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XPS surface analysis of gas atomized powder precursor of ODS ferritic steels obtained
through the STARS route

E. Gil, J. Cortés, I. Iturriza, N. Ordas

Ceit-IK4, 20018 San Sebastian, Spain

Abstract

Oxide Dispersion Strengthened Ferritic Stainless Steels (ODS FS) show high strength and creep
resistance at elevated temperatures and good resistance to neutron radiation damage due to
the presence of a high density of very stable nanometric oxides, generally rich in yttrium and
titanium. Such behavior enables their use as high-temperature structural materials.

An innovative powder metallurgy route to produce ODS FS has succeeded in atomizing steel
powders containing the oxide formers (Y and Ti) and, hence, avoids the mechanical alloying
step to dissolve Y in the matrix. A metastable oxide layer forms at the surface of atomized
powders, which dissociates during HIP consolidation at high temperatures and leads to
precipitation of more stable Y-Ti-O nanoparticles.

Present work describes the oxide layer developed on spherical gas atomized powders with
composition Fe-14Cr-2W-0.3Ti-0.18Y during the thermal treatment performed on powders to
adjust the oxygen concentration before their consolidation. Scanning electron microscopy
(SEM) combined with X-ray photoelectron spectroscopy (XPS) are used to analyze the
composition and morphology of the oxide layer. Results demonstrate that it consists of a
continuous 19-thick metastable Fe,0s; oxide layer, combined with discrete Cr,Os; and Y,03
oxides grown preferentially at grain boundaries of the surface of powder particles.

1. Introduction

Oxide Dispersion Strengthened Ferritic Stainless Steels (ODS-FS) are promising materials for
structural components in concentrated solar power plants, chemical reactors or advanced coal
fired plants due to their creep resistance, high strength at elevated temperatures and low
DBTT (Ductile-Brittle Transition Temperature) [1], [2], [3], [4], [5]. In addition, their good
resistance to neutron irradiation damage make them exceptional candidate materials in future
fission and fusion reactors [2], [6], [7]. Their outstanding behavior is a direct consequence of
their very fine grain size, and the presence of extremely fine nanometric (3-4 nm) particles,
generally yttrium and titanium complex oxides, with high temperature stability. These oxides
have a pinning effect on dislocations and are sinks for irradiation induced defects [8], [9].

ODS-FS for fusion application are mainly produced with a composition in the range Fe-(12-
14)Cr-(1-2)W-(0.25-0.5)Ti-(0.2-0.3) Y,0; (wt.%) [7], [10], [11], [12], [13], [14], [15], [16], [17].
Chromium contents higher than 13 wt.% stabilizes alpha phase. Tungsten acts as solid solution
strengthening whereas yttrium and titanium form strengthening Y-Ti-O precipitates with high
temperature stability. Besides, titanium refines the precipitate dispersion in the matrix, which
improves creep properties [5], [6].



ODS FS are produced by Powder Metallurgy (PM). The standard route starts with mechanical
alloying (MA) of the elemental or gas atomized prealloyed Fe-Cr-W-Ti powders, with yttria
particles to dissolve the yttrium in the ferritic matrix. The mechanically alloyed powders are
encapsulated and consolidated at high temperature by Hot Isostatic Pressing (HIP) or hot
extrusion to obtain a dense material and promote the precipitation of the oxide nanoparticles.
Manufacturing of ODS FS includes final thermomechanical treatments (hot rolling), to promote
recrystallization. [4], [13], [14], [15]. However, MA involves several drawbacks such as high
time and cost inefficiencies, contamination from the grinding media, jars or atmosphere,
difficulties in controlling the homogeneity of the alloy and presence of batch to batch
heterogeneities.

