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Abstract

In this paper, three groups of Fe-Cr-Ti-Y alloy powders were prepared by
Electrode-induced gas atomization (EIGA) technology using different argon-
oxygen mixtures as the atomization medium. Through characterization of the
solidification structure combined with thermodynamic and kinetic analysis, the
effects of oxygen content and powder particle size on the oxidation behaviors
of the powders were investigated. The results show that the element concen-
tration gradient and its differential binding affinity with oxygen jointly drive
the formation of the surface oxide layer during droplet solidification. As the
oxygen content increases from 0.5 vol.% to 1.0 vol.%, the oxidation mechanism
transitions from internal chromium diffusion to combined thermodynamic and
diffusion-kinetic control. The surface structure evolved from a Fe-rich oxide
layer to a Cr-rich one. When the oxygen content was 0.5 vol.% and the powder
particle size exceeded 110 m, oxide layer delamination was not pronounced. In
this case, the Y element was significantly segregated at the oxide layer/matrix
interface.
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Abstract: In this study, three groups of Fe-Cr-Ti-Y alloy powders were pre-
pared by electrode-induced gas atomization (EIGA) using argon-oxygen mix-
tures with varying oxygen concentrations as the atomization medium. By char-
acterizing the solidification structure and conducting thermodynamic and ki-
netic analyses, we investigated the effects of oxygen content and powder particle
size on the oxidation behavior of the powders.

The results demonstrate that the formation of the surface oxide layer during
droplet solidification is driven by the combined influence of elemental concen-
tration gradients and differences in oxygen binding affinity. As oxygen content
increases from 0.5 vol.% to 1.0 vol.%, the oxidation mechanism transitions from
chromium internal diffusion to combined thermodynamic and diffusion kinetic
control, accompanied by an evolution of the surface structure from a Fe-rich
oxide layer to a Cr-rich one. At an oxygen content of 0.5 vol.% with powder
particle sizes exceeding 110 m, oxide layer delamination was not pronounced,
and significant segregation of Y occurred at the oxide layer/matrix interface.

Keywords: Electrode-induced gas atomization; Powder particle size; Oxida-
tion behaviors; Thermodynamics; Kinetics

1. Introduction

The operating temperature, irradiation dose, and corrosive environment
in fourth-generation nuclear energy systems are substantially more severe
than in previous generations, imposing higher performance requirements
on structural materials [?]. Oxide dispersion-strengthened (ODS) steel has
attracted considerable attention for these applications [?, ?]. The key principle
involves introducing highly stable nano-oxide dispersions into the matrix,
which effectively pin dislocations and grain boundaries [?], thereby significantly
improving creep resistance and radiation tolerance.

Traditional ODS steels produced by mechanical alloying suffer from drawbacks
including process complexity, susceptibility to impurity contamination, inferior
powder morphology, and poor batch-to-batch reproducibility, which limit their
large-scale application [?, ?]. Atomizing molten steel with argon-oxygen gas
mixtures shows promising potential for simplifying the process and improving
powder quality [?]. The underlying mechanism is that a metastable surface
oxide layer serves as an oxygen source [?], providing oxygen that promotes
formation of Y-Ti-O nanophases during subsequent hot isostatic pressing [?].
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This novel approach has spurred extensive follow-up research to further explore
the innovative process. Rieken et al. [?] pioneered the successful preparation
of ODS ferritic alloy powders by vacuum induction melting gas atomization
(VIGA) using an argon-oxygen gas mixture. However, VIGA exhibits inher-
ent limitations, primarily its reliance on crucibles that cause unavoidable melt
contamination [?, ?]. Furthermore, continuous high-temperature melting ex-
acerbates chromium evaporation, presenting considerable challenges for precise
compositional control [?]. Consequently, VIGA cannot satisfactorily produce
high-purity ODS steel powders.

