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Abstract

The surface region of austenitic stainless steel (SS) is investigated by synchrotron X-ray powder diffraction
(XRPD) and X-ray absorption near edge structure (XANES) measurements, because its composition and
structure is crucialfor the corrosion resistance of SS. Grazing incidence XRPD of a polished AlISI 304 bulk
steel sample show, that the near-surface structure is modified.. The concentration of the ferrite phase of Fe,
a typical minority phaseiin AlSI 304, increases gradually from 10% to 30% when approaching the surface
from 150 nm depth. XANES Fe K-edge investigations of ultra-thin, sputter deposited films also reveal much
larger ferrite fractionsithan expected from the austenitic steel composition of the films. Reasons for the
increased ferrite/fraction in the surface region of bulk steel and thin films are discussed. However, right at
the surface, the trend reverses. Analysis of XANES data for an ultra-thin, 4 nm SS film show that 80% of Fe is
oxidized and 20% of metallic Fe is present only in austenite structure, suggesting that ferritic iron is
preferentially subject.to oxidation. The austenitic Fe is located at more than 2 - 3 nm below the surface
where the Ni concentration is > 10%.
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1 Introduction

The present study reports about the austenite/ferrite composition in the very surface (< um depth) region
of stainless steel (SS). The polycrystalline bulk structure of SS is dominated by the austenitic phase. The Ni-
stabilized face centred cubic (fcc) structure provides superior corrosion resistance. At Ni concentration of
around 10 %, the body centred cubic (bcc) ferrite phase, the typical structure of bulk iron, is in the minority
in SS. However, by increasing the amount of ferrite in steel some mechanical properties such as strength
and toughness cansbe improved. Of current use are here duplex (stainless) steels that contains ferrite and
austenite roughly to equal amounts.

The current studysisimotivated by the fact that it is meanwhile well known that not only the global amount
of austenite and ferrite,in steel matters but their detailed distribution as well. Beyond mechanical
performance, the local austenite/ferrite distribution, in particular close to the surface, also influences,
affects or determines the corrosion resistance of steel [1 - 3]. It is important to realize in this context that
the corrosion behaviour,of (stainless) steel is ultimately determined by structure and composition of just
the outer few nm of the surface [4]. However, reports about the austenite/ferrite composition of steel in
the very near surface region (< um depth) appear to be scarce. Methods typically used for analysing the
austenite/ferrite compaesition of steel are diffraction techniques without surface specificity, optical
methods that are’inherently exclusively sensitive to the outer surface texture or magnetic measurements
that provide globalbulk information [5].

Steel is a rather common material in our daily life and a backbone of modern civilization. Global crude steel
production reached:1;875.0 million tonnes (Mt) in the year 2019 with China alone accounting for one
billion tonnes [6]. The world-wide steel use per capita, in terms of finished steel products, was 216.3 kg in
2017 [7]. Because of'its enormous importance, steel is still subject of intense ongoing research.

Steel components make up most of an automobile’s mass. With the drive toward green technologies, there
is presently a major push toward reducing the weight of steel components to increase fuel efficiency in
order to reducé’COz'emissions [8]. Thus, intense research focusses on making steel more formable, yet
stronger and lighter to'fulfil the same structural functions. Jeopardizing the strength and integrity of the
material, corrosion has/always been a major issue. For instance, recently, in the use of biodiesel as a new
green energy source, corrosion of biodiesel-filled fuel tanks has become a major problem [9, 10].

Steel is heavily used in marine applications for ships, bridges, on-shore and off-shore structure [11] and it is
extensively used in construction industries. Over one-quarter of steel produced annually is used in the
construction of buildings [12].

Stainless steel is used for a wide range of medical applications, because of the ease of manufacturing, low
cost, corrosion resistance, ease of cleaning and wide availability [13]. It is one of the most important
materials for orthopedic implants. Different stainless steel alloys have been developed for medical use but
the most frequently used medical grade stainless steel is the alloy AISI 316L [14].

