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A B S T R A C T

Oxide dispersion strengthened (ODS) steels exhibit superior mechanical properties and irradiation resistance due
to nano-sized oxides, highly dispersed in the metallic matrix. The mechanical properties are affected by the
structure, composition, size and density of the nano-sized oxides. Despite numerous reports on the character-
ization of these oxides, ambiguity regarding their composition, crystallographic structure and orientation re-
lationship with the matrix remains. In the present study, characterization of the crystallographic structure of
oxide particles existing in 14%Cr ODS steel was performed using classical and novel transmission electron
microscopy (TEM) methods. 3D dispersion, density and composition of these oxides were evaluated by atom
probe tomography (APT). Three populations of particles were detected: highly dispersed, 3–20 nm Fe(Cr,Ti,Y)O
particles with spinel structure; 50–150 nm YTiO3 and large (100–200 nm) particles identified as cubic TiC.

The spinel-type particles displayed Bain and Kurdjumov-Sachs orientation relationships (OR) with the ferritic
matrix. Applying electron diffraction tomography, the YTiO3 structure was attributed to the GdFeO3 (distorted
perovskite)-type and its lattice parameters were refined as a = 5.46 Å, b = 7.66 Å and c = 5.28 Å. Orientation
relationship of the YTiO3 particles and Fe matrix were determined as [110]Fe//[210]oxide and (110)Fe//
(002)oxide.

1. Introduction

For the next generation nuclear power plants, high performance
structural alloys with exceptional properties at extreme conditions are
required. Oxide dispersion strengthened (ODS) steels are promising
candidates for such applications [1,2]. As it states from their name,
these steels are reinforced by nano-sized oxide particles which improve
dramatically the mechanical properties of the matrix. The oxides limit
matrix's grain growth and block dislocation mobility which results in
increased strength [3]. In addition, under neutron irradiation, the in-
terfaces between the oxides and the Fe matrix serve as sinks for point
defects such as vacancies and He bubbles, thus improving the radiation
resistance of the steel [4,5].

ODS steels are prepared using mechanical alloying of Y2O3 with a
powder consisting of Fe, Cr and additional alloying elements. The
choice of Y2O3 is due to its high thermal stability [6]. The mechanical
alloying causes Y2O3 to decompose into Y and O atoms, which in the

following hot consolidation stage crystallize into complex oxides con-
taining Y, O and transition metals [7,8]. For example, addition of Ti to
ODS steels leads to the formation of YeTi oxides, which display an
impressive stability under irradiation [2,9–11]. Ti also plays an im-
portant role in reducing the particles' size, leading to a higher disper-
sion of fine YeTi oxides [7].

Since the nano-oxides are responsible for the unique properties of
the ODS steels, they have been studied extensively. The most common
types of oxides reported for the Cr-rich ferritic ODS steels (containing Ti
and Y) are the Y2Ti2O7 and Y2TiO5 [5,7,12–15]. There is a dispute
among different researchers regarding the type of orientation re-
lationship (OR) of these oxides with the Fe-rich matrix. Exact compo-
sition of the Y2TiO5 and Y2Ti2O7 is also a matter of discussion. Some
researchers reported non-stoichiometric Y-Ti-O enriched clusters with
varying Y/Ti ratio [12,16]. It should be noted that in addition to the
Y2Ti2O7 and Y2TiO5 phases, in the Y-Ti-O system - YTiO3 oxide exists,
but it was rarely documented in the literature with regard to ODS steels
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[17,18]. Furthermore, the strengthening oxides in ODS steels do not
always adopt structures reported in the Y-Ti-O system. For example,
Hirata et al. [19] found oxide particles composed of Ti(Y,Fe,Cr)-O,
having a defective NaCl structure type, and exhibiting OR with the
matrix. Sakasegawa reported the presence of Al2O3, Fe3O4 (Magnetite)
and TiO2 (Anatase) [12]. Thus, the numerous studies conducted on the
oxide particles point to an ambiguity regarding their composition and
structure. Further characterization using a combination of advanced
methods may shed some light into this ambiguity.

