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ABSTRACT

The crystal structure, the magnetic properties, and the valence band density of states of an oxide dispersion strengthened (ODS) steel with nominal composition of
Fe-18%Cr-13%Ni-2.5%Mo-3.2%8Si-0.1%C +1 wt% Y,03 was investigated applying volumetric and surface sensitive methods. The sample volume contained majority
fec and minority bee phases according to XRD and volumetric magnetic measurements, while the top layer of the grains contained only the paramagnetic fcc phase,
revealed by conversion electron Mossbauer spectrometry (CEMS) and by photoelectron measurements. The valence band photoelectron emission spectra reflected
well the average distribution of the theoretically expected DOS, however, there were no signs of abrupt peaks in the region of 0-4 eV below the Fermi level that could
have been attributed to 3d Fe states (bcc phase). It was demonstrated that the photoelectron emission can be utilized to distinguish the Fe atoms located in different
crystallographic structures. The valence band data of the ODS steel was compared to that of originating from a bcc iron based magnetic alloy.

1. Introduction

The oxide dispersion strengthened (ODS) ferritic steels have attrac-
ted attention as possible applicants in current fast nuclear reactors and
in future fusion reactors [1], because they have excellent corrosion
resistance, superior tensile and fatigue strength at elevated temperatures
[2,3], and very good neutron irradiation tolerance [4]. Other important
applications are heat exchange tubing, high temperature turbines
blades, and the protecting surface of spacecrafts. In these cases the high
temperature tolerance combined with the possible best resistance
against the mechanical stress and wear are the key factors. When used as
protecting surface in space, in order to reduce mass, the whole net
thickness of the ODS steel has to be relatively thin because the physical
characteristics of the top layer have emphasized importance. The
sandwich structure itself represents a method to increase the surface/-
volume ratio of the outer wall e. g., in the case a spacecraft. The wall has
to show damage tolerance against the radiation and the outer debris.

The mechanical strengthening of ODS steels is the consequence of the
homogeneously dispersed nano-size oxide particles in the steel matrix
[5]. The thermal resistance of these materials (their stability and
possible changes due to a heat load) have also primary importance. The
systematic investigations on 14%Cr-ODS ferritic steels show that the
annealing leads to finer and more homogeneous dispersion of the oxide
particles with improved mechanical properties. The grain size remains
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stable below 800 °C, while at higher temperatures the grains start to
grow [6,7]. These structural changes are accompanied by altered mag-
netic properties too, such as coercive field (H), remanent magnetization
(M,), and magnetostriction [6,8-11] measured at room temperature.
These magnetic properties, especially the magnetization and the
magnetostriction are closely related to the local chemical environment
and the electronic structure (Density Of States, DOS) of the Fe and Cr
atoms. This structural changes may be followed by means of Mossbauer
and XPS photoelectron spectroscopies [12,13].

According to the basic microstructure of the ODS steels the Fe and
Fe-Cr grains are closely surrounded by the dispersed yttrium-oxide
particles. This inhibits the movement of the dislocations and the diffu-
sion processes between the grains. The extrusion process strongly affects
the precipitation of the oxide particles and their dispersion, consolidated
via suitable hot isostatic pressure and additional heat treatments [5,14].
Because of the nano sized oxide particles are responsible for the
improved mechanical and thermal properties, it can be expected that
any change in their distribution may lead to altered properties, espe-
cially in the proximity of the surface. The altered quality of the surface of
the ODS steels may play very important role in corrosion processes. In
order to test if there is a difference between the surface and the bulk
properties, we decided to compare the results of volumetric and surface
sensitive methods.