With the aim of avoiding this step, a new processing route named STARS (Surface Treatments
of gas Atomized powder followed by Reactive Synthesis), has been developed [18], [19]. This
route is inspired in the GARS method (Gas Atomization Reactive Synthesis) developed by
Rieken and Anderson [20], [21], [22]. The GARS method is based on the atomization of powder
with a reactive gas (Ar-O,) to form metastable chromium oxides on the surface of powder
particles during their rapid cooling down. During the subsequent consolidation by HIP these
oxides are dissociated, its oxygen becomes available to diffuse inside ferritic grains and reacts
with the titanium and yttrium dissolved in the ferritic matrix or forming yttrium-rich
intermetallic compounds. As a result, the strengthening Y-Ti-O nano-oxides precipitate in the
ferritic matrix [8]. In the STARS route, the powder is atomized using inert gas, so its oxygen
concentration is lower than the required values to obtain the Y-Ti-O nanoparticles. Therefore,
the atomized powders have to undergo a thermal treatment at mild temperatures to adjust
the oxygen content and form the metastable oxide layer on the surface of the particles. The
oxide metastable layer of powders obtained with the STARS route, having been developed
under conditions (temperature, time) different than those of powders of the GARS route, may
consist of oxides of different nature than those identified in the GARS route. An unambiguous
identification of oxides formed during the atomization and the surface treatment of powders is
crucial in order to understand the oxygen exchange mechanisms leading to the precipitation of
Y-Ti-O nano-oxides.

The objective of this work is to demonstrate that the oxides developed on the surface of as-
atomized and thermal treated powders during the STARS route are metastable and, thus, can
be dissociated during HIPping at high temperatures.

Materials and experimental procedure

Powders containing Y and Ti were produced by close-coupled gas atomization with argon at
Ceit-1K4. The chemical composition of the atomized powder, measured by ICP (Inductively
Coupled Plasma), and the concentration of interstitials obtained with the inert gas fusion
principle (N, O) and combustion infrared detection technique (C, S) are shown in Table 1:

Table 1. Composition of powders (wt.%).

Element Fe Cr w Ti Y Al (o] C N S

Concentratio | Bal | 14,2 2,00 |0,30 0,18 0,00 | 0,02 |00, |000 |O0,00
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Atomized powders with a size fraction of 20-45 pum in diameter were heat treated under
oxidizing atmosphere at low temperatures (below 350 °C) to ensure logarithmic oxidation
kinetics.

Chemical analysis of the surface of powder particles was performed by X-ray Photoelectron
Spectroscopy (XPS) using a monochromatic source of X-ray Al Ka (1486.6 eV). The elemental
composition and the oxidation state of the elements present in the atomized powder were
obtained. All binding energies of different XPS spectra were referenced to Cls peak of 284.9
eV, to provide accurate energy calibration, and a surface of 750 x 250 pm?” was always analyzed
to provide a reliable and representative average composition of the zone of interest. For
simplicity, no corrections for the spherical shape of the powder were introduced.
Determination of the oxide layer thickness and the evolution in depth of its chemical
composition was done by combining successive XPS analysis with argon ion beam etching. The
total thickness of the layer analyzed is about 60 nm.

The microstructure at the surface of powder particles was examined before and after heat
treatment with a FEG-SEM (Field Emission Gun - Scanning Electron Microscope) equipped with
EDS (Energy Dispersive Spectroscopy) analyzer. The results were correlated with XPS findings.

3. Results and discussion
3.1.XPS analysis

Figure 1 shows the spectra corresponding to XPS analysis performed on the surface of as-
atomized and oxidized powder particles. As can be seen, titanium and tungsten peaks are
hardly resolvable and, consequently, were not taking into account in the analysis. The intense
carbon peaks (C1s) correspond to adsorbed organic species on the surface of powder particles
and, as it is shown below, is strongly decreased after ion etching. Therefore, this element has
not been taken into account in this study. The increase in the intensity of the oxygen peak
(O1s) after oxidation is consistent with the increase in the oxygen concentration (from 0.02 wt.
% in as-atomized powder to 0.07 wt.% after oxidation). Also the intensity of the iron peak
(Fe2p) raises after oxidation, while the yttrium peaks are weaker, especially the Y3d peak.
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Figure 1. XPS survey spectra of as-atomized powder and oxidized powder.