There is hardly a nicheiin our daily life where we do not come into contact with steel products. If we
measure the impact of all sorts of materials in use in our life at 100%, the impact of steel is largest, rated at
32% [15]. Itis estimated that generally one quarter of the global energy consumption is used for the
production of materials [15] and more efficient use of materials is nowadays becoming more and more
important in order to reduce greenhouse gas emissions. This clearly calls for recycling of materials and
avoiding wasteful loss. In this respect it is important to realize that major amounts of steel are simply
destroyed and lost due to corrosion, making it subject of intense research.
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Like all metals, especially alloys, steel is subject of galvanic corrosion in aqueous environments. When two
dissimilar metals in electrical contact with each other are exposed to an electrolyte, a galvanic current
flows from the one to the other and corrosion takes place on the anode of the couple [16]. On our water-
rich planet, agueous electrolytic corrosion is omnipresent and especially destructive for alloys like steel,
where different metallic and non-metallic elements are in contact with each other on the microscopic
scale. So-called stainless steels (SS) offer some corrosion resistance owing to a specific alloy composition,
notably by a sufficiently high chromium concentration. With a chromium content of 18 to 20%, AlSI 304
[17] and AISI 316 are among the most widely used stainless steels, where the composition of the latter
differs from the former only by the addition of 2 to 3% of Mo.

The dominant (pely-)crystalline phase of AISI 300 series of steels is the face centered cubic (fcc) austenite y-
phase. Iron itself crystallizes at room temperature in the a-ferrite body centered cubic (bcc) structure and
the stabilization of the,austenite fcc phase in AlSI 304/316 steel requires the addition of Ni, which adopts
the fcc structurelin its bulk form. A concentration of 8 to 12% is characteristic for the austenitic steels AlSI
304 and AISI 316 [17]. However, austenitic steels such as AISI 304/316 can also contain a certain amount of
body centered cubic (bcc) ferrite a/6-phase depending on production and processing [18, 19].

Corrosion resistance of stainless steel is achieved by an ultrathin metal-oxide film of merely =2 —3 nm
thickness, acting”asabatrrier. This passive layer prevents galvanic corrosion by hindering electrical transport
and material diffusien"from and to the underlying bulk of steel [20-4]. However, the protection is not
perfect under all.conditions. Reasons for the breakdown of the ultra-thin protective film and the
microscopic processestinvolved at the onset of corrosion are subject of intense research [22]. Owing to its
minute thickness, understanding of the cause of the onset of galvanic corrosion and following the atomistic
mechanisms of the.destruction of the metal-oxide film in situ are not easy tasks. It requires following
processes in the surface with sub-monolayer sensitivity, despite the material being covered by electrolyte.

Very recently, we reported a novel approach to investigate early surface processes during galvanic
corrosion of stainless steel by employing ultra-thin films and synchrotron X-radiation [23]. Using ultra-thin,
4 — 80 nm thick films*for corrosion studies allows tracing in situ, with sub-monolayer sensitivity, under the
presence of a bulk=like'electrolyte layer, the material budget in the passive film during galvanic corrosion,
employing X-ray spectrescopy and using the penetration power of X-rays. With 4 nm thick steel films, here
denoted as 4 nm SS 304, exposed to 0.1 M KCl in an electrochemical cell, we monitored the onset of
corrosion in situ, studying the breakdown of the passive layer in contact with the electrolyte as a function
of applied steel-electrode potential on the atomic scale [23]. The films had been deposited on silicon
substrates, SiN membranes and Ru/B4C multilayer (ML) by sputter deposition using AISI 304L and AISI 316
stainless steel as targetymaterial. AISI 304 and AISI 316 are very similar, except that AISI 316 exhibits higher
pitting corrosion [24] resistance due to the addition of 2 to 3% of Mo [17]. The 304L variant has a slightly
lower carbon content (0.03%) instead of 0.08% for AISI 304 [17].

An important part,of the investigation involved the characterisation of the thin films using X-ray diffraction
and spectroscopy, which proved that they represent excellent replicas of the (near-)surface region of steel
in terms of structure, chemistry and composition. The results of X-ray absorption near edge structure
(XANES) [25] measurements, obtained for an about 4 nm SS 304 film have been published recently [23, 26]
and are reproduced in Fig. 1. Analysis of the chemical sensitive XANES spectra revealed quantitatively the
degree of oxidation of the three main metallic elements, i.e. iron, chromium and Nickel. The fit to the data
using the ATHENA [27] software revealed (with an error of + 5%) that 84%, 67% and 20% of chromium, iron
and nickel, respectively are oxidized. Combining XANES measurements with the XSW technique [28 - 31]
allowed to probe the metal-oxidation states in the film depth selectively [32]. The results revealed that the
metal oxidation is limited to the outer 2 — 3 nm surface region of the SS 304 film [23, 26].
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Figure 1 XANES data of 4 nm SS 304 film at the Cr, Fe and Ni edge. Fit to the data using corresponding reference spectra revealed
(with an error of #5%)the'degree of metal oxidation : 84%, 67% and 20% of chromium, iron and nickel, respectively are oxidized.
(Taken from [24])

