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ABSTRACT: Chemical states of Fe, Cr, Ni, Mn, and O in stainless steel, SS304, are
nondestructively observed over a wide range of depth from nanometer (nm) to
several tens of nm by means of the depth-resolved X-ray absorption spectroscopy in
the soft X-ray region. It is revealed that Cr is more oxidized in the surface region
than the inner region, while Fe is also oxidized at the surface though the oxidation is
less prominent compared to Cr. The chemical states of Cr are described by a mixture ok
of Cr—O and Cr—OH coordinations, with more OH components at the surface. Mn
and Ni spectra show MnO and metallic Ni features, respectively, throughout the

depth of at least up to several tens of nm.

Bl INTRODUCTION

The origin of the corrosion resistance of stainless steels (SSs)
has been extensively studied for many decades.'~*” It has been
revealed that the surface of the SS is covered with a few
nanometer (nm) thick oxides, which acts as a protection layer
against further reaction into the inner region. For example, a
recent study using X-ray absorption spectroscopy (XAS)
combined with X-ray standing wave (XSW)**** reported that
a 2 nm thick passive surface layer consists of oxidized Fe and
Cr."*'® Note that they did not observe the SS itself but used a
4 nm thick FeCrNi film with a metal composition close to that
of SS304. This is because the XSW requires a multilayer
substrate below the specimen in order to generate the standing
wave, which is essential to achieve the depth-resolved
analysis.”>**

Several experimental techniques have been applied to
observe the structure and chemical states of SSs around the
surface. Grazing-incidence X-ray diffraction (GIXRD) with
different incidence angles has been used to determine the
depth-resolved structural change around the surface, although
information on the minor elements such as Cr and Ni cannot
be obtained. The chemical components around the surface of
SS have been studied using conventional XAS in the hard X-ray
region, which is not sufficiently surface sensitive. It should be
noted here that some attempts have been made to develop
surface-sensitive XAS techniques in the hard X-ray region, by
adopting the grazing-incidence conditions including the (total)
reflection mode measurements.”>~>* Although these techni-
ques achieved nanometer-order surface sensitivity, one must be
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careful in the depth-dependent analysis because the
penetration depth of incident X-rays strongly depends on the
X-ray photon energy especially around the absorption edge, at
which the index of refraction drastically changes. X-ray
photoemission spectroscopy (XPS) is a surface-sensitive
technique, which can determine the chemical states of each
element, but sometimes the technique is too surface sensitive,
with typical probing depth of several nanometers, even if the
hard X-rays are used.

Recently, a depth-resolved XAS technique in the soft X-ray
region has been developed, which has nm scale depth
resolution.”” ™" In the technique, the probing depths are
controlled by the detection angles of the fluorescence X-rays
emitted after the X-ray absorption, and the probing depth
ranges from less than 1 nm to several tens of nm. Note here
that the probing depth, 4, does not mean that only the signal
from the depth A is detected, but that the signal attenuates by a
factor of 1/e while passing through the thickness of 1.”° One
can obtain the depth profile of the chemical state by analyzing
a set of XAS data at different probing depths. It is also
noteworthy that almost all of the elements contained in SSs
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can be analyzed by using XAS in the soft X-ray region. In the
present study, the chemical states of Fe, Cr, Ni, Mn, and O are
revealed over a wide range of depth from nanometers to
several tens of nanometers, by using the depth-resolved XAS in
the soft X-ray region.

B EXPERIMENTAL SECTION

The depth-resolved XAS experiments were conducted at a soft
X-ray beamline, BL-16A, of the Photon Factory at High Energy
Accelerator Research Organization, Japan.” A 0.1 mm thick
SS304 sheet (Nilaco Corp.) with an approximate nominal
composition of Fe,;Cr;Ni;Mn,Si; was investigated after
exposure to air for more than 10 years in the room for the
synchrotron radiation experiments at the Photon Factory, with
typical temperature and humidity of 300 K and 25%,
respectively. The setup for the measurement is schematically
illustrated in Figure 1. The sample was placed with its surface
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Figure 1. XAS data taken at different detection angles, 6, together
with a concept for the depth-resolved XAS technique.