The fact that the yttrium peaks are clearly resolvable in Figure 1, despite its low concentration
(0.34 wt.%), indicates yttrium enrichment at the surface of both as-atomized and oxidized
powder particles. Titanium and tungsten peaks are hardly resolvable, their presence is just
above the threshold detection of low resolution XPS analysis and, therefore, they can be
neglected during further calculations.

Figure 2 and Figure 3 show the XPS depth profile analyses of the as-atomized and oxidized
powder particles, up to about 60 nm. Carbon signal, associated to adsorbed C-rich species and
restricted to 2 nm was removed and was not considered in this work. Depth profile analyses
also confirm the local enrichment of yttrium at the very surface of the powder particles,
independently of whether they have been oxidized. During atomization, and as soon as the
melt droplets are exposed to the inert gas atomization containing a residual concentration of
oxygen, yttrium diffuses towards the surface and immediately oxidizes. After comparing O and
Fe curves from Figure 2 left and Figure 2 right, it is straightforward that the concentration of
iron and oxygen increased after oxidation, due to iron oxidation, which leads to a relative
depletion of chromium and yttrium at the surface. In addition, titanium and tungsten only
appear at 40 nm etch depth, suggesting that these elements do not diffuse towards to the
surface neither during solidification and cooling down of atomized powder particles nor during
oxidation at low temperature, as expected.

XPS depth profile analyses disregarding the contribution of interstitial elements are shown in
Figure 3. The most significant changes in concentration associated to the oxidation of powder
correspond to iron, chromium and yttrium elements, from largest to smallest. After oxidation,
the concentration of iron at the surface (0 nm) increases from 45 at.% to 79.5 at.%. However,
the presence of chromium and yttrium at the surface and down to 20 nm depth is reduced
after oxidation. From this depth the oxidation of powders do not apparently alter the
concentration of these two elements, which suggests that the thickness of the superficial oxide
layer after oxidation is in the order of 20 nm. Accurate calculation of the thickness of the oxide
layer thickness is accurately determined later by high resolution XPS spectra.

An increase in the iron concentration at the surface after oxidation suggests that this element
oxidizes preferentially, in comparison to the other alloying elements. Therefore, and in
agreement with other studies [23], [24], [25], the main component of the oxide scale
developed at the surface during the heat treatment of powder particles is iron. Nyborg
demonstrated that during the gas atomization of a ferritic powder with 25 wt. % of chromium,
a 3 nm-thick continuous iron oxide layer is instantly developed as soon as melt drops are
exposed to the atomization gas [9]. Since, in practice, is not possible to ensure an oxygen
concentration of 0 ppm during gas atomization, this iron oxide layer is inherent to gas
atomized steel powders. Additionally, ultrafine nanometric oxide particles rich in the strong
oxide forming alloying elements (chromium, titanium and yttrium) are expected to be present
at the surface of atomized powder particles, together with the very thin iron oxide layer
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Figure 2. Depth profile analysis of the elements concentration obtained by XPS analysis at low
resolution before (left) and after powder oxidation (right).
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Figure 3. Depth profile analysis of the elements concentration obtained by XPS analysis at low

resolution before (left) and after powder oxidation (right), removing contribution of
interstitials.
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Figure 4. Detailed XPS spectra of iron at the surface of as-atomized (top) and oxidized powder
(bottom).

Detailed high-resolution spectra of Fe, Y, Cr and O, which provide information about chemical
state of the elements, are shown in Figure 4 and Figure 5.