It is well known that according to the XRD pattern analysis a slight
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amount of the chromium atoms can be present in FeCr solid-solution
with body-centered cubic structure [5]. The applied pressure during
the ODS steel production and the pressure gradient in the direction of
the sample surface may govern what structural changes may happen.
The properties and the electronic structure of bec Fe under the effect of
pressure of 0-30 GPa have been modeled theoretically. The calculated
results show that there is a structural transition from the magnetic (bcc)
Fe to nonmagnetic hexagonal closely packed (hcp) structure at
approximately 11 GPa. The exchange splitting of the 3d electrons in the
bcc Fe phase is deeper and wider than for the hep. The magnetic moment
in bec Fe vanishes above 18 GPa, due to the structural transition to hcp
Fe [15]. The ferromagnetic bec Fe is ductile, while the hcp Fe becomes
brittle above about 25 GPa. It was also modeled theoretically that the
enthalpy barrier for the bec-hep transition is comparable with that of
the bec—fce transition, while that of the fcc-hcp transition is relatively
higher [16]. Therefore, at lower temperatures the occurrence of the
metastable fcc state during the transition process must be transient. At
higher temperatures, however, the fcc and the hcp phases dominate,
while the bee diminishes, attributed to configurational entropy [17,18].

2. Experimental
2.1. Samples

The ODS samples with nominal composition of Fe-18%Cr-13%Ni-
2.5%Mo-3.2%8i-0.1%C +1 wt% Y203 were prepared from powders of Fe
(99.9 at% purity, 75 pm diam.), Cr (99.9 at% purity, 75 pm diam.), Ni
(99.6 at% purity, 75 pm diam.), Mo (99.9% purity, 75 pm diam.), and
Y203 (99.99% purity, 30 nm diam.). The powders were degassed and
sealed in a stainless steel container in vacuum of 10~2 Pa at 450 °C. The
mixed powders were then mechanically alloyed with high-energy
planetary ball milling at 380 rpm in argon protecting atmosphere for
3 h. The ball-to-powder weight ratio was 10:1. The canister contents
were then consolidated by hot isostatic pressure (HIP) of 200 MPa at
1150 °C for 3 h. The hot samples were quenched to room temperature in
2-3 min.

2.2. Structure

The surface morphology of the prepared samples was checked by a
white light interferometric surface analyzer (Zygo NewView 7100). A
characteristic cross sectional line-cut profile is shown in Fig. 1. The
surface morphology seen in the figure shows that the surface roughness
was in the range of 1-2 pm vertically, and 10-50 pm horizontally. These
elements are far too large to have a direct nano or chemical effect in the
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Fig. 1. Surface morphology of the polished ODS steel sample, obtained by
means of a Zygo NewView 7100 interferometric surface analyzer (cross-
sectional line cut profile).
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ODS steel samples, similarly to the observed size-dependence of the
valence band of Au nanoparticles [19]. This roughness might be related
to the enlarged grains as a result of the relatively high consolidating
annealing temperature, instead of the nano-size oxide particles which
are supposed to have decreased size with temperature [6,7].

To determine the crystal structure of the ODS sample we used X-ray
diffraction (XRD) [20]. Our instrument was a “Bruker AXS D8 Discover”
XRD diffractometer, equipped with a Gobel-mirror and a scintillation
detector, utilizing Cu K, radiation. The XRD spectrum of the sample with
line positions and Miller-indices of the identified majority fcc phase and
minority bec phase were identified in the range of 20 = 40°-80° (Fig. 2).
The 20 value for the strongest ODS Fe peak is at 43.7° and the FWHM is
0.4°. From the X-ray diffraction lines of the ODS sample this peak was
identified as the Fe(111) plane of fcc iron. A hint of broadening of the Fe
(111) reflection indicates some mechanical strains, or other defects and
lattice imperfections in the iron component. The X-ray diffraction data
for the magnetic reference sample consisted mostly of the Fe(200)
reflection of the martensite (Fe bec) structure with a small Fe(111) fecc
component and another reflection showing even lower Cr content.

2.3. Magnetic measurements

Volumetric magnetization of two samples was measured as a func-
tion of the applied magnetic field by a Foner-type vibrating-sample
magnetometer [21]. The measurements were undertaken at room tem-
perature (300 K) and revealed a low value (2 A mz/kg) magnetization
for the ODS sample (austenite phase) and a much larger magnetization
(20 A m?/kg) for the magnetic martensite reference sample.