The depth distribution‘of Fe, Cr, and Ni, the three main elements of a 4 nm SS 304 steel in the film, was also
analysed withitheshelprof X-ray standing wave (XSW) measurements. The XSW analysis of the 4 nm SS 304
film on a Ru/BsC'multilayer has been published recently [26, 23]. The results, reproduced in Fig. 2, reveal
strong segregation in the surface region with (oxidized) Fe exclusively covering = 0.5 nm of the surface.
Chromium, mostly oxidized, is found below, whereas Ni, mostly metallic, is hidden at a depth exceeding = 2
nm.
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Figure 2 Results of theXSW-analysis of the metal distribution in the 4 nm SS 304 film on the RuB,4C multilayer. (a) Schematic
representation. (b) Results of the XSW analysis [26].

These findings forthe thin films are in accordance with earlier reports of the structure of bulk steel samples
[33 - 35]. This is interesting on its own since it suggests that the main reason for the metal segregation and
the specific layering is the minimization of the surface energy, suggesting that Fe-oxide has a lower surface
energy than Cr-oxide in.turn lower than for nickel(-oxide).

In the present'publication we investigate the (near-) surface structure of steel further and reveal that even
the crystalline structural composition of steel is modified, however reaching (much) further, = um deep into
the bulk. Using grazing incidence powder X-ray diffraction (GIXRD) and a polished AISI 304 bulk steel
sample, we show that the bcc ferrite structure becomes gradually more prominent when approaching the
surface from a depth of > 150 nm. A much higher ferrite fraction than expected from their austenitic steel
composition is also observed for thin films. Only in an ultra-thin film of = 4 nm, the metallic Fe phase is
austenitic and no bcc ferrite could be identified by XANES, which suggests that (exclusively) the bcc iron in
the surface region has been oxidized.
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2 Experimental

The structural analysis of the steel surface region was carried out using synchrotron radiation at two state
of the art beamlines. Grazing incidence X-ray powder diffraction (GIXRPD) measurements were performed
at the 107 surface diffraction beamline [36] at Diamond Light Source Ltd. at Rutherford Appleton lab,
Didcot, UK, using mirror focussed X-rays set at 9.2 keV and the six circle kappa diffractometer with a 2D
pixel detector (Pilatus 100 k from Dectris). As sample served a 2 mm thick, annealed (as specified by the
supplier) austenitic stainless steel platelet (AISI 304 from Goodfellows), polished to optical finish by surface
preparation laboratory in Netherlands. AISI 304 contains 18 to 20 % chromium, 8 to 12 % nickel, about 3%
other elements stich asimanganese, silicon, carbon, etc., with the remainder being iron. Depth resolved
structural information.was obtained by varying the angle of incidence of the X-rays. Corresponding
attenuation lengths are estimated/calculated using the center of X-ray optics (CXR) data server at Lawrence
Berkeley Lab [37].and an average steel metal composition with 10%, 20% and 70% of Ni, Cr and Fe.

X-ray absorption'near€edge structure (XANES) measurements at the Fe K-edge around 7112 eV were carried
out at the absorptiomsspectroscopy beamline P64 at the PETRA lll storage ring at DESY, Hamburg, Germany
[38]. The investigated stainless steel thin films were produced by sputter deposition from AlSI 304L targets,
as described in detail in a recent publication [23]. AISI 304L steel consists to 97% of Fe, Cr and Ni. The
concentrations ofthese three metals in the thin films, as determined by quantitative X-ray fluorescence
analysis [23], were.found to be in the range typical for austenitic 304 steel. . The steel thin films are
denoted as SS'304 in the following. The films were deposited with the substrate held at room temperature
without any post-depeosition treatment. They were kept for weeks under normal ambient conditions before
the investigations. Employing a multi-element solid state detector [38], emission mode XANES
measurements.of the.thin films were carried out at grazing angle of incidence to enhance the surface
sensitivity and supress fluorescence from the substrates. The XANES spectra of the thin films were analysed
by fitting linear combinations of Fe XANES spectra of bulk iron, AISI 304 steel and Fe-oxides to the data
using the ATHENA program [27].