The Fe 2p doublet spectra at the surface of as-atomized and oxidized powder are shown in
Figure 4 and indicate that after atomization only a small fraction of iron remains metallic, being
the oxide layer composed by both Fe,0; (Fe**) and FeO (Fe?) Fe”. After heat treatment, the
surface of powder particles is completely oxidized. The relative composition of the oxide at the
surface has been estimated from the areas of Fe** and Fe*'peaks, and it has been found that it
is mainly composed by Fe,0; (about 95 wt.%), regardless of whether the powder has been
oxidized or not. With increasing etching depth (Figure 5), the relative intensity of Fe® metallic
iron peaks increases at the expense of iron oxide peak, and Fe® metallic peak appears at 10 nm
depth. After etching to 20 nm, the Fe*" (Fe,0;) and Fe** (FeO) contribution to the Fe 2p
spectrum is almost negligible. It can be concluded that the iron oxide has a thickness lower
than 10 nm and iron is mainly metallic at depths above 20 nm in the as atomized powder. After
surface oxidation of powder particles, Fe® metallic peak is only resolvable at depths above 20
nm (Figure 5b), and only after etching down to 50 nm iron is mainly metallic, as the presence
of the prominent Fe® peak at about 706,5 eV in Figure 5b indicates. This evidences that iron
oxide layer has grown during oxidation. Full removal of intensive iron oxide signal (Fe** and
Fe) with etching depth indicates that iron oxide is only present as a surface layer.

Chromium is also present as oxide at the surface of as-atomized powders, as the Cr 2p spectra
in Figure 5¢ show (Cr®*" cation, 2ps,, and 2p,,, peak positions at 576 and 586 eV, respectively).
Again, the contribution of chromium metallic peak, at about 574 eV [26], which appears after
etching to 10 nm, increases with increasing etching depth, and is mainly metallic chromium at



50 nm from the surface. After oxidation of powder, chromium remains completely oxidized
down to 20 nm, and even at 50 nm from the surface the corresponding oxide peaks can be
clearly distinguished (Figure 5d). The higher intensity of chromium oxide peaks at intermediate
depths (20-50 nm) in the oxidized powder indicates that this oxide has an inhomogeneous
thickness. The presence of chromium oxides after almost complete removal of iron oxide in
oxidized powders (compare Figure 5b and Figure 5d) suggests that chromium forms ‘oxide
islands’ on the surface of powder particles, as proposed by [28].

The peak pairs with binding energies about 156,8 eV and 158,8 eV observed in Figure 5e
correspond to Y 3ds,;and Y 3ds/, [29] and indicate that yttrium is almost completely oxidized in
the as-atomized powder, regardless of the analyzed depth. The reduction of their intensity
with increasing depth suggests yttrium segregation at the surface of powder particles during
the atomization process. Only at depths above 20 nm the slight broadening of the peak at
lower binding energy may suggest the presence of metallic yttrium, whose peak is located at a
binding energy of 156,0 eV [30]. After oxidation, the detailed scan for Y 3d peak (Figure 5f)
clearly shows that yttrium is completely oxidized. Only the broadness of the data collected at
the highest depth (50 nm) suggests that yttrium may be partially metallic. The broad peak at 2
nm can be explained considering the hygroscopic nature of yttrium oxide through the presence
of the Y-OH peak at about 157,5 eV [30]. The maximum concentration of yttria is located at
intermediate depths, at 10-20 nm from the surface, suggesting yttrium is also forming
discontinuous ‘oxide islands’ at the surface of powder particles.

The broadened shape of the oxygen O 1s spectrum of the surface (0 nm) in Figure 5f and h
suggests that the oxygen is present in at least two states, and the contribution of metallic
oxides (0*) and hydroxyl group (OH) can be distinguished. The OH group, related to
hydroxides formed after superficial adsorption of environmental humidity, is removed after
slight etching. After oxidation, the intensity of metallic oxide peaks increases, as expected.
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Figure 5. Detailed XPS spectra of iron, yttrium, chromium and oxygen of as-atomized (left) and

oxidized powder (right) at the surface (0 nm depth) and 10, 20 and 50 nm from the surface.

3.2. Estimation of oxide layer thickness



The analysis of high resolution narrow XPS scans indicate that surface chromium oxidation into
Cr,0; and yttrium segregation and oxidation into Y,03 occurs during cooling of gas atomized
powder, while the particles are still at high temperatures, due to the high affinity of Y and Cr
for oxygen and its elevated oxidation kinetics [31]. However, iron is oxidized at lower
temperatures, when powder is manipulated and exposed to air atmosphere as it is shown in
[10]. Consequently, Cr,0s; and Y,0; oxides develop at the surface of powder particles as
isolated particles whereas iron oxides (mainly Fe,0s;, plus minority FeO) form a continuous
superficial layer between these oxide particles.