In order to see the magnetic properties of the top 60-300 nm thick
layer, conversion electron Mossbauer spectroscopic (CEMS) measure-
ments was performed by a conventional constant acceleration type
spectrometer in order to determine the detailed magnetic properties of
the ODS sample. The spectrum was obtained using a 50 mCi 57Co(Rh)
single line source. The isomer shift (IS) values are given relative to a-Fe
at room temperature (300 K). The CEMS spectra for the ODS sample
(Fig. 3) are shown with two velocity scales (insets a and b), and for the
non-magnetic reference sample (inset c), all measured at room tem-
perature. Both spectra consist of a relatively broad single line, and are
very similar to those measured earlier for STT-95 absorber samples by
Mossbauer transmission measurements [22,23]. The average isomer
shift (8) and the line width (w) are —0.091(2) mm/s, and 0.337(7)
mm/s, respectively. The inset histogram-like distribution for the ODS
sample shows a small peak around 0.3 mm/s, suggesting another state of
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Fig. 2. X-ray diffraction (XRD) spectrum of the ODS steel sample with line
positions and Miller-indices of the identified majority fcc and minority
bece phases.
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Fig. 3. The conversion electron Mossbauer spectra (CEMS) of the ODS steel (a,
b) and of a non-magnetic stainless steel reference sample (c).

iron. This small peak was not detected in the case of the reference
sample. The Mossbauer spectra indicated the presence of austenitic (fcc)
phase Fe. No ferrite or martensitic phase contents were observed. The
enhancement on the positive velocity tail of the peak of the ODS dis-
tribution curve in Fig. 3 shows the presence of Fe>* in a small amount.
Maybe this can be attributed to the presence of oxygen in the 1% Y203,
interacting with the iron.

2.4. UPS and XPS measurements

Focusing on the electronic properties of the surface, photoelectron
investigations were performed on the as prepared ODS and as received
magnetic reference samples, loaded into a Kratos ES300 photoelectron
spectrometer. The measurements were carried out in 10~° - 1071 mbar
UHV, provided by high performance ion getter pumps. For the mea-
surements we used He I (21.2 eV) and Al K, (1486.7 e€V) UV and X-ray
sources. The energy resolutions of the UV photoelectron spectrum
(UPS), and the X-ray photoelectron spectrum (XPS) measurements were
0.1 eV and 1 eV, respectively. The energy scale of the UPS and XPS
photoelectrons was calibrated to the Fermi level of the metal parts
(which is at the midpoint of the steep drop at the high energy end of the
kinetic energy spectrum of the photoelectrons for each sample and
spectrum), however, as it turned out lately, more reliable procedures are
advisable [24].

Because of the very high surface sensitivity of these methods, the
surfaces of the samples were cleaned in situ by 5 keV Ar" ion beam until
the spectrum was stabilized, and the reference spectrum was equivalent
to the data given in the literature for the clean Fe [25]. The ion getter
pumps are very effective at extracting Ny, O3, CO, and CO5 gases without
introducing hydrocarbon contamination, therefore, after a long enough
Ar" ion cleaning we can expect that any O or C contamination that are
still detected were present inside the sample. The survey XPS spectrum is
given in Fig. 4a, with an expanded view of the Fe 2p core level emission
shown in Fig. 4b. The survey XPS spectrum was used to determine the O,
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C, content and metallic chemical components. The concentrations of the
O and C components are rather large, and may form some oxides with
the metallic components. The most important component, namely the
Fe, was measured by the strength of its 2p emission separately.

The valence band of the a-Fe has ferromagnetic characteristics very
similar to the bcc Fe, namely, large Fe 3d originated density of states
(DOS) at the Fermi level. According to earlier observations [26], there is
a strong correlation between the valence band DOS, the ferromagnetic
properties, and the mechanical properties.