A 5 um thick foil of'AISI 304 steel, also obtained from Goodfellows, was used to record a XANES reference
spectrum for Fetinraustenitic steel. The corresponding measurements were performed in transmission
geometry, thus avoiding surface effects. Simplifying, for the purpose of reference, this XANES spectrum is
assumed in the fallowing to be typical for Fe being present to 100% in austenitic environment, i.e. in the fcc
structure. Other Fe XANES spectra needed for fitting the thin film data namely of bulk iron, i.e. Fe with bcc
structure, and Fe-oxides had been obtained from elsewhere [39].

3 Results
3.1 X-ray powder.diffraction

The results of GIXRPD measurements of a polished AISI 304 sample are shown as a function of grazing angle
in Fig. 3 with the'austenite fcc peak at about 37.6 degree and ferrite bcc peak at about 38.3 degree. The
corresponding attenuation lengths for the different angles of incidence, i.e. the penetration depths of the
incident X-rays; are shown as a function of the angle of incidence in the right hand part of Fig. 3. Decreasing
the angle from 1.5t0:0.2 degree, the mean X-ray penetration depth decreases from 150 to 2 nm.
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Figure 3 Left hand: X-ray powder diffraction data as a function of incidence angle with fcc peak at about 37.6 degree and bcc peak
at about 38.3 degree. Right hand: penetration depth as a function of angle of incidence with the five angles used on the left marked
in the figure.

From the shallowest'angle incidence (0.2 degree) to the highest angle of incidence (1.5 degree) the
penetration depthincreases from 2 nm to 150 nm and the austenite to ferrite peak intensity ratio a/f
changes from roughlysa/f = 2 to a/f = 10. This means that closer to the surface roughly 30% of the steel
adopts the ferrite.structure compared to only about 10% in the bulk. From the width of the diffraction
peaks the fcc and bcc grain sizes can be estimated being about 40 nm and 30 nm, respectively.

Recently, © - 20 powder XRD (XRPD) data were published (reference [23], fig. 2) of the AlSI 340 steel that
had been used as target for the sputter deposition of the thin films used in the present study as well as
XRPD of another =100 nm thick film that had been produced by 15 minutes sputter deposition (Fig. 3 in
reference [23]). Those measurements had been carried out using a Cu K lab source (X-ray energy of 8.04
keV). With an angle.of incidence of roughly 22 degrees for the fcc (111) and bcc (110) peak, the mean
probing depth of the X-rays can be calculated to = 1.5 um, significantly larger than for the GIXRPD
measurements shown'in Fig. 3. For the bulk target-steel, the ratio of the integral intensities of the fcc (111)
to bcc (110) peaka/fiwas determined to about 4, i.e. significantly smaller than for the polished AISI 304
sample with a/f =20sfer the largest grazing angle (largest mean penetration depth). Thus, about 20% of Fe
in the target steel were/found adopting the ferrite structure compared to only 10% in the polished steel
sample at penetration depths of 1.5 and 0.15 um, respectively. For the = 0.1 um thin film with a/f = 2 the
corresponding ratio was found even smaller, meaning that about 30% of the Fe in this thin film was found
in bcc environment.

However, as reported in reference [23], the fit of the data of the = 100 nm film visibly did not reproduce
the austenite (112):and ferrite (110) peak shapes very well. This can be understood, since with decreasing
film thickness andthusiincreasing film shape-anisotropy, crystalline grains in the thin films will unavoidably
become smaller on average and the size distribution will become inhomogeneous and anisotropic. The less
well pronounced X-raypeak profiles of the thin film in figure 3 of reference [23] indicate indeed a more
inhomogeneous'size distribution in comparison with the bulk steel. Decreasing and inhomogeneous grain
size are associated'with diffraction peak broadening and peaks eventually vanish in the background (peak
broadening will reach 2 degree for 4 nm grains) and the diffraction data become unreliable. Furthermore,
for thin films, (surface) oxidation must be taken into account. Determining the austenite/ferrite ration by
fitting the austenite and ferrite XRD peaks for thin films thus becomes unreliable. Because of this, we relied
on XANES analysis for determining the austenite and ferrite (and oxide) composition in the thin films.