Due to the nanometric size of the oxides, characterization of their
crystallographic structure is challenging. Atom probe tomography
(APT) is a powerful tool widely used to investigate the composition of
the oxides at atomic scale, however it does not provide structural in-
formation and for this - additional methods are required. Indexing of
conventional electron diffraction (ED) patterns obtained by transmis-
sion electron microscopy (TEM) is often challenging due to the large
contribution of the matrix, and fast Fourier transform (FFT), taken from
the high resolution TEM (HRTEM) images, are often ambiguously in-
terpreted. In the present study, a detailed TEM investigation, applying
classical and novel electron crystallography approaches, combined with
APT analysis was performed in order to characterize the nano-oxide
particles embedded in the ferritic matrix.

2. Experimental

The current study focuses on the characterization of the dispersed
particals in a 14% Cr ferritic ODS steel provided by CEA/DEN/DANS.
The nominal composition, as reported and verified by the Energy
Dispersive Spectroscopy (EDS) in Scanning Electron Microscope (SEM),
is Fe - 14wt%Cr - 1wt%W - 0.3wt%Ti - 0.25wt%Y2O3. The fabrication
process included mechanical alloying (MA) of the powders, hot extru-
sion at 1100 °C, hot isostatic pressing (HIP) for 4 h at 1050 °C and
1400 bar and a final heat treatment at 1050 °C for 1 h. The mechanical
properties of the investigated 14% Cr ODS steel are reported in [20,21].

TEM investigation was carried out using a 200 kV JEOL JEM 2011
FasTEM and a JEOL JEM-2100F TEM operating at 200 kV equipped
with JED-2300 T EDS, scanning coils and GATAN 806 high angle an-
nular dark field (HAADF) detector. Bulk specimens were sliced using an
electric discharge machine (EDM) and polished down to 50 μm on a
series of SiC lapping disks. The samples were cut into three millimeter
discs in diameter and thinned to an electron transparency using Gatan
Precision Ion Polishing System (PIPS). Electron diffraction tomography
(EDT) datasets were collected manually by tilting the sample around an
arbitrary axis and recording an ED pattern at 1° steps in the selected
area electron diffraction (SAED) mode. In order to gain a wide angular
range, a high tilt tomography holder (FISCHIONE) was used enabling a
tilt angle of approximately± 60°. Following the data collection, the
series of ED frames were merged and processes using the EDT- process
software [22].

For EDT analysis, extraction replica samples were prepared. The
steel was immersed in a solution containing 50% HCl and 50% water in
order to dissolve the Fe matrix, leaving only the oxide particles. Then,
the solution was dropped on an Au TEM grid.

APT investigation was carried out with a laser-assisted tomographic
atom probe (APPLE-3D) designed at the Institute of Theoretical and
Experimental Physics (Moscow) [23]. Evaporation was induced by
515 nm laser with an energy of 0.1–1.2 μJ, pulsing at a 25 kHz fre-
quency of 300 fs long pulses. The pressure was (5 ÷ 7) × 10−10 Torr
and the specimen tip was kept at 40–50 K.

The reconstruction and analysis of the APT data included mass
spectrum identification and characterization of 3D distribution of the
chemical elements in the studied volumes. To describe the nano-scale
features that were detected, the maximum separation algorithm was
applied [24]. In this algorithm, the local environment of each atom,
within a small sphere of a diameter dmax, was tested. If the number of
atoms of a given solute element “A” in the sphere exceeded a threshold
value of Nmin, the sphere was regarded as an “A” cluster which center is
at the center of the sphere. If another atom (marked B) was present in

Fig. 1. Three populations of particles observed in the ODS
steel: a) TiC particle with a size of 150 nm. ED pattern taken
from this particle, indexed in terms of TiC FCC unit cell with
a = 4.33 Å [27], is shown in the inset. b) Large 150 nm Y-Ti-
O particle, located along a grain boundary. c) and d) DF
images illustrating the nano-oxides along grain boundaries
and at the grains' interior, respectively. Corresponding elec-
tron diffraction patterns are presented in the insets and the g
vectors, used for DF images, are marked by arrows. The in-
tense spots are indexed as Fe [001] zone axis pattern, less
intense ones originate from the particles (for indexing of these
patterns please refer to Fig. 8).
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the sphere belonging to this cluster, then the algorithm associated the
two atoms to the same “A” cluster. This procedure performed on each
individual atom of the analyzed volume, allowing the identification all
the possible clusters. Finally a smoothing step was applied by attri-
buting atoms of clusters that consist of less than N0 atoms to the matrix
[25,26]. If the selected values of Dmax and Nmin are too small, frag-
mentation of clusters is observed. A choice of too large values for Dmax

and Nmin leads to the artificial joining of closely located clusters. In the
current research, Dmax and Nmin were set at 0.8 nm and 7 atoms, re-
spectively.