The splitting of the Fe 2p peak, seen in Fig. 4b, corresponds to that of
a separate clean pure iron surface, namely 13.2 eV splitting, instead of
13.6 eV characteristic for the iron oxide [25]. Nevertheless, the little
increase in the spin-orbit splitting compared to the reference sample,
and the additional intensity on the high energy part of the main peak can
be partially attributed to iron oxide. We should note that there is some
additional emission approximately at 708-715 eV and at 717-726 eV
binding energy ranges, causing a little broadening of the Fe 2p emis-
sions. This broadening can not be explained by simple oxide formation,
because that would suggest a larger, 13.6 eV splitting. Therefore, we
suppose an indirect effect such as the deformation of the Fe-Fe distances
by some mechanical stresses or by other mechanical modifications.
Another support for such a deformation-induced broadening is the
broadened Fe(111) reflection line in the XRD spectrum of the ODS
sample, shown in Fig. 2.

The valence band emissions of the photoelectrons induced by He I
and Al K, radiation are shown in Figs. 5 and 6. In the case of the Al K,
excitation the thickness of the irradiated region is deeper. Theoretically
a certain fraction of the valence band photoelectron emission may come
from the valence states of Cr or Ni, but we were not able to identify any
Fe-Ni-Cr intermetallic states. Only the emission coming from the Fe
valence band states could be identified. These states include the 3p, 3d
and 4s electrons, while the 3d electrons making the largest contribution
to the valence band density of states.
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Fig. 4. X-ray photoelectron spectrum (XPS) (a): Survey measurement spectrum
of the ODS steel sample after surface cleaning. (b): The Fe 2p emission doublet
in the ODS steel sample (continuous line is measured data, dashed line is
reference measurement according to “La Surface”, taken from Moulder
et al. (Ref. 25)).
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Fig. 5. The valence band region of the UPS spectra of the ODS steel sample
(solid line) and of the bcc structured magnetic SST reference sample (dashed
line), both obtained by He I excitation (21.2 eV).
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Fig. 6. The valence band region of the XPS spectra of the ODS steel sample
(solid line) and of the magnetic SST reference sample (dashed line), both ob-
tained by Al K, excitation (1486.7 eV).

3. Discussion

In our ODS steel sample the concentrations of Cr and Ni are relatively
low compared to the iron’s (0.18, 0.13, and 0.622, respectively), and the
formation of their intermetallic compound phase is thermodynamically
unexpected. Nevertheless, in normal atmosphere the contamination-
related DOS (mainly coming from C 1s and O 1s) and the compounds-
related DOS could be expected. They can be investigated separately,
mostly by valence band, and partly by core level photoemission, and also
by X-ray diffraction. In our case the formation of compounds could be
estimated as being rather small, evidenced by the lack of compound-
originated diffraction and emission, not seen in Figs. 2 and 4. Only the
effects of some non-interacting components were visible. On the other
hand, in Figs. 5 and 6 it can be seen that in the fcc curves (solid lines)
there are broad photoemission peaks at 7.5 eV and 9 eV binding energies
with around 4 eV and 3 eV FWHM, using He I and Al K, excitations,
respectively. These are not modifying the recorded UPS and XPS valence
band spectra at the vicinity of the Fermi level, and could originate from
the Fe 3d states with higher binding energies.

The electron emission intensity for the magnetic SST reference
sample shown in Figs. 5 and 6 in the 0-5 eV binding energy range
(dashed lines) correlates well with the valence band emission of the Fe
3d bcc states, with a relatively large peak at the Fermi level, in contrast
to the missing peak for the fcc valence band emission (Fig. 5, solid line).
Around 7 eV we can see also a peak feature that can possibly be
attributed to O 2p emission.
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According to the theoretical models, the photoelectron yield for the
ODS sample in the range of 0-9 eV below the Fermi level, seen in Fig. 5
(solid line) is due to unresolved peaks, which are characteristic for the
fce iron [27]. There is no reason to suppose a chemical interaction
induced change in the iron below or above the Fermi level other than the
modification of the valence band density of states. The emission in the
5-10 eV region could more likely be attributed to the structural differ-
ences between the bcc and fcc iron phases. This can be tested by
measuring the mechanical properties of the ODS steel.