The thickness of this continuous surface iron oxide layer can be estimated from the evolution
with depth of the intensity of the Fe iron metallic peak normalized to its intensity in the bulk,
where iron is fully metallic. Assuming this oxide layer consists of Fe,0s, the iron metallic
relative intensity at the transition oxide/metal is 65-70 % [27], [28], [32]. An alternative
method estimates the thickness of the oxide layer as the etch depth whose peak relative
intensity corresponds to the average value of the minimum and maximum relative intensities
of the oxygen peak [24], [28], [32]. The Fe,0; oxide thickness obtained with both methods is
very similar, about 7.5 nm in the as-atomized powder and about 19 nm after oxidation (Figure
6).
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Figure 6. Estimation the thickness of the iron oxide layer by normalized intensity of metallic Fe
and oxygen peak for (left) as-atomized powder and (b) oxidized powder.

The thickness of the oxide layer can be also estimated with the chemical granular analysis [33],
from the plot oxygen concentration-specific surface area (or inverse of diameter of powder
particle, D, see Figure 7). Assuming spherical particles covered with a continuous and
homogeneous surface-oxide layer mainly composed by of Fe,0, and Cr,0;, the chemical-
granular approach estimates a thickness of the oxide layer that ranges from 16 to 18 nm
before oxidation, and 57 to 59 nm after oxidation. The reason for discrepancies with the
thickness obtained from XPS analysis is possibly due to the roughness of the surface and the
presence of powder particles with irregular shape and satellites, which consequently
underestimate the specific surface of the powder particles. Measurement of surface area by
BET would provide more accurate oxide thickness values from the oxygen concentration.
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1.1.SEM + EDS analysis

As-atomized powder

The surface of as-atomized and heat-treated steel powders was observed by FEG-SEM in order
to determine the size and distribution of the oxides identified by XPS. The depth analyzed by

EDS is larger than that of XPS and provides information of depths up to 100 nm in this work (5
kv).

As-atomized powders are mainly spherical (Figure 8a), although some of them contain satellites
and splat caps caused by collisions between particles during solidification. At high
magnification the surface of the spherical as-atomized powder particles is smooth (Figure 8b),
with a random distribution of nanometric particles, preferentially at grain boundaries. Necks
connecting particles with satellites show profuse precipitation at grain boundaries.

a A | b
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SEI 100KV K20

Figure 8. SEM image of the surface of as-atomized powder.

Cr,0; particles could not detected at the surface of powder particles by SEM. At high
magnification it can be observed that yttrium is preferentially located at triple points of the
surface of powder particles (Figure 9). Continuous Y-rich segregation and precipitation can be
observed by EDS analysis at grain boundaries, especially of largest powder particles (Figure 10).
The fact that the oxygen concentration remains almost steady across the grain boundary
where these Y-rich features are observed, suggests yttrium is majority metallic. XAS (X-ray
adsorption spectroscopy) confirmed the metallic nature of yttrium in the atomized powders



[34]. Thus, Y,0; phase detected by XPS (Figure 5 e and f) to a depth of 50 nm corresponds to
the outer layer of the Y-rich precipitates found at the surface of powder particles, whose size
can reach 400 nm.

o . Figur
e 9. SEM image and EDS analysis of as-atomized powder showing Y segregation at triple points
(particle size about 20 um).

Figure 10. SEM image and EDS line analysis of as-atomized powder showing Y segregation and
precipitation at grain boundaries (particle size about 20 um).