3. Results

The particles observed in the studied ODS steel could be classified
into three main populations, easily distinguished by their characteristic
dimensions. The largest particles and less frequently observed were
identified as TiC with a typical size of 100–200 nm. An example of such
particle is shown in Fig. 1a. EDS analysis and ED pattern (shown in the
inset of Fig. 1a), taken from this particle, confirmed it to be a face
centered cubic (FCC) TiC particle. The second type of particles, which
were more frequently dispersed as compared to the TiC particles, were
oxides with sizes in the range of 50–150 nm (Fig. 1b). According to the
EDS analysis, these oxides are composed mainly of Y, Ti and O. The
third population consists of densely distributed nano-sized particles,
varying from several to 20 nm. Due to their nanometric size, they were
difficult to detect on bright field (BF) TEM images. However, these
particles were clearly observed in dark field (DF) images obtained from
extra reflections (e.g. in addition to the Fe matrix) in the ED pattern. As
can be seen in Fig. 1d and c, in some cases these nano-particles were
preferably located at grain boundaries and in other cases at the grains'
interior.

Due to the nanometric size of the small particles, the contribution of
the surrounding matrix is too significant for a TEM EDS analysis. Atom
Probe Tomography (APT) allowed obtaining atom maps from the in-
vestigated clusters, see Fig. 2a. The clusters' size was measured ac-
cording to these maps as several nanometers, consistent with the TEM
observations shown in Fig. 1c and d. The density of these clusters was
quite high, measured as ~1024 m−3. Fig. 2b shows chemical compo-
sition of the investigated clusters. The nano-sized particles contain
mainly O, Ti, Cr, a small amount of Y and Fe (balance). The ratios Y/Ti
and (Y + Ti)/O were calculated to be ~0.3 and 1.5, respectively. For
illustration, radial distribution of solutes in one of the clusters is pre-
sented in Fig. 3. Table 1 summarizes the chemical composition of the
matrix compared to the clusters. It can be seen that concentrations of
Cr, O, Ti, and Y are higher in the clusters relatively to the matrix. Al-
though artifacts of the APT measurements [28] have possibly affected
the quantification of the measurements and prevented precise de-
termination of the composition, the fact that these cluster exist and that
they contain Cr in addition to expected Ti, Y, and O is clear. Similarity

between the TEM and APT observations provide additional support to
this understanding.

3.1. Structural characterization of larger particles

Characterization of the relatively large oxide particles was per-
formed using Electron Diffraction Tomography (EDT) method
[22,29–31], since indexing of conventional ED patterns, taken in the
selected area (SAED) mode, was ambiguous. For the EDT analysis, ex-
traction replica sample was prepared to eliminate the contribution of
the matrix to the ED patterns and EDS measurements. Following
manual data collection, the frames were merged, using the EDT-process

Fig. 2. a) Atom maps of investigated volume. b) Chemical composition of detected clusters with respect to the matrix.

Fig. 3. Radial distribution of solutes in the 5-th cluster (as indexed in Fig. 2b).
Composition was determined in a spherical layer of 1 Å thick (smoothing
procedure was applied).

Table 1
Chemical composition (in at.%) of the matrix and the clusters, as measured by
APT.

Element Matrix Clusters

at.% ± Δ at.% ± Δ

C 0.04 0.01 0.08 0.07
O 0.08 0.02 5.8 0.8
Cr 15.2 0.3 22 2
Fe 83.2 0.3 62 2
W 0.19 0.03 0.3 0.2
Si 0.63 0.05 1.0 0.3
Ti 0.09 0.02 7 1
Mn 0.46 0.05 0.4 0.2
Y – – 1.6 0.4