Therefore, alternative atomization routes must be evaluated to fundamentally
address these VIGA-related issues. After reviewing available technologies, we
identified electrode-induced gas atomization (EIGA) as the most promising pro-
cess for detailed investigation, precluding exhaustive experimental study of
all techniques. Besides VIGA, widely used technologies for producing high-
performance metal powders include EIGA, plasma rotating electrode process
(PREP), plasma atomization (PA), ultrasonic gas atomization (USGA), and
electron beam rotating atomization (EBRA), each exhibiting distinct charac-
teristics regarding powder purity, morphology, material applicability, and eco-
nomic cost. Specificallyy, PREP and EBRA can produce high-purity powders
with excellent sphericity, but stringent requirements for machinable electrodes
and low yields of fine powders limit their application in research and large-scale
production [?, ?]. While PA can achieve high-purity powders with flexible raw
material forms, it suffers from relatively low productivity and high operating
costs [?]. As an enhanced VIGA variant, USGA improves powder size distribu-
tion and morphology but fails to overcome fundamental ceramic contamination
issues, making it unsuitable for our research system [?].

In comprehensive comparison, the EIGA process emerges as a feasible alterna-
tive for manufacturing reactive and oxygen-sensitive alloys, yielding high-quality
powders [?]. Renowned for its crucible-free operation and localized melting
with rapid droplet detachment, EIGA effectively eliminates contamination, min-
imizes elemental evaporation and oxygen adsorption, and produces high-purity
titanium-based and nickel-based superalloy powders with low oxygen content
[?, ?]. However, EIGA’ s application for fabricating ODS steel powders remains
largely unexplored. To address this gap, we prepared powders by EIGA using
different argon-oxygen mixtures as the atomization medium and characterized
the metastable oxide layer on powder surfaces, focusing specifically on how its
thickness, composition, and structure depend on two critical variables: oxygen
content and particle size. Based on these results, we aim to establish a novel
foundation and define a viable process window for fabricating high-performance
ODS steels via oxygen-doped argon gas atomization of molten steel.
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2.1 Materials and Methods

Powder preparation was conducted at Asia New Materials (Beijing) Co., Ltd.,
where three batches of ODS steel powders were produced by EIGA. We sys-
tematically investigated the effects of different oxygen contents (0.1 vol.%, 0.5
vol.%, and 1.0 vol.% O,) in the atomizing gas on powder characteristics. The
parent alloy electrode was a Fe-15Cr-0.1Ti-0.7Y (wt.%) bar measuring 50 mm
in diameter and 600 mm in length. During atomization, the induction melt-
ing current was set to 42 A, the electrode rotation speed was maintained at 20
rad/s, and the atomization pressure was set to 4 MPa. Prior to atomization,
the atomization chamber was evacuated to a vacuum of 1072 Pa, after which
argon-oxygen mixed gas with different oxygen doping ratios was introduced as
the atomization medium. Powder samples were collected after preparation.

2.2 Powder Characterization

The obtained powders were sieved, and three particle size ranges (<53 m, 53-
100 m, and 100-280 m) were selected for characterization. Metallic element con-
centrations were determined by inductively coupled plasma mass spectrometry
(ICP-MS). Powder surface morphologies were examined by scanning electron mi-
croscopy (SEM) and dual-beam focused ion beam microscopy (FIB-SEM), with
simultaneous acquisition of secondary electron (SE) and backscattered electron
(BSE) images. Chemical composition distribution on surfaces was analyzed
using the equipped energy-dispersive X-ray spectrometer (EDS) at an acceler-
ating voltage of 10-15 kV. The thickness of oxygen-rich regions in powder cross-
sections was measured for different particle sizes and subsequently converted
to surface oxide volume fractions to clarify the relationship between particle
size and surface oxide volume fraction. Thermodynamic reactions for each al-
loy phase were calculated using Thermo-Calc 2025a software with the TCFE12
database to obtain oxidation driving forces during melting and solidification.
Equilibrium phase fractions as functions of temperature were obtained to clar-
ify dissolution and precipitation behaviors, while thermodynamic driving forces
for oxide formation were calculated using HSC 6.0 software.