facing the incident soft X-rays in the normal incidence
configuration. The fluorescence X-rays emitted at the
relaxation process after the absorption of the incident soft X-
rays were collected by a soft X-ray CCD camera (BITRAN,
BL-501X) with a pixel size of 13 X 13 um? placed below the
sample. Thus, a set of XMCD data with different detection
angles of the fluorescence X-rays, corresponding to different
probing depths, were recorded at once.”’ In the present
experiment, the detection angles 6; ranged from 2.5 to 90
mrad from the surface plane. The probing depth, 4, is
estimated by 4 = 4, sin 6, where 4, is the attenuation length of
the fluorescence X-ray.

B RESULTS AND DISCUSSION

X-ray absorption spectra for all measured elements are
summarized in Figure 1 for representative detection angles,
04. Since the spectra are shown without normalization, the
signal intensity reflects the content of each element as well as
the probability for the fluorescence X-ray emission and the
detection efficiency of the CCD camera. In addition, the XAS
signal increases with increasing 6, due to the increase in the
contribution from a deeper part of the sample. To investigate
the depth dependence of the element compositions, the Cr and
Fe L-edge XAS data at two different 8y values are shown in
Figure 2. First, let us focus on the edge-jump intensity, which is
the difference between the absorption intensities at the lower
and higher X-ray energy regions of the adsorption edge. Note
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Figure 2. Cr and Fe L-edge XAS data for detection angles, 6, of 10
and 70 mrad. The spectra for 83 = 10 mrad are multiplied by a factor
of 13.5.

that the edge-jump intensity does not depend on the chemical
states, but solely on the amount of the element. On the other
hand, the XAS peak shape reflects the chemical states, which
will be discussed later. Here, the data for ; = 10 mrad are
multiplied by a factor of 13.5, in order to match the edge-jump
intensities between 83 = 10 and 70 mrad at the Fe L edge. The
edge-jump intensities at the Cr L edge do not match, however,
which indicates that the Fe/Cr ratio is not uniform in depth.
The edge-jump intensity at the Cr L edge for 83 = 10 mrad is
smaller than that for 6; = 70 mrad after being multiplied by
13.5, which suggests that the Cr/Fe composition ratio is
smaller around the surface. The Cr/Fe edge-jump ratio is
plotted as a function of 6, in Figure 3.
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Figure 3. Detection angle, 6, dependence of the edge-jump ratio
between Cr and Fe L-edge XAS (dot). Fitting result (line) is shown
together with the estimated Fe and Cr compositions in the surface
and inner regions.

To estimate the depth dependence of the Cr/Fe
composition ratio, we fitted the edge-jump ratio assuming a
simple model as shown in the figure. The sample is divided
into surface and inner regions, and the thickness of the surface
region is assumed to be t.. The edge-jump intensity, I,
where M corresponds to Cr or Fe, is expressed by
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Figure 4. (a) O K-, (b) Cr L-, (c) Mn L-, (d) Fe L-, and (e) Ni L-edge XAS data taken at different probing depths, A. Each spectrum is normalized

to the edge jump.
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Figure 5. Extracted XAS data for the surface and inner regions.
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where Ay, Eyy, Iy, ayp 2, and g denote the escape depth of the
fluorescence X-ray for M, photon energy at the M L edge,
intensity of incident X-ray, composition of M, depth from the
surface, and absorption coefficient, respectively, while ¢ is a
constant including the emission and detection efficiencies for
the fluorescence X-rays. 6 is the X-ray incidence angle from the

surface normal, which was zero in the present experiments.
According to the above-mentioned model, ay is different
between the surface and inner regions, so the integral is

separately performed for z = 0 — ¢,

wrfand z = ¢

surf — ©0. Here,

the Cr and Fe compositions in the inner region are fixed at the
bulk values, 17 and 73%, respectively, and those in the surface

18595 https://doi.org/10.1021/acsomega.4c01226
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region are set as fitting parameters. The optimized parameters
and fitted curve are shown in Figure 3. The result shows that
the Cr composition is slightly smaller at the surface, which can
contradict the common understanding, in which Cr is believed
to gather at the surface to make the passivation layer. This
discrepancy might originate from the relatively small probing
depth, up to several tens of nanometers, in the present
experiment. Although we assumed that the Cr/Fe ratio in the
inner region below . is the same as the bulk value, the Cr/Fe
ratio in the region might be still larger than the bulk value, and
we would observe the slight change at the very surface region.
Note that we can not determine the absolute composition but
observe the relative change depending on the depth only
around the surface.

