribution of the major components of Cr and Fe.

3.5. Global analysis by HAXPEEM

Fig. 3 displays the summed XPS spectra of Cr 2p3,», Fe 2p3,», Ni 2p3,
2, and O1 s from all the analyzed grains and the components used for
spectra deconvolution. Following the two-layer model in Fig. 2, the
thickness and Cr content of the inner and outer layers of the native
passive film were calculated according to Egs (3) and (4), and the re-
sults are shown in Table 2. This global approach gives the overall
average values since the analyzed area contains both austenite and
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Fig. 5. Summed XPS spectra of Cr 2p3,» (a, b) and Fe 2p;3,» (¢, d) of all analyzed austenite (a, ¢) and ferrite (b, d) grains, and the deconvolution components. The

spectra are normalized to the same scale.

ferrite grains. Based on this analysis, the thickness was 1.4 nm for the
inner layer and 0.9 nm for the outer layer. In the native passive film
(only considering Cr and Fe components), the Cr content was 75 at% in
the inner layer and 88 at% in the outer layer.

In a mean average approach, the spectra from individual grains
were fitted, and the mean values of the thickness and Cr content were
calculated, which are also given in Table 2 for comparison. Because of
weak signals for individual grains, the spectra fitting may give rela-
tively larger errors of the data obtained from the mean average ap-
proach.

The analysis of the summed spectra gave a total thickness of 2.3 nm
for the native passive film, which is consistent with the result of the

mean value, 2.1( = 0.4), obtained from mean average of all individual
grains. This is in general agreement with the reported thickness for
passive films formed on stainless steels [2]. Moreover, the global
average Cr content in the native passive film was measured as ca. 80 at
% (data from the summed spectra), which is also in line with common
observations that Cr is the dominant component in passive films of
stainless steels [2,13,14]. These results validate the HAXPEEM for
quantitative analysis of the passive films.

3.6. Local analysis of the HAXPEEM data

The HAXPEEM data are used for analysis of lateral variations in the
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Fig. 6. Summed spectra of Cr 2p3,, from the grains of each orientation for austenite and ferrite, respectively, and the deconvolution components. The spectra are

normalized to the same scale.

thickness and Cr content of the native passive film formed on the super
duplex stainless steel. In addition to the XPS spectra from the individual
grains, the summed spectra representing each crystallographic or-
ientation, and each phase, were also generated for spectra fitting. As an
example, Fig. 4 shows the Cr spectra obtained from the entire analyzed
area, all the austenite grains, all the austenite grains with (101) or-
ientation, and one austenite grain with (101) orientation, respectively.
The signal-to-noise ratio increases with increasing number of grains, so
a larger analyzed area yields an improved quality of fitting. From a
statistics point of view, when averaging, the data from individual grains

of a specific group give a standard deviation among the grains of that
group. Similarly, the standard deviation for a specific orientation of a
specific phase represents the difference among the grains of that par-
ticular group, as exemplified in Table 2. In the following sections, re-
sults from fitting of both the summed spectra and of the individual
grains (with the mean and standard deviation values) are included for
discussion about the differences between the two phases, and between
the crystallographic orientations.



Thickness
grains of each orientatio:
and spectra of individual grains.

Summed spectra Mean of indivi

Inner Outer Total Inner layer  Outer layer Total

layer layer
Austenite
(001) 1.3 1.1 2.4 1.2(+x04) 1.2(%x01) 24(x04)
(101) 1.2 1.0 2.2 1.2(£04) 08(x03) 19(x04
(111) 1.2 1.0 2.2 1.4(%=03) 12(%x0.3) 26(x04)
Ferrite
(001) 1.3 0.8 2.1 1.2(*x04) 09(%=01) 21(=*0.5)
(101) 1.2 0.7 1.9 1.3(=0.3) 09(%x0.2) 22(=x0.3)
(111) 1.1 0.8 1.9 1.2(+0.2) 08(%02) 20(=x0.3)

Values in parenthesis are standard deviation among the individual grains.

3.6.1. The passive film on austenite and ferrite phases

Deconvolution of the summed spectra of Cr 2p5,» and Fe 2pj3,, of the
austenite and ferrite phases were done, as shown in Fig. 5, using the
parameters given in Table 1. The signal intensity was high for oxidative
Cr components, but low for oxidative Fe components. Based on the
fitting results, the thickness and Cr content of the oxide and hydroxide
layers were calculated for the austenite and ferrite, respectively, as
shown in Table 3. For visual comparison, the data from averaging of
individual grains are also presented in a graphical manner with a box
plot as exemplified in Figure S3 in the supplementary material, which
displays the mean and median values as well as scattering of data
(standard derivation bars) for the Cr content of the inner layer, outer
layer, and average of the whole native passive film, respectively. The
box plot is helpful for a more detailed statistical analysis of the sig-
nificance of the observed differences.

There are small differences in the thickness and Cr content values
obtained from the summed spectra and those from averaging of in-
dividual grains, which are due to different errors in the two ways of
analysis. Nevertheless, the two sets of data show same trends (Table 3).
The outer hydroxide layer is thinner but has a higher Cr content than
the inner oxide layer. The Cr content of the oxide layer is slightly higher
on the ferrite than on the austenite. The homogeneity of the passive film
formed on the two phases of duplex stainless steel has been a question
of debate [9]. The synchrotron HAXPEEM measurement provided the
possibility to directly measure the lateral variations in the thickness and
the Cr content of the passive film. The thickness of both the inner layer
and outer layer is similar between the two phases under the assump-
tions used in the calculation. The higher Cr content in the oxide layer on
the ferrite can be explained by the higher Cr content in the ferrite, since
the surface oxide was formed due to oxidation reaction.