In the literature [27] the electronic properties of fcc and bec Fe-Mn
(9%) alloys were also calculated using the self-consistent full potential
linearized-plane-wave method, under the generalized gradient
approximation to full lattice relaxation. By minimizing the total energy,
the lattice constant was calculated for the ground state. The total energy
dependence of the volume, and the DOS was also determined by this
calculation. It was found that the calculated DOS for the bcc and for the
fcc phases are different. In the case of the bee phase the DOS should have
a rather large maximum right at the Fermi level, while for the fcc phase
the DOS should decrease by one-third at the Fermi level, and should
have two maximums around —1.8 eV and +0.4 eV energies below and
above the Fermi energy, respectively. Our experimental results (Fig. 5)
are in good agreement with those theoretical findings. The DOS for the
bce phase is experimentally well documented [28,29], but for the fcc Fe
phase our data are the first experimental verification (to the best of our
knowledge) for the calculated DOS. The broadening of the
photo-electron spectrum near to the Er was already observed, and was
attributed to the broadened localized 3d states [28,29]. We suppose that
this broadening can be explained as the effect of the mechanical strains
between the different phases being present.

The production pressure and temperature of our ODS samples were
200 MPa and 1423 K, while the calculated triple point for the Fe bce-fee-
hcep system is at 7.3 GPa and 820 K [30]. In standard conditions (1 bar
and 300 K), the iron is ferromagnetic and has a bcc structure. At higher
temperatures, namely between 1185 and 1667 K the crystal structure
gradually changes to fcc. Introducing higher pressure (above roughly 11
GPa) the structure transforms further to hcp, even at lower tempera-
tures, however, in the latter case the transformation remains slow.
During our ODS sample production the pressure was not high enough to
effectively promote the transformation to hcp, but the temperature was
suitable for the bcce-fee transformation, consequently, the finally ach-
ieved structure is expected to be a mixture of the bec and fecc phases. The
XRD spectrum of the ODS sample (Fig. 2) confirms that the majority
phase is fcc, with some minor bece phase still being present. The CEMS
measurement, however, justified only the presence of the austenitic fcc
phase (Fig. 3), and failed at observing the bcc phases (high Cr content
ferritic, or martensitic). Also, the volumetric Foner-type magnetization
measurement revealed that the magnetization of the ODS sample was
roughly an order of magnitude lower than that of the martensitic
reference sample (2 A m?/kg vs. 20 A m2/kg), suggesting that the
amount of the fcc phase was at least 10 times of the bcc phase in the
whole volume of the ODS sample. The straightforward explanation is the
limited depth sensitivity of the CEMS technique, because roughly 65% of
the detected electrons are coming from 60 nm deep, and 96% from 300
nm deep. Bearing this depth sensitivity in mind, we should conclude to
much less bee phase in the surface of the ODS sample. The size of the
grains is in the range of 200-400 nm, and maybe only the grains being
the closest to the sample surface are involved, as a thermodynamic effect
[71, or as the consequence of the interaction with the container wall
during the sample production. In the case of the photoelectron mea-
surements (UPS and XPS) the samples were cleaned in the UHV chamber
by in situ 5 keV low angle Ar" beam, but this directly modifies only the
top 1-5 nm thick surface layer (depending on the time duration), and
this is thinner than the typical size of Y203 oxide particles (10-40 nm)
surrounding the grains. Therefore, we can expect that the cleaning
process could be responsible only for a change in the very surface of the
Y203 oxide coverage of the grains, while in accordance with our XPS
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survey measurement, the cleaning was effective at removing the iron
oxide from the surface, might had been present earlier (Fig. 4).