To identify the structure of the 50–150 nm and 2-20 nm particles, which will
further be referred to as “large” and “nano” sized oxides, respectively, electron
crystallography methods were employed.
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software [22], which enables to reconstruct a 3D reciprocal space.
Using a procedure described in [22], the reciprocal space can be rotated
so that the highest symmetry projections will be detected. In this way,
the geometry of the unit cell can be evaluated. It had been demon-
strated that the routine of unit cell search is quite stable against a tilt-
axis error [32], thus the error in the tilt axis causes very small devia-
tions from the true lattice parameters. In our study tilt axis was de-
termined by the cylindrical projection that is used for the determination
of the goniometer tilt axis of the microscope. Following a successful
reconstruction, a list of dhkl and intensities was extracted. The projec-
tions of the highest symmetry, i.e. [100], [010] and [001] are shown in
Fig. 4a-c, respectively. The extracted lattice parameters are presented in
Table 2. The accuracy of the cell parameters` determination depends on
the calibration and other systematic errors, the unit cell angles can be
calculated with an accuracy of about 1° [31,32].

As can be seen from Table 2, a≠ b≠ c and α≈ β≈ γ≈ 90°. Thus,
the crystal system was classified as orthorhombic. Analysis of the da-
taset intensities allowed deducing the following reflection conditions:
h00 h = 2n; 0 k0 k = 2n; 00 l l = 2n; hk0 h + k = 2n; 0kl k + l = 2n.
These conditions belong to the Pn_n extinction (diffraction) symbol and
indicate that the symmetry of this structure can be described either by
the Pn2n (34) or Pnmn (58) space groups. According to the PDF4+
(2018) database (International Center for Diffraction Data) [33], the
calculated lattice parameters are close to those of YTiO3 with a dis-
torted perovskite structure, which exhibit a Pnmn space group, see
Table 2. Therefore, the large oxides were attributed to this structure.

In order to prove that the particles in the matrix have the same
structure as those in the replica, ED patterns taken from the particles
embedded in the matrix (e.g. original bulk TEM sample) were analyzed.
All patterns were successfully indexed in terms of the YTiO3 structure
using determined here lattice parameters. Some examples are shown in
Fig. 5a-c. It should be noted that these patterns could not been indexed
in terms of any other Y-Ti-O or TieO known structures. Moreover, as
can be seen from Table 2, the lattice parameters determined by EDT
were somewhat different from the JCPDF card of the YTiO3 structure
(number 04-001-7833).

3.2. Structure characterization of the nano-sized oxide particles

Crystallographic structure of the nano-sized oxides was determined
using the superimposed matrix/oxide ED patterns. ED patterns taken
from the matrix contained diffused scattering and some extra spots
originating from these nanoparticles. These effects were not observed at
all orientations due to the distinct OR of the matrix with the particles

and their small dimensions. As an example, [111] orientation of the
matrix is shown in Fig. 6a. Along [100]Fe orientation the additional
reflections were observed occasionally, as shown in Fig. 6b and c taken
from two different grains: in the ED pattern, shown in Fig. 6b, only
body centered cubic (BCC) Fe spots are observed, while in Fig. 6c one
can distinguish weak additional spots (marked by an arrow). This is an
indication to a non-uniform distribution of the nano-sized oxides.
Moreover, While tilting slightly away from the exact [100]Fe orienta-
tion, more extra spots appear, see Fig. 6d. Corresponding BF and DF
images as obtained from an extra spot, shown in Fig. 6e and f, re-
spectively, reveal the nano-sized particles that produce the extra re-
flections on the ED pattern.

The most complex data was received at [110] orientation of the
matrix. In Fig. 7a-c, it can be seen that [110]Fe orientation contains
many extra reflections and some diffuse scattering and that the amount
of extra spots varies between matrix grains of the same orientation. In
fact, Fig. 7a is a superposition of patterns b and c. ED pattern, shown in
Fig. 7a, contains 3 phases. The most intense spots belong to the BCC Fe
(see indices). Weaker spots can be attributed to two patterns, as marked
on Fig. 7a. The DF images taken from g corresponding to a weak spot
from each pattern (Fig. 7e and f) prove them to emerge from the finely
dispersed nano-oxides. BF image is shown in Fig. 7d for reference. It can
be concluded that pattern shown in Fig. 7a is a superposition of several
different orientations/structures. Furthermore, some additional spots,
circled on Fig. 7b, appear due to multiple scattering (they disappear
while tilting around the corresponding reflection rows). All this makes
an indexing in this case extremely difficult.