As can be observed in Figure 11, there is a correlation between the morphology of Y-rich
precipitation at the surface and the particle size of atomized powders. Yttrium remains in
oversaturated solid solution in particles below 5 um in diameter, and Y-rich segregates are not
observed by SEM. Particles with size ranging from 5-45 um contain a discrete distribution of
intergranular Y-rich precipitates, whose size increases with powder particle size. Finally, this Y-
rich phase evolves towards micrometric scale in largest particles, with high contiguity in
powders above 75 um. The morphological evolution of Y-rich features can be explained
considering the extremely low solubility of yttrium in iron and steel (about 0.12 wt%. at 1320
°C, 0.05 wt% at 800 °C, and negligible at room temperature), and the relationship between
particle size and its cooling rate during cooling down after solidification [36], [37]. When the
atomized melt droplets solidify and cool down, Y oversaturated is rejected to highly disordered
areas during nucleation and growth of the ferritic grains, resulting in Y microsegregation at
grain boundaries. Whilst the cooling rate after solidification of the finest particles is extremely



high, even being able to prevent yttrium segregation and precipitation, the largest particles
cool down much more slowly. This allows the oversaturated yttrium to diffuse towards more
energetically favorable sites, like grain boundaries or free surfaces, and precipitate, as seen in
Figure 11.

ey |
2.5um

2.5um

- o

500 nm

C

2_."5:um
CWEE
Figure 11. SEM images and EDS mapping analysis of as-atomized powder with different

particle size ((a) <20 um, (b) 20-45 um and (c) 63-75 um showing Y segregation and
precipitation at grain boundaries.

1.1.1. Oxidized powder

Oxidation of powder resulted in an increase in the roughness of the surface of powder
particles and the development of continuous chains preferentially located at grain boundaries
and sub-grain boundaries as well as at the base of satellites attached to powder particles



(Figure 12a). During oxidation, discontinuous chains develop initially at grain boundaries of
particle-satellite necks, with negative radius of curvature (concave). With increasing time or
temperature, chains become continuous and thick, and grow at grain boundaries far from
satellites. Observation at high magnifications reveals that these chains are in fact double
(Figure 12b). Also thinner chains are observed inside grains, probably grown at subgrain
boundaries.

EDS analyses of the oxidized surface, presented in Figure 13, evidences that this chains consist
of a Y,0; chain, grown on the grain boundary from the oxidation of Y-rich metallic particles,
and flanked by two Cr,0s; chains, grown from oxidation of chromium-enriched areas at
proximities of grain boundaries. Local chromium-enrichment in the proximities of grain
boundaries can be attributed to the preferential diffusion of chromium along grain boundaries
towards gas/oxide interface during oxidation at low temperatures [38]. These chains are in fact
the “oxide islands” proposed from XPS analysis to have grown during the oxidation of powder.
EDS analysis of the surface also shows a preferential diffusion of titanium towards grain
boundaries. However, since titanium was not detected by XPS analyses, it is expected its
diffusivity in this alloy is lower than that of chromium.

Figure 12. Morphology of powder after oxidation showing oxide chains mainly on grainr
boundaries.



—~ 200 nm

1
2 Fe
fir A
[ (0 [ M
‘J ‘\ ¥ ,JQ,
o 4 . LGP ! W LA
[ IVTPHIENP A gl W O ‘.J
! Ti ALY
a7 A

Figure 13. SEM images, EDS mapping and EDS linescan of oxidized powder.

2. Conclusions

This study has demonstrated that a metastable oxide thin layer is form at the surface of gas-
atomized powders with composition Fe-14,2Cr-2W-0,3Ti-0,18Y during oxidation at
temperatures below 350 °C. This oxide layer consists of an ultra thin Fe,O; 19 nm-thick
continuous layer and oxide chains of Y,0; flanked, in turn, by two Cr,0s, grown on grain and
subgrain boundaries. These oxides are already present to a lesser extent in the as-atomized
powders, and its thickness is estimated to be 7 nm.

Y,0s develops from oxidation of submicrometric Y-rich metallic precipitates at grain boundaries
of the surface of powder particles. Cr,0; forms due to the chromium diffusion along grain
boundaries towards the surface of powder particles exposed to oxygen.

The Fe,0; and Cr,0; metastable oxides will dissociate during consolidation of powder at high
temperatures, and highly thermodynamically stable complex Y-Ti-O nanoparticles will form
thanks to the oxygen exchange between these metastable oxides present at prior particle
boundaries and the metallic ytrrium and titanium present in the ferritic matrix.
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