3.2 XANES analysis of SS 304 thin films

This article is protected by copyright. All rights reserved



1.25 T T

cC

£1.00F

e

"]

5075 F

i

T

=050

= $S 304

- 0.25 = |ron |

2% —w AIS| 304
0.00 | 1 1 1 1

7050 7075/ 7100 7125 7150 7175 7200 7225
PHoton energy (eV)

Figure 4 XANES spectra of Fe, AlSI 304 steel and an 80 nm thick SS 304 film, all roughly scaled to the same intensity.

For determination of the Fe environment in the films we relied on fitting Fe XANES spectra using linear
combination fits (LCFs) employing as reference Fe XANES spectra of materials with Fe in different
environments.

Figure 4 shows for comparison normalized XANES spectra taken at the Fe K-edge for Fe in bulk iron, AlSI
304 steel and an80"AM"SS 304 film. The three spectra clearly differ, in particular for Fe in bulk iron (bcc)
and steel (fcc) envirenment. Figure 5 shows a linear combination fit (LCF) to the SS 304 80 nm film XANES
data using thelATHENA program and Fe spectra from AISI 304 steel, bulk iron and FeO samples. It reveals
that in the 80 nm filmi(63 £ 5)% Fe are in the bcc and only (28 + 5)% Fe is in the fcc austenite structure with
the remainder (9 £ 5)% of the Fe being oxidised. The fit results show more bcc than fcc Fe (twice as much)
in the 80 nm film,.i.e.a/f = 0.5. This may be compared with the XRPD results of the thicker, 100 nm film (cf.
Fig. 3, reference([23]) that gave a/f = 2, i.e. twice as much austenite (fcc) as ferrite (bcc). Already at this
point it is importantto stress the complementarity of XANES and XRD. While XRD is (only) probing the long
range coherent phase, XANES is sensitive to the local atomic structure [25].

The metal composition in the films had been determined by quantitative X-ray fluorescence analysis [23]. In
terms of Fe/NipsFe/Ermand Cr/Ni concentration ratios, for the 80 nm (4 nm) SS 304 film the measurements
had revealed valuesiof9.2 (9.0), 4.3 (4.3) and 2.1 (2.1), respectively. Since in AISI 304 Fe, Cr and Ni together
represent roughly 97% of the total material [17], the measured ratios translate to Ni and Cr concentrations
cniand cer, respectively inthe 80 nm (4 nm) film of cni= 8% and ccr= 17%. In austenitic AlSI 304 steel, Ni and
Cr concentrations should be ranging from 8% < cni< 12% and 18% < ccr < 20% [17. Thus, the Cr and Ni
concentration in'80.nm (4 nm) film are at the lower limit for austenitic steel.
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Figure 5 Fe XANES data of a 80 nm SS 304 and a LCF using the ATHENA program and Fe XANES data of bulk AISI 304, iron and
oxide. The fit reveals that (63 + 5)%, (28 + 5)%, and (9 + 5)% of the Fe is in the bulk-Fe (bcc), AlSI (fcc) and oxide (FeO) phase,
respectively.
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Figure 6 Fe XANES data for a 50 nm SS 304 film (data) and LCF using a combination of Fe XANES spectra of bulk AISI 304 steel, iron,
and oxides (FeO + Fe30y). The data are best fitted with (60 £ 5)%, (30 £ 5)% and (10 £ 5)% Fe in the fcc, bcc and oxide phase,
respectively.

The results of Fe XANES. measurement for a 50 nm SS 304 film are shown in Fig. 6. A fit to the data, using
the ATHENA program.and a linear combination of Fe XANES spectra from AlISI 304 foil, bulk iron and from
Fe-oxides, reveals that the Fe XANES spectrum of the 50 nm SS 304 film is best fitted with (60 £ 5)%, (30 £
5)% and (10 + 5)% “Ee.in the fcc, bcc and oxide phase, respectively. Here, FeO and Fes0, are contributing
roughly to the same amount (5%). Thus the austenite to ferrite ratio a/f equals 2. Worthy of mention, for
this film, compared to the 80 nm film, XRF had revealed higher Ni and Cr concentrations cyi = 10% and ccr =
22%, respectively, compared to cni = 8% and ccr = 17% for the 80 nm film.