Fe ED patterns. Similar to those presented here. Were discussed in
the literature as superimposed ED patters of Fe and its native oxides. To
eliminate the doubt that the origin of the observed particles is surface
oxidation of the TEM sample, we checked the density of the nano-sized
particles, at the same Fe orientations and same grains, before and after
cleaning the surface using the PIPS, and found them to be identical.
Kuroda et al. [34], have studied the OR between the Fe substrate and a
passive oxide film and reported their characteristics. The ED patterns,
observed in the current study, were essentially identical to those re-
ported in [34], allowing us to adopt their interpretation of the ED
patterns. Kuroda et al. [34] indexed their ED patterns in terms of Fe3O4/
Fe2O3 oxides, both with MgAl2O4-type spinel structure. The authors
claim that it is difficult to distinguish between the two phases due to
their similar structure and their close lattice parameters. They proposed
Bain OR for the [100]Fe orientation, `e.g. [100]Fe//[100]oxide and
(011)Fe//(010)oxide. Fig. 8a shows a simulation of the matrix and Fe3O4

with Bain OR. As can be seen, the simulation fits well the experimental
pattern shown in Fig. 6c. At [110]Fe, Kuroda et al. [33] proposed
Kurdjumov-Sachs (KeS) OR [35], e.g. [110]Fe//[111]oxide and (111)Fe//
(101)oxide. Fig. 8b presents a simulation of the matrix and Fe3O4 with
KeS OR. The simulation is very similar to pattern #1, shown in Fig. 7b
(when multiple scattering is taken into account). It should be noted that
in the work of Kuroda et al. [34], no extra reflections were observed at
the [111]Fe orientation, which is in line with our observations. More-
over, they had also presented ED pattern with a slight misorientation
from the exact [100]Fe zone axis, which was identical to the pattern

Fig. 4. Selected projections of the reconstructed reciprocal space (which exhibit the highest symmetry) were indexed as a) [100], b) [010] and c) [001].

Table 2
Unit cell parameters of the studied Y-Ti-O structure, extracted from the EDT
data, and lattice parameters of the reported in [33] YTiO3 structure.

a [Ǻ] b [Ǻ] c [Ǻ] α β γ

EDT data 5.46 7.66 5.28 90.95° 90° 90°
YTiO3 structure [33] 5.618 7.591 5.327 90° 90° 90°
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shown in Fig. 6d. Thus, it is reasonable to conclude that the nano-sized
oxides in the current study possess the MgAl2O4-type spinel structure
with Bain and KeS ORs with the BCC Fe matrix, as reported in [34].

However, existence of nano-oxides with spinel structure does not
provide an answer to all extra spots appearing at Fig. 7a. In fact, that
particular pattern was taken at the thicker area of the TEM samples,
thus some of the spots that appear in Fig. 7b (marked by a circle) do not
belong to patterns #1 and #2 and result from dynamical (multiple)
scattering [36,37]. Pattern #2, marked in Fig. 7a and shown in Fig. 7c,
can be indexed in terms of the YTiO3 with a distorted perovskite
structure, referred earlier in this paper. Fig. 8c shows a simulation of
the [110] orientation of the BCC Fe and [210] orientation of the YTiO3

structure. This OR is [110]Fe//[210]oxide and (110)Fe//(002)oxide. To
the best of our knowledge, OR of this structure with the Fe (BCC) matrix
was not reported earlier. However, this particular indexing is uncertain
since pattern #2 could also be indexed in terms of spinel structure at
the [211] orientation.

4. Discussion

The nanometric size of the oxides embedded in the Fe-rich matrix of
the ODS steels and the fact that these particles tend to be non-stoi-
chiometric makes their structure characterization challenging. The
practice used by many researchers to conclude structure of the
strengthening oxides from single orientation of ED or FFT of the
HRTEM image may lead to erroneous conclusions. Here, thorough
analysis allowed concluding that the studied 14%Cr ODS steel contains
three types of dispersoids: very large TiC particles with a size of
100–200 nm, 50–150 nm YTiO3 and Fe, Cr, Ti and Y spinel oxides, with
a size of several to 20 nm. Table 3 summarizes the sizes and crystal-
lographic data of the particles found in the studied steel.