3.1 Morphologies of the Oxidized Surfaces

Table 1 presents surface chemical composition analysis of powders prepared un-
der different atomization atmospheres. As the oxygen content in the atomizing
gas increased from 0.1 vol.% to 1.0 vol.%, the mass percentage of oxygen on the
powder surface correspondingly increased to 9.91 wt.%, 13.21 wt.%, and 16.92
wt.%, respectively. These results demonstrate that atomizing gas oxygen con-
tent significantly affects the extent of powder surface oxidation. With increasing
oxygen content, concentrations of Fe, Cr, and other major alloying elements fluc-
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tuated, while enrichment of Y and Ti on the surface became progressively more
pronounced.

Table 1. Analysis of powder elements obtained by atomization with different
oxygen contents.

Fig. 1 [Figure 1: see original paper] shows SEM morphologies of powder sur-
faces under different oxygen contents. Figs. la-c display overall powder mor-
phologies. Powders atomized with 0.1 vol.% O, (Fig. la) exhibited a narrow
particle size distribution, high sphericity, and good flowability. Increasing oxy-
gen content to 0.5 vol.% resulted in a higher proportion of satellite particles and
compromised flowability (Fig. 1b). At the highest oxygen content of 1.0 vol.%,
morphologies were severely degraded, characterized by irregular particle shapes
and a bimodal size distribution (Fig. 1c¢). Figs. 1d-f illustrate corresponding
surface microstructure evolution of individual powder particles. As oxygen con-
tent increased from 0.1 vol.% to 0.5 vol.%, surface pits grew noticeably in both
dimensions and number density (Figs. 1d-e). At 1.0 vol.% O, (Fig. 1f), sur-
faces developed orange-peel wrinkles and surface roughness increased sharply.
Figs. 1g-i show high-magnification surface morphologies, revealing evolution
from a continuous three-dimensional reticular structure at 0.1 vol.% O, (Fig.
1g), through an equiaxed crystal structure at 0.5 vol.% (Fig. 1h), to orange-
peel-like wrinkles with micropores and localized dendritic bulges at 1.0 vol.%
O, (Fig. 1i). This transition reflects features of non-equilibrium solidification,
indicating that solidification interface stability is destroyed as oxygen content
increases.

Fig. 1 SEM morphologies of powder surfaces atomized at oxygen contents of
0.1 vol.%, 0.5 vol.%, and 1.0 vol.% in the atomizing gas: (a-c) macroscopic
powder morphologies, (d-f) overall morphologies of individual powder particles,
(g-1) local morphologies of individual powder particles.

3.2 Cross-Sectional Morphologies of Powders

To investigate oxidation behaviors of ODS steel powders under different oxygen
contents, powder cross-sections were examined. Figs. 2, 3, and 4 show SEM
images and EDS elemental maps of 40 m powder cross-sections at oxygen con-
tents of 0.1 vol.%, 0.5 vol.%, and 1.0 vol.%, respectively. As shown in Fig. 2
[Figure 2: see original paper], at 0.1 vol.% oxygen, the oxide layer was thin with
discontinuous oxygen-deficient regions. At this stage, a kinetic competition oc-
curs: Fe, Cr, and Ti are preferentially oxidized due to rapid diffusion, forming
a discontinuous surface layer. Y, with its low diffusivity, is blocked by this
surface layer and cannot reach oxygen-deficient regions, resulting in extensive
accumulation within the matrix phase beneath the oxide layer.

Fig. 2 SEM and EDS images of the cross-section of the oxidized surface of a
powder particle with oxygen content of 0.1 vol.% and particle size of 40 m.
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Fig. 3 [Figure 3: see original paper] shows that when atomizing gas oxygen
content increased to 0.5 vol.%, oxide layer thickness increased with continuous,
uniform oxygen distribution. Elemental distribution maps revealed that Fe,
Cr, Y, and Ti were all highly enriched in the powder oxide layer. Variations
in atomizing gas oxygen content produced discernible differences in metallic
oxide distribution within the powder oxide layer. Since Fe diffuses more rapidly
than Cr, it preferentially reaches the particle outer surface and reacts with
oxygen at limited reactive sites, forming a thin Fe-rich oxide layer. Beneath
this layer lies a metallic subsurface depleted in Fe but enriched in Cr. Y formed
a continuous oxide film beneath the Cr-rich metallic subsurface, while Ti oxides
were dispersed as discontinuous particles of varying sizes.