The Fe XANES data for an ultra-thin, 4 nm thick sputter-deposited SS 304 film are shown in Fig. 7. The Fe
spectrum from the SS 304 thin film is markedly smoother compared to those of the 50 nm and 80 nm films.
This points out a'larger/local disorder around the Fe in the ultra-thin film. The Fe XANES spectrum from the
SS 304 film is best reproduced using a linear combination of spectra of Fes04 and AlSI 304 with a weight of
(79 £5)% and (21 £ 5)%. This means that within the limits of error (about + 5%) there is no bcc structure
found in the film. The metallic part of Fe in the film is exclusively present in the form of fcc austenite phase
and four fifth of the'film;iite. = 3 nm are oxidized.
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Figure 7 Fe XANES data for 4 nm SS 304 film and LCF with the help of the ATHENA program using Fe XANES spectra from AISI 304,
bulk iron, and oxide. Best fit is obtained with (79 £ 5)% Fe304, (21 + 5)% AISI 304 and 0% bulk iron spectra.

4 Discussion and conclusion
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The presented GIXRPD results (cf. Fig. 3) show clearly that the bcc (ferrite) to fcc (austenite) ratio in the
surface region of stainless steel is not constant, but that the fraction of ferrite increases when approaching
the surface. That austenitic stainless steel usually contains some amount of ferrite in the bulk is a well-
known fact. In the bulk of AISI 304, probed by ferritscope on a macroscopic (mm) scale, the bcc delta ferrite
fraction was found to vary between about 2% and 11%. [40].

It is also well known that the austenite to ferrite ratio depends sensitively on treatment [41] such as cooling
rate [40]. For instance, when the austenite phase is quickly quenched to low temperature, a displacive,
martensitic transformation leads to the formation of the bcc or body centered tetragonal (bct) structure
[42]. Very important forthe crystal structure of steel is the material composition. In particular, a sufficient
concentration of\Ni is required in order to stabilize the fcc structure of austenitic steel.

The presented results appear to show some discrepancies and even seemingly contradictory findings. Some
discrepancies are already obvious for the two investigated bulk samples. Probing the polished AlSI 304
sample by GIXRPDpanalysis reveals that it contains more than 30% ferrite at the very surface, decreasing to
about just 10% atstheslargest sampled depth of = 150 nm. For an even larger probed depth of = 1.5 um,
XRPD O - 20 measurements of the (unpolished) AISI 304 steel sample, which was used as target for sputter
deposition of the thin films, showed a larger ferrite fraction of about 20%. In view of the above said, we
believe that this discrepancy can be explained sufficiently by different histories of treatment of these two
samples. Even besides polishing, both AISI 304 specimen almost certainly underwent different production
processes. Furthermore, differences in Ni concentration cannot be excluded either, which would also affect
the amount of austenite and ferrite in the material.

Interestingly, the ferrite to austenite ratio is also significantly enhanced in the thin films, while their metal
composition is proven to be compatible with austenitic stainless steel [23]. Thus, the thin films appear to be
reflecting the behaviour of the investigated bulk steel surface region. This confirms our earlier conclusions
that steel thin filmssrepresent valuable replicas of the surface region of stainless steel [26, 23] despite the
fact that the “production” histories of the bulk steel samples and the thin films are obviously quite
different. Analysis of'the XANES data of the 50 nm film reveals that 30% of the iron is adopting the ferrite
structure, whichi cantbe compared with the GIXRPD results on the polished steel sample. At 0.6 degree
grazing angle, corrésponding to an attenuation length of 52 nm, about 20% of iron is found in the ferrite
structure, i.e. a very comparable amount. It is important to note that with 10%, the nickel concentration in
the film was exactly what it should be for austenitic steel. The XRDP results for the thicker = 100 nm film,
reported in section 3.2, show also about 30% of Fe in the ferrite structure, similar to the results on the 50
nm film, despite itslarger thickness. The analysis of the XANES data of the 80 nm film suggest that 60% of
the iron have adopted:ithe ferrite structure, but with cni = 8% this film showed slightly reduced Ni
concentration. Obviously, some variations of the ferrite concentration may be caused by variations in the
nickel concentration.