To investigate the depth-dependent changes in chemical
states for each element, XAS data at different probing depths,
4, are shown in Figure 4. Here, all spectra are normalized to
the edge-jump intensity. The O K-, Cr L-, and Fe L-edge XAS
show significant probing depth dependence, while the Mn and
Ni L-edge XAS exhibit a similar spectrum independent of the
probing depth. For instance, a peak at ~578 eV in the Cr L-
edge XAS, which is at the higher-energy side of the main peak,
becomes more prominent at smaller probing depth, A. Since
the peak at ~578 eV is attributed to Cr oxides or hydroxides, it
is directly suggested that Cr at the surface of the sample is
more oxidized compared to that in the inner region. A similar
probing depth dependence is found in the Fe L-edge XAS, in
which a peak at ~710 eV becomes prominent at a smaller
probing depth. Again, it is suggested that Fe at the surface of
the sample is more oxidized. On the other hand, Mn and Ni L-
edge XAS show little probing depth dependence, suggesting
the same chemical state independent of depth. The Mn L-edge
XAS shows characteristic features for MnO, while the Ni L-
edge XAS is similar to that for metallic Ni.

From a series of XAS data at different probing depths, XAS
for the surface and inner regions is extracted by assuming that
the thickness of the surface region is 3 nm. The experimentally
observed XAS signal at the probing depth, 4, is expressed by

(8, 2) = dOIE) [ u, Z)e@(_i)

1 z N
exp( oy ‘/0 u(E, 2')dz )dz 2)
where E denotes the photon energy, and I, z, #, ¢, and 8 are
similarly defined as those in eq 1. The depth-dependent XAS,
u(E, z), is determined to reproduce a set of I°®(E, 1) at
different probing depths, 4. The extracted XAS is shown in
Figure 5. At the Cr L edge, the peak at ~578 eV is prominent
in the surface region, while it is small in the inner region,
suggesting that Cr is oxidized mainly around the surface of the
sample. The extracted XAS at the Fe L edge exhibits similar
behavior, though the oxide peak at ~710 eV is less prominent
compared with that for Cr. In addition, the XAS in the inner
region is almost the same as that for metallic Fe. Therefore, it
is concluded that Cr is more oxidized than Fe around the
surface of the sample. It is difficult to determine the Fe oxide
species in the surface region because XAS for Fe;0, and Fe,0;
are quite similar to each other.

On the other hand, the XAS at the Mn L edge is almost the
same between the surface and inner regions, and the spectrum
exhibits features for MnO. For the Ni L-edge XAS, the
spectrum is also almost the same between the surface and inner

regions, but it is characteristic of metallic Ni. Thus, it is
indicated that MnO and metallic Ni uniformly exist through
the depth of at least up to several tenths of nm, which is the
probing depth of the present experiments.

To estimate the composition of the Cr oxides, the extracted
spectra are compared with the standard spectra® for Cr,O;,
Cr(OH);, and metallic Cr in Figure 6. Note here that it is
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Figure 6. Standard spectra for Cr,05, Cr(OH), (reproduced from ref
33. Copyright 2017 Canadian Science Publishing.), and Cr metal at
the Cr L edge (left) and extracted XAS data for the surface and inner
regions, together with simulated spectra (right).