Fig. 3 SEM and EDS images of the cross-section of the oxidized surface of a
powder particle with oxygen content of 0.5 vol.% and particle size of 40 m.

Fig. 4 [Figure 4: see original paper| shows that when atomizing gas oxygen con-
tent increased to 1.0 vol.%, oxide layer thickness continued to increase. These
results demonstrate that increasing oxygen content effectively promotes forma-
tion of thicker, more continuous surface oxide layers. High oxygen content
provides sufficient reactants for gas-liquid interface reactions and accelerates
oxidation kinetics. Cr possesses greater thermodynamic driving force for oxi-
dation than Fe, leading to its selective oxidation. A thin layer predominantly
composed of Cr-rich oxides formed on the powder surface, beneath which lay a
metallic sublayer depleted in Cr but enriched in Fe.

Fig. 4 SEM and EDS images of the cross-section of the oxidized surface of a
powder particle with oxygen content of 1.0 vol.% and particle size of 40 m.

In all samples, oxygen was primarily enriched in the powder surface layer, react-
ing with metallic elements to form oxide layers. Factors influencing the distinct
distribution of metallic oxides can be categorized into three aspects. First, for
a fixed powder particle size, a strong positive correlation exists between oxygen
content and oxide layer thickness. Second, increasing oxygen content from 0.1
vol.% to 1.0 vol.% drives evolution in powder characteristics, where sphericity
transitions from poor to optimal and back to poor. Third, surface oxide com-
position evolves from incomplete coverage through an Fe-rich active layer to a
dense Cr-rich barrier. These findings demonstrate that maintaining atomizing
gas oxygen content at 0.5 vol.% or below represents the optimal choice, lying
precisely within the critical transition zone where oxide layer structure evolves
from insufficient to excessive, ensuring both oxide layer integrity and ideal re-
activity. Based on this, we further focused on the optimal oxygen content (0.5
vol.%) to investigate variations in surface oxide volume fractions across different
powder particle sizes, as discussed in the following section.
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3.3 Oxide Volume Fractions

With the optimal batch identified, we investigated powder surface oxide volume
fraction to establish its correlation with particle size. Powders atomized at 0.5
vol.% oxygen (shown in Fig. 3) were sieved to obtain particles of various sizes.
Particles with sizes of 30 m, 50 m, 70 m, 90 m, 110 m, 125 m, 190 m,
230 m, and 300 m were selected to measure oxygen-rich region thickness from
elemental maps of powder cross-sections. These measured values were converted
to surface oxide volume fractions. Fig. 5 [Figure 5: see original paper| shows
that for a fixed atomizing gas oxygen content, the surface oxide volume fraction
was lower for coarse particles than for fine particles.

Fig. 5 Relationship between surface oxide volume fraction and particle size.

This observed trend is linked to the specific surface area of powder particles, a
key parameter dictating the resultant oxide volume fraction. Assuming spheri-
cal particles, particle volume V scales with the cube of radius while surface area
A scales with the square of radius. Consequently, the relative proportion of
oxide layer in coarse particles becomes markedly diluted due to rapidly expand-
ing particle volume, resulting in substantial decreases in oxide volume fraction.
Thus, the specific surface area (A/V ratio) decreases with increasing particle
size. In summary, powder oxidation behavior depends on both atomizing gas
oxygen content and particle size. At the optimal oxygen content of 0.5 vol.%,
decreasing particle size increases specific surface area, which significantly raises
the relative surface oxide content. Both parameters must be considered together
to achieve powders with low oxygen content and ideal microstructure.