Table 5

that, for the different grain orientations the thickness varies from 1.1 to
1.3 nm for the inner layer and from 0.7 to 1.1 nm for the outer layer.
The ferrite grains seem to have a slightly thinner outer layer compared
to the austenite grains. For both austenite and ferrite grains, the (001)
orientation seems to have a slightly thicker native passive film (data
from summed spectra).

Table 5 gives the Cr content of the inner and outer layers of the
native passive film for different grain orientations of each phase, cal-
culated from the summed spectra and the spectra of individual grains,
respectively. A box plot graphically showing the mean, median, and
scattering of the Cr content data from the individual grains can be
found in the supplementary material (Figure S5). The results show that
the average Cr content of the native passive film is generally higher on
the ferrite grains compared to the austenite grains except the (111)
orientation, which is similar for the two phases. The passive film
(especially the outer layer) on the ferrite grains of (111) orientation
seems to have a lower Cr content compared to the ferrite grains of other
orientations. However, the Cr content in the passive film is rather
uniform for the austenite grains (the difference is not significant be-
tween the orientations). The results indicate that the grain orientation
has a small but detectable influence on the formation of the native
passive film.

A thinner outer (oxyhydroxide) layer of the passive film on the
ferrite phase as compared to austenite grains may explain the pre-
ferential dissolution of the ferrite phase observed previously [40,41].
Furthermore, a lower Cr content in the passive film on the ferrite grains
of (111) orientation could be the reason why the ferrite (111) grains are
the most corrosion prone grains as reported in literature [42].

Elemental diffusion coefficients are known to be different for the
ferrite and austenite phases of duplex stainless steel. At ambient tem-
perature, the diffusion coefficient (cm?/s) of Cr is 10~ *? in ferrite and
10"% in austenite, and for Fe it is 10 in ferrite and 102 in austenite
[43]. Although the bulk diffusion is very slow, Cr diffuses much faster
than Fe, which has an influence on the formation of the passive film (a
few nanometers thick), as evidenced by a much higher Cr content in the

Cr content (at%) of the inner and outer layers of the native passive film on the grains of each orientation of the same phase, obtained from the summed spectra and

spectra of individual grains.

Summed spectra

Mean of individual grains

Nr. of grains Inner layer Outer layer Average Inner layer Outer layer Average
Austenite
(001) 3 74 67 70 57 (£ 28) 63 (£5) 60 (£ 16)
(101) 13 66 73 70 60 (* 15) 72 (*15) 66 (*9)
(111) 6 66 73 70 67 (+17) 76 (+ 14) 72 (£6)
Ferrite
(001) 6 76 90 83 61 (+24) 84 (x6) 73 (£12)
(101) 11 76 85 81 73 (*13) 80 (*12) 76 (£9)
(111) 19 65 76 71 71 (£12) 73 (£ 15) 72(x9)

Values in parenthesis are standard deviation among the individual grains.



higher Cr content in t

Regarding the influence of grain
there is no diffusion anisotropy for cubic crystal sys
difference among the different orientations. Hence, the orientati
dependent effect is likely associated with the difference in surface re-
activity rather than bulk diffusion. On the other hand, diffusion within
the surface oxide may have an influence on the passive film growth. Ina
study of oxide growth on the surfaces of BCC Fe crystals, the oxygen
diffusion coefficient and activation energy for oxidation differentiate
for the crystallographic orientations [44]. Thin oxide film formation on
metal surface at ambient temperature has been explained by a high-
field theory based on electron tunneling and ion migration though the
oxide film under an established electrical field [45]. Point defect model
has been developed to describe the formation and degradation of pas-
sive films on metal surfaces, taking into account vacancy formation and
annihilation, and ionic migration across the passive film [46,47]. For
duplex stainless steels containing multiple elements and multiple
phases, the oxide formation is very complex and further efforts are
needed to understand the formation of passive film and the influence of
the grain orientation.

The HAXPEEM measurements presented in this investigation paves
the way for future studies of complex materials such as advanced alloys.
In particular, the approach is useful to study chemical phenomena with
lateral variations on the micron scale, such as phase transformations,
grain boundary segregation, and the fate of the passive film upon
heating.

4. Conclusions

Global and local analysis of native passive film formed on a 25Cr-
7Ni super duplex stainless steel by synchrotron-based HAXPEEM mea-
surements have led to the following conclusions (Mo is disregarded):

- The native passive film has a two-layer feature, with the inner
layer dominated by oxides and outer layer by oxyhydroxides, mainly of
Cr and Fe. The thickness of the inner layer is 1.4 nm and the outer layer
0.9 nm, thus a total thickness of 2.3 nm for the passive film. When only
Cr and Fe are considered, the average Cr content is ca. 80 at%, while
the outer layer has a higher content than the inner layer.

- HAXPEEM enables local analysis of passive film formed on in-
dividual grains, allowing assessment of the difference between the
austenite and ferrite phases, as well as the influence of grain orientation
on the passive film.

- There are certain differences in Cr content although the thickness
is similar for the passive film between the austenite and ferrite phases.
The oxide layer on the ferrite has a higher Cr content, due to the higher
content of Cr in the ferrite.

- On the grain level, the thickness of the oxide layer is rather uni-
form whereas it varies significantly for the oxyhydroxide layer. The
grain orientation is observed to have a small but detectable influence on
the Cr content in the outer layer of the passive film. On the ferrite grains
of (111) orientation, the native passive film, especially in the outer
layer, contain a lower Cr content compared to that on other ferrite
grains.
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