The XPS and UPS measurements on the ODS samples gave results
that are in line with what we saw in the case of the magnetic mea-
surements (CEMS vs. Foner), namely: while the UPS measurement
(Fig. 5) with its limited depth sensitivity revealed only the presence of
the fcc phase (together with some O 2p intensity that can be related to
oxides), the XPS measurement (Fig. 6) with its deeper sensitivity range
suggested a little bit of bcc phase also being present. The photoelectron
spectroscopy undertaken in UHV turned out to be a viable alternative to
test the crystalline state of ODS steels.

The structure and the chemical composition of these materials can
slightly change in the vacuum environment of spacecrafts, and the
photoelectron spectroscopy can test it in similar conditions. Up to
roughly 100 km altitude the relative composition of the atmosphere
remains similar, only the air pressure drops exponentially. Between 200
and 650 km altitude region, however, the UV irradiation generated
atomic oxygen becomes the dominant component (oxygen zone, or
ozone). At the orbit of the International Space Station (ISS, 408 km)
roughly 90% of the atmosphere is atomic O, with minority Ny, N and He.
The material density depends very much on the solar activity, but usu-
ally remains better than the usual UHV vacuum levels used for spec-
troscopic measurements. Nevertheless, as the spacecraft’s orbital
velocity is in the range of 7.8 km/s, this results in a continuous 5 eV
energetic oxygen erosion [31], furthermore, there are also much more
energetic ions (4-500 MeV) bombarding the spacecraft, together with
occasional micro meteorites (1-50 pm). In order to simulate the space
environment we should apply high flux low-energy oxygen irradiation in
parallel with low flux high-energy ion irradiation. The effect of the
low-energy (<2 keV) oxygen irradiation alone was investigated in tita-
nium and in a carbon-boron composite, and preferential sputtering and
increased surface roughness was found [32]. In a somewhat comple-
mentary study, Fe-Cr-Ni-Mn single crystal stainless steel was bom-
barded with 1 MeV energy proton pulses. They found the target locally
melted, and after the rapid quenching a dislocation-rich poly-crystalline,
or even amorphous structure [33]. In order to test the corrosion effects
of the more complex space radiation, further experiments are needed.

When the corrosion resistance is investigated in fluid environments,
only its consequences on the depth profile of the mechanical, structural,
electronic, and magnetic properties of the ODS steel can be investigated.
But even in this case the photoelectron spectroscopy may lead to a better
understanding of the iron based systems containing fcc and bec phases,
leading to different spectra near the valence band. The role of the
chemical structure of the oxide nanoparticles are also getting investi-
gated, because they may have a core-shell structure and connected to the
grain boundaries [34]. In another work the decomposition, precipitation
and vacancy generation of the Y503 component was investigated theo-
retically [35]. In an experimental XPS investigation it was found that
beside the Y503 oxide particles, CroO3 and Fe;O3 were also generated
[36]. Other experimental investigations show that during the heat
treatment of the ODS source material the Fe,O3 forms a metastable
oxide layer, while the discrete CryO3 and Y203 oxides are grown pref-
erentially at the grain boundaries [37].

4. Conclusions

The structure of an oxide dispersive steel (ODS) was investigated.
Our sample has majority fcc and minority bece phases, as revealed by
XRD and volumetric magnetic measurements. In the top 100 nm deep
layer, however, only the fcc phase was detected by the CEMS and the
UPS measurements. The XPS measurements with its deeper sensitivity
was able to pick up a signal that might had been originated from the
small amount of bee phase. The missing bee phase on the top layer of the
grains can be attributed to the interaction between the container wall
and the sample material during the production, via corrupting the Y,03
oxide coverage of the grains. We expect that the altered distribution of
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the oxide particles in the surface of our ODS steel (promoting the fcc
phase vs. the bec) can affect the corrosion and wear resistance both, in
vacuum and in fluid environments. The slightly different surface
composition and structure of the ODS steels may have an importance in
possible application in different systems e. g. in large energy productive
high temperature reactors and in spacecrafts.
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