4.1 Element Distribution in the Oxide Layer: A Theoretical
Model for Droplet Solidification

Fig. 6 [Figure 6: see original paper| presents a thermodynamic model illus-
trating element distribution within the oxide layer of powders atomized with
oxygen-doped inert gas. Fig. 6a tracks oxygen migration paths by monitor-
ing oxygen content evolution in each phase during droplet solidification. The
process begins with liquid-phase separation above the liquidus temperature, gen-
erating a (Y, Ti, O)-enriched liquid phase for subsequent ultrafine composite
oxides. Solidification initiates first in the rapidly cooling outer droplet layer as
system temperature approaches the liquidus. Simultaneously, (Fe, Cr) solid so-
lution formation releases oxygen to the surface, where oxidation reactions form
(Fe, Cr),04 surface oxide films. Uniformly distributed Y and Ti become en-
riched in the final solidified residual liquid phase. As temperature drops below
the liquidus, the solid-liquid interface advances inward, and oxygen and active
elements become extremely enriched in the remaining liquid phase. This en-
richment facilitates Y-rich oxide formation through conversion of (Fe, Cr),04
and direct precipitation from the (Y, Ti, O)-rich liquid. Concurrently, metallic
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element combinations generate Laves phases. When temperature falls below the
solidus, the liquid phase disappears completely and solidification ends. Sluggish
solid-state diffusion leads to kinetic arrest of the microstructure.

Fig. 6 In atomized powders, oxide distribution is primarily determined by ther-
modynamic equilibrium and phase transformation driving forces during droplet
solidification: (a) oxygen content in each phase, (b) Gibbs free energy of reac-
tion.

Oxygen-doped inert gas atomization involves oxygen dissolution into the melt
and subsequent reaction with metallic elements upon rapid cooling, triggering
in-situ oxide precipitation. Comparing driving forces for oxygen dissolution and
oxide formation is therefore essential for analyzing elemental distribution within
the oxide layer. Fig. 6b shows variation of standard Gibbs free energy change
(AGY) as a function of temperature. Oxygen behavior in the high-temperature
liquid phase is dominated by its dissolution trend, represented by the red line
with negative slope. In contrast, oxide formation during mid-to-low tempera-
ture solidification is dictated by the Gibbs free energy trend, represented by the
black line with positive slope. Intersection of the red and black lines near the
melting point indicates that such oxides dissolve above this temperature and
later reprecipitate as fine particles during rapid cooling. Therefore, accelerating
cooling rate to rapidly solidify droplets below the liquidus temperature presents
an effective process control strategy. This approach leverages non-equilibrium
characteristics of rapid solidification to kinetically control high-temperature oxy-
gen dissolution and solute redistribution, thereby preventing excessive surface
and internal oxidation and ultimately producing high-performance metal pow-
ders with low oxygen content.

Fig. 7 [Figure T: see original paper| compares thermodynamic driving forces for
oxidation among Fe, Cr, Y, and Ti, demonstrating not only obvious disparities
in oxygen affinity but also a specific hierarchy: Y, Ti, and Cr all possess stronger
affinity than Fe, ranked as Y > Ti > Cr. During atomization, these reactive el-
ements competitively capture oxygen, altering its distribution between the melt
and newly formed oxides. Thus, adding Y, Ti, and Cr to pure Fe enhances the
overall oxidation driving force of the resultant Fe-15Cr-0.1Ti-0.7Y (wt.%) alloy.
Direct evidence includes preferential nucleation of Y-, Ti-, and Cr-rich oxides
on powder surfaces during rapid cooling. A second characteristic is formation
of a surface Cr-rich oxide layer with an underlying Cr-depleted/Fe-rich metallic
sublayer on powder particles, as shown in Fig. 4, experimentally demonstrating
the oxidation sequence Y > Ti > Cr > Fe.

Fig. 7 Driving forces for oxide formation of metallic elements.
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4.2.1 Influence of Oxygen Content on the Rate of Oxygen
Diffusion in Droplets

At low oxygen content (0.1 vol.%), the oxide layer was discontinuous with a
defective structure, and oxidation kinetics were in an inhibited stage. Limited
oxygen flux from gas phase to liquid metal surface made the gas-liquid interfacial
reaction the rate-limiting step for the overall process. Specifically, interfacial
oxygen concentration C was extremely low, leading to negligible inward chem-
ical potential gradient (dC/dx). Consequently, internal oxygen diffusion depth
became very shallow, resulting in formation of only a thin oxide film. Addition-
ally, rapid droplet solidification caused volume shrinkage and formation of a
solid shell, with resulting stresses tearing the incomplete, poorly bonded oxide
film. This non-uniform oxygen distribution is indicative of a kinetically sup-
pressed regime. When oxygen content increased to 0.5 vol.% and 1.0 vol.%, the
oxide layer gradually became continuous and dense with significantly increased
thickness. The oxidation mechanism transitioned to diffusion control, involving
inward diffusion of oxygen ions and outward diffusion of metal cations through
the oxide layer. Since both ions exhibit slow diffusion kinetics, they jointly
govern the oxidation process.