However, when comparing the XANES and XRPD results, as mentioned above, it has to be taken into
account that XANES and (GI)XRPD measurements provide (largely) complementary information. Whereas
XANES measurements are exclusively sensitive to short-range (= 1 nm) order, XRPD measurements require
some long-range (>> nm) crystalline structure. In this context it is interesting to note that in the high
resolution GIXRPD data (cf. Fig. 3) the bcc peak-width is noticeably (about 50 %) broader than the fcc peak-
width, which means that the bcc crystallites in the polycrystalline steel are overall smaller than the fcc
crystallites. Thus, it is reasonable to argue that some of the Fe in disordered bcc phase and smaller bcc
nuclei may be missed at all by XRPD measurement whereas it will increase the XANES signal, by which
reason XANES may show a larger bcc concentration than XRPD. Furthermore, it should be mentioned that
annealing and mechanical deformation is known to introduce some weak texture in bulk steel samples [43,
44], which could also have influenced the results of the XRD measurements.
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While the concentration of ferritic iron is found to increase when approaching the surface, the analysis of
the XANES data for the thinnest film (= 4 nm) shows that it contains a major fraction of oxidized Fe having
largely disordered (amorphous) local structure. The result of LCF is consistent with Fe in the Fes04 phase
(79%) and a minority in the metallic austenite fcc phase (21%) while no Fe in the bcc ferrite phase is found.
Thus, it seems to be safe to conclude that all bcc (and only bcc) iron in the surface region has been oxidized.
Consulting Fig. 2b, it is obvious that the Fe in the austenitic phase of steel will be located at a depth below 2
- 3 nm where the Ni concentration is above 10%.

The presented GIXRPD results show clearly that the ferrite to austenite ratio in the surface region of
stainless steel is not constant, but a function of depth. Reasons for this cannot conclusively be given based
on the presented results but will require further investigation. Metal segregation and metal concentration
gradients could play.a role. In fact, the presented data seem to provide evidence that some increase of
ferrite fraction may be,the consequence of nickel poor environment. However, a relative high ferrite
fraction of 30% is also found in a 50 nm film with sufficiently high Ni concentration - a ferrite concentration
that is in reasonable agreement with the 20% ferrite concentration found in a probed depth of = 50 nm in
the polished bulk steel sample.

At any rate, similar findings for the investigated thin films and the bulk sample strongly suggest that the
increase of the ferritefraction is a surface/interface effect caused by whatever reason. It could be related
to surface/interfacesstrain that may reach um deep into the bulk. In fact strain has been reported to be
responsible fortransforming austenite to ferrite in stainless steel [45]. The observed segregation and
oxidation of the surfaceywill certainly introduce large strain. Furthermore, strong surface/interface strain
would also be caused by hydrogen diffusion. We recently reported that cathodic hydrogen loading is
stressing the steel.surface immensely [26]. However, with concentrations in the ppm range, it is
guestionable whether the hydrogen concentration in steel following hydrogen in-diffusion under ambient
conditions [46, 47] could introduce sufficient strain.

In summary, the presented results provide further evidence of earlier conclusions [23] that sputter
deposited steel films'represent useful replicas of the (near) surface region of steel. The fraction of
austenitic steelfin'thetthin films is reduced compared to bulk steel. The presented GIXRPD results clearly
demonstrate thatthissmimics the behaviour of bulk steel samples where the fraction of ferritic steel
increases, when approaching to the surface, by at least 300% from about < 10% in the bulk to =30%. The
XANES results on an ultra-thin 4 nm film reveal that Fe is oxidized to 80% and the remaining metallic Fe
(20%) is left 2 -3 hm below the surface exclusively in the nickel-rich austenitic phase.
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In stainless steel (SS), the local austenite/ferrite distribution determines mechanical properties such as
hardness and, close taithe surface, affects the corrosion resistance. X-ray diffraction and near edge
absorption analysis of bulk AISI 304 SS and thin films show that the concentration of ferrite, typically a
typical minority phase. in SS, strongly increases closer to the surface.

‘ G :Ei
arazing angle
20}b I; : a=02° 11 4 0.1 54
- Austenibe a= 035" o
= B a=06 a
3 a=10° E
I 15p l asl5* ©
= v
H 001 §
L m 1 Stainless Steel AISI 304 ™ &
=

™ - CraaNI e
Ferrlte &;,.h ifex i =
0.5}¢ ’ 4 ensity = 7.15 =
: — Photon energy = 9.2 keV prer]
~— Q
A s s s ) | PSP, ', 3. |

36.5 37.0 3.5 380 38.5 3%9.0 395 400 000 025 OS50 075 100 125 150 175 200
20 angle {deg ) Griazing angle (deg |

This article is protected by copyright. All rights reserved


https://doi.org/10.1016/j.actamat.2005.11.001
https://doi.org/10.1016/S1359-6462(01)00858-2