generally accepted that Cr around the surface of SS exists as an
oxyhydroxide and oxide species together with adsorbed water.
Therefore, it is expected that the observed XAS consists of
some components characteristic of Cr—O and Cr—OH
coordinations, which are roughly represented by the XAS
spectra for Cr,0; and Cr(OH);, respectively. The simulated
XAS results using the standard spectra are also shown in Figure
6. Unfortunately, it is difficult to fit the data by using the
standard spectra because the Cr L-edge XAS contains
background signal originating from O K-edge absorption.
Moreover, as mentioned above, the chemical state of Cr in SS
is not simple, so that the fitting results does not directly reflect
the chemical state, even if the spectra are quantitatively fitted.
Therefore, we only discuss the qualitative changes in XAS
depending on the components’ standard spectra by showing
the XAS simulation obtained by the linear combination of XAS
for Cr and Cr,0; or Cr(OH); species with arbitrary
compositions as indicated in Figure 6. Here, we do not
distinguish Cr,O; from Cr(OH); because the Cr L-edge XAS
data for these species are quite similar to each other. It is
clearly suggested that Cr is more oxidized in the surface region.

Although the Cr L-edge XAS for Cr,0; and Cr(OH); are
quite similar to each other as mentioned above, these species
can be distinguished by using O K-edge XAS. To further
investigate the oxidation state of Cr, O K-edge XAS for
different probing depths are shown in Figure 7, together with
the standard spectra®>** for Cr,03, Cr(OH)s, and Fe;0,. The
observed O K-edge XAS has a prominent peak at ~532 eV,
which is attributed to Cr,Oj;. Interestingly, the intensity of the
peak depends on the probing depth, and it is more prominent
for a larger probing depth. Again, we do not fit the observed
XAS because the O K-edge data must contain a lot of species
other than Cr,0; Cr(OH),;, and Fe;O,, such as adsorbed
water, Mn oxides, and surface contaminations. The simulation
shows that the Cr(OH); component increases at a smaller
probing depth. It is thus suggested that there is more Cr—OH

https://doi.org/10.1021/acsomega.4c01226
ACS Omega 2024, 9, 18593—-18598


https://pubs.acs.org/doi/10.1021/acsomega.4c01226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01226?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01226?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
OI K edée i Cr2|03 Notes
) —— Cr{OH), 3 The authors declare no competing financial interest.

2 2 B ACKNOWLEDGMENTS

S 1 =]

g g2 The present work has been performed under the approval of
& & the Photon Factory Program Advisory Committee (Nos.
%‘ 0 *;;’ 2019S2-003 and 2022GSS3). The authors are grateful for the
k5 &' financial support of the JSPS KAKENHI Grant Nos.
-1 1 E

Cr,0; Cr(OH); Fe,0,
—— 02 04 04
o/ — 03 03 04 ]

530 535 540 545 550
Photon energy (eV)

530 535 540 545 550
Photon energy (eV)

Figure 7. Standard spectra for Cr,03, Cr(OH); (reproduced from ref
33. Copyright 2017 Canadian Science Publishing), and Fe;O,
(reproduced from ref 34. Copyright 2005 AIP Publishing) at the O
K edge (left), and XAS data for the probing depths, 4, of 1.5 and 17
nm, together with simulated spectra (right).

component at the surface of the sample compared to the inner
region. This seems reasonable because air in the room contains
water vapor.

B CONCLUSIONS

Chemical states of Fe, Cr, Ni, Mn, and O in the SS304, were
nondestructively investigated over a wide range of depth from
nm to several tens of nm by means of depth-resolved XAS in
the soft X-ray region. It was revealed that Cr is more oxidized
in the ~3 nm thick surface region. The chemical states of Cr
were described by a mixture of Cr—O and Cr—OH
coordinations, which are represented by Cr,O; and Cr(OH)5,
respectively, with more OH coordination at the surface.
Moreover, it was suggested that Fe is also oxidized in the
surface region, though it is not as prominent as the Cr oxides,
and that metallic Fe is dominant in the inner region. Mn and
Ni spectra showed MnO and metallic Ni features, respectively,
throughout the depth of at least up to several tens of nm. It has
been demonstrated that the chemical states of almost all
elements contained in SSs are observed in the near surface
region without any special treatment of the specimen. The
present technique is expected to be utilized to reveal the
mechanism of the corrosion process of SSs under various
conditions.
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