4.2.2 Influence of Metallic Element Diffusion on Surface
Oxidation

Carl Wagner [?] noted that kinetics of protective oxide formation on alloys
are determined by competitive counter-diffusion of oxygen inward and alloying
elements outward. Equation (1) describes this competitive relationship, where
N_ O is oxygen partial pressure, D O is oxygen diffusion coefficient, D_ M is
cation diffusion coefficient, and N__ M is the critical concentration of the specific
element. Given the low diffusion coefficients of Ti and Y, the oxidation process
is dominated by inward oxygen diffusion [?]. Oxygen dissolves into the alloy and
reacts with Ti and Y to form internal oxide particles. In contrast, Fe and Cr have
larger diffusion coefficients, allowing rapid outward diffusion [?]. A continuous,
dense external oxide film enriched in Cr and Fe forms through reaction of Fe
and Cr with oxygen at the surface, effectively suppressing subsequent oxidation
7).

Cr migrates through lattice diffusion in iron-based alloys [?]. The lattice dif-
fusion rate is relatively low, and enhancing the chromium diffusion coefficient
requires elevated bulk Cr concentration in the alloy. Typically, Cr content must
exceed 20 wt.% to form a continuous Cr,O4 film [?]. Traditional heat-resistant
alloys such as Inconel 600 contain about 15 wt.% Cr, which is insufficient to
form a continuous Cr,0j5 film [?]. However, ODS alloy microstructural design
enables a shift in chromium diffusion mechanism by replacing slow lattice dif-
fusion with rapid grain boundary diffusion [?, ?]. Induced by oxygen-doped
gas atomization, rapid Cr diffusion during solidification of Fe-15Cr-0.1Ti-0.7Y
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(wt.%) droplets thus permits formation of a continuous Cr,O5 film despite a
bulk Cr content of only 15 wt.%.

Fig. 3 shows formation of a thin Fe-rich oxide layer on powder surfaces un-
der 0.5 vol.% oxygen. Beneath this thin layer lies an Fe-poor, Cr-rich metallic
subsurface layer. Nyborg [?] confirmed that during atomization of ferritic steel
containing 25 wt.% Cr, droplets contacting atomization gas immediately formed
a continuous iron oxide layer 3 nm thick. Similar to these results, we found ox-
idation reaction kinetics were dominant under low oxygen content conditions.
Such iron oxide layers are inherent in atomized steel powders. The composi-
tion of the initial surface oxide layer, particularly regarding Fe and Cr content,
closely mirrors that of the matrix. Subsequent preferential inward diffusion of
Cr leads to substitution of Fe atoms within the oxide [?], followed by outward
diffusion and further oxidation of displaced Fe to form iron oxides. Concurrently,
outward Cr diffusion depletes Cr at the metal/oxide interface, decreasing Cr con-
centration in the outer portion of the oxide layer. Consequently, the final oxide
film exhibits decreasing Cr content from inner to outer regions, complemented
by corresponding Fe increase.

Increasing oxygen content from 0.5 vol.% to 1.0 vol.% fundamentally alters
the oxidation mechanism, shifting dominant factors from inward Cr diffusion
to combined thermodynamic and kinetic control. Formation of an initial Cr-
rich oxide layer depletes local Cr atoms, resulting in relative Fe enrichment. A
small amount of O?~ continues diffusing inward through the Cr-rich oxide layer.
Restricted by rapid solidification in gas atomization, timely migration of internal
Cr to the surface is hindered. Space charge theory provides an explanation for
this process, as shown in equations (2-3) [?]:

3 _
50s +6e” — 30°
Cry03 — CryO5 + 3V + 3V

Oxygen molecule adsorption and ionization occur at the oxide/gas interface. A
positively charged space charge region forms in the near-surface oxide layer due
to electron loss to oxygen. To maintain electrical neutrality, chromium vacancies
as negatively charged point defects migrate to the surface region. Additionally,
inward migration of positively charged point defects leads to formation of an
ultrathin space-charge region near the surface with a gradient in point defect
concentration. Cr3* tends to move toward regions with high chromium vacancy
concentration. Since D_{Cr} « D_{Fe}, the mainstream diffusion path from
interior to exterior is blocked [?, ?]. Concurrently, O?~ diffuses along grain
boundaries opposite to chromium vacancy migration, penetrating the initial thin
Cr,0j5 layer to reach the CryO5/metal interface, where it reacts with Fe to form
iron oxides. This Fe consumption at the interface disrupts local equilibrium,
forcing Fe?" from the matrix to diffuse toward the interface. Ultimately, a Cr-
poor, Fe-rich metallic subsurface layer forms beneath the Cr-rich oxide thin layer.
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This transformation demonstrates that powder oxide layer structure can be
precisely regulated by controlling mixed oxygen content, providing an important
process basis for preparing oxide dispersion-strengthened alloys with tailored
properties.

Internal oxidation behaviors of Y and Ti can also be analyzed from a kinetic per-
spective. Due to its extremely low solid solubility and small diffusion coefficient,
Y cannot diffuse outward rapidly enough to form a continuous Y-rich surface
oxide film [?, ?]. Instead, Y segregates via short-circuit diffusion paths such as
grain boundaries and phase boundaries [?]. The Y-rich precipitate observed at
boundaries is a typical internal oxide that is inert, highly insoluble, and exhibits
exceptional thermodynamic stability. As immobile obstacles, these precipitates
significantly inhibit outward diffusion of Cr3* and Fe3*. Ti outward diffusion
is slower than O inward diffusion [?], causing Ti enrichment near the growing
powder oxide layer, mostly as discontinuous particles. This Ti enrichment char-
acterizes internal oxidation and involves doping of Ti** (with higher valence
than Cr3") into the Cr,Oj5 lattice. To maintain electroneutrality, cation vacan-
cies spontaneously generate to compensate for extra positive charge from Ti**
dopants. The defect reaction can be expressed as equation (4):

2Cr,y 04 4 3Ti0, — 3Tig, + 600 + V.

where Ti_ {Cr}”-denotes a Ti atom with effective positive charge on a chromium
lattice site, and V__{Cr}”” denotes a cation vacancy with three effective negative
charges. These additional cation vacancies provide faster channels or short-
circuit paths for outward diffusion of Cr3* and Fe?t [?].

4.2.3 Variation of Oxide Layer Type with Powder Particle
Size at Constant Oxygen Content

Fig. 8 [Figure 8: see original paper] shows powders atomized with 0.5 vol.%
oxygen, revealing a direct correlation between particle size and oxide layer type.
A distinct layered structure existed on 40 m powder particles (Fig. 3). In
contrast, 110 m powder particles displayed a mixed Fe-Cr oxide layer on their
outer surface without significant elemental composition variation across the ox-
ide layer.

Fig. 8 SEM and EDS images of the cross-section of the oxidized surface of a
powder particle with oxygen content of 0.5 vol.% and particle size of 110 m.

This phenomenon can be explained from two perspectives: elemental diffusion
kinetics and oxygen penetration depth. Fine particles exhibit higher specific sur-
face area and greater cooling rates, resulting in significantly shortened diffusion
paths from particle interior to surface [?]. Consequently, kinetic factors become
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the dominant controlling mechanism. Following atomization, preferential occu-
pation of surface active sites by Fe atoms and their reaction with minor O, to
form iron oxides depletes surface Fe, creating an inward concentration gradient
from the powder surface. This concentration gradient drives oxygen inward dif-
fusion. When inward-diffusing oxygen meets outward-diffusing Cr atoms, the
relatively slow diffusion rate of Cr predominates. A thin Fe-rich oxide layer
forms on the powder surface with an underlying sublayer depleted in Fe and
enriched in Cr. Thermodynamically, a portion of initially formed iron oxides
can undergo solid-state reduction reaction with chromium, simultaneously yield-
ing a more stable Cr-rich oxide layer that facilitates formation of a continuous,
dense chromium oxide barrier.

When particle size increases to 110 m, the path for elemental outward diffusion
is significantly prolonged, making it difficult for Fe to quickly and completely
cover the entire surface. Meanwhile, oxygen inward diffusion depth is limited,
the oxide layer remains thin, and oxidation reactions are confined to near-surface
regions [?]. The spatial conditions required for a distinct oxidation interface
cannot be met, and Fe and Cr react with oxygen almost simultaneously, resulting
in formation of a mixed Fe-Cr oxide rather than discrete single-metal oxide
layers.

4.3 Y Distribution near the Oxide Layer versus Powder
Particle Size

Distinct Y segregation was observed at the oxide/matrix interface in coarse
particles. This Y segregation is not an isolated phenomenon but is closely
coupled with and mutually promoted by the initial oxidation reaction. Fig. 9
[Figure 9: see original paper| shows that Y distribution near the surface oxide
layer is significantly affected by particle size at 0.5 vol.% oxygen content. Four
powder sizes were selected: 40 m, 100 m, 190 m, and 300 m. EDS analysis
of powder cross-sections revealed a distinctive feature in particles larger than
100 m: consistent Y peaks in line scans at the interface between the oxide layer
and substrate.

Fig. 9 Powders prepared with 0.5 vol.% oxygen in the atomizing atmosphere:
(a) EDS images of 40 m powder, (b) EDS images of 100 m powder, (¢) EDS
images of 190 m powder, (d) EDS images of 300 m powder.

Y enrichment is closely related to powder particle size. During powder forma-
tion, migration of Cr3* and Fe3* within the oxide layer introduces high defect
densities at the oxide-matrix interface. These defect-rich regions provide short-
circuit diffusion pathways for Y atoms, promoting rapid interfacial segregation.
Meanwhile, initial oxidation depletes Cr at the interface, enhancing Y chemical
potential and segregation driving force in this region. Slow cooling rates for
large particles provide longer diffusion times, and sufficient Y diffusion to the
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interface ultimately leads to formation of a pronounced enrichment band. Ad-
ditionally, rapid solidification of fine droplets forms a supersaturated Y solid
solution in the matrix, which kinetically suppresses Y precipitation. In con-
trast, slow solidification of large droplets provides sufficient time for atoms to
precipitate from the melt [?]. In summary, Y segregation is a complex process
governed by synergistic effects of interface defect chemistry and solidification
kinetics. Powder particle size ultimately regulates Y enrichment extent through
decisive control over cooling rate and diffusion time, while defect-rich regions
and elevated chemical potential induced by Cr depletion collectively provide
necessary thermodynamic and kinetic preconditions for this process.

4.4 Oxide Layer Evolution during Atomization and Solidi-
fication

Based on the above analysis, Fig. 10 [Figure 10: see original paper] illustrates

oxide layer evolution during droplet solidification using atomization gas with
different oxygen contents.

Fig. 10 Evolution of the oxide layer during droplet solidification under atom-
ization gas with different oxygen contents.

5. Conclusion

This study systematically investigated the influence of atomizing gas oxygen
content on surface oxidation behaviors of ODS steel powders. The composition,
thickness, and continuity of metastable oxide layers on powder surfaces can be
predicted and designed by precisely controlling atomizing gas oxygen content
and powder particle size. The main conclusions are:

1. Atomizing gas oxygen content is a critical factor determining oxide layer
characteristics. As oxygen content increases from 0.5 to 1.0 vol.%, the
oxidation mechanism changes, resulting in different oxide layer structures
with correspondingly increasing overall oxide thickness.

2. Space charge theory explains the mechanism by which, under high oxygen
conditions, hindered Cr3* outward diffusion causes O%~ to migrate inward
along grain boundaries and react with Fe.

3. Powder particle size, which controls cooling rate and diffusion path, causes
oxide layer structure to shift from a stratified Fe-rich layer in fine powders
to a mixed Fe-Cr layer in coarse powders.

4. Y is significantly segregated and enriched at the oxide layer/matrix inter-
face of coarse powders due to slow cooling that provides sufficient time for
short-circuit diffusion.
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