The full characterization of the large (50–150 nm) oxides was
challenging due to the contribution of Fe matrix to the ED patterns and
EDS spectra. Furthermore, some ED patterns obtained from our samples
could not be indexed in terms of reported Y-Ti-O phases, while others
could be indexed in terms of more than one phase. To overcome these

Fig. 5. ED patterns obtained from different large oxide particles in the bulk sample. These patterns were indexed as of a) [311], b) [110] and c) [102] zone axis
patterns of the YTiO3 structure. Some additional spots, originated by the Fe matrix, are visible on these ED patterns.

Fig. 6. a) [111]Fe ED pattern taken from a matrix grain shows no extra spots. (b) and (c) [100]Fe ED patterns taken from two Fe grains, yet only one displays extra
spots ((c)-arrowed), illustrating the non-uniformity of the nano-oxide distribution. d) ED pattern slightly tilted away from the exact [100]Fe orientation, exhibits more
extra-spots. e) BF and f) DF images taken at g, corresponding to extra spots, proving that they emerge from the nanoparticles.
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obstacles the particles in concern were isolated using extraction replica.
EDT method allowed to conclude the structure of the large particles as
YTiO3 distorted perovskite. The lattice parameters, determined from
the EDT data, allowed successful indexing of all ED patterns taken from
the Y-Ti-O particles.

The nano-sized (3–20 nm) particles were most difficult to

characterize. High resemblance of the complex ED patterns in our work
to those reported by Kuroda et al. [34] led us to interpret the structure
of the nano-oxides as MgAl2O4-type spinel with KeS and Bain OR with
the Fe matrix. This interpretation was verified by the good fit between
simulated and measured ED patterns. We found only one article [39]
reporting the existence of spinel structure in the ODS steels, where the

Fig. 7. a-c) ED patterns taken at [110]Fe orientation. Some extra spots originate from multiple scattering. Other extra reflections belong to the patterns marked as 1
and 2 on (a). While (b) and (c) show patterns 1 and 2 independently. d) BF image of the grain from which the ED pattern shown in (a), was taken. e) and f) are DF
obtained at g belonging to patterns #1 and #2, respectively.

Fig. 8. Superimposed ED patterns, prepared using CaRIne Crystallography software [38], simulating: a) [100]Fe and [100]spinel oxide according to the Bain type
relationship and b) [110]Fe and [111]spinel oxide according to the Kurdjumov-Sachs type relationship. c) [110]Fe and [210]YTiO3

. Black full dots and empty circles
correspond to Fe and oxide's reflections, respectively. Matrix reflections are indicated by regular font, while oxide's indices are italized.
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particles, 30–50 nm in size, were identified as TiCr2O4. In general,
spinel structure is described as AB2O4, and in the case of Fe3O4 (mag-
netite), the chemical composition is Fe2+Fe23+O4. The solubility of Ti
in magnetite is relatively high [40] and Ti-rich magnetite can change its
stoichiometry to Fe2TiO4 (also called Ulvöspinel). Cr also has a high
solubility in magnetite [41] and can change its stoichiometry to
Fe2CrO4. In both cases, the structure remains the same as the Fe3O4 and
the lattice parameter slightly changes from aFe3O4

=8.390 Å [42] to
aFe2TiO4

=8.535 Å [43] in the case of Ti addition, or in the case of Cr
addition: aFe2CrO4

=8.379 Å [41]. Such differences in lattice parameters
are undetectable by ED due to the diffuse nature of the spots. APT re-
sults show that in the current steel the nano oxides were composed of
Fe, Ti, Cr, O and a small amount of Y. Thus, it can be assumed that the
nano-oxides that exist in the studied 14%Cr ODS steel are non-stoi-
chiometric Fe(Cr,Ti,Y)O with an MgAl2O4-type spinel structure. Since
out of three distinctive groups of particles, detected in the current work,
the nano-oxides were the most densely distributed, and have distinct
OR with the matrix, we believe that this population of oxides has a
major effect on the mechanical properties of this steel.

In general, the type of oxide particles existing in ODS steels vary
from one steel to another. Even ODS steels with very similar composi-
tion may exhibit differences in their oxides population. For example,
Bhattacharyya et al. [5] found three types of oxide particles in the 14Cr-
3W-0.4Ti-0.25Y2O3 ODS steel: large CrTiO3, small non-stoichiometric
Y, Ti, O with a structure somewhat similar to the Y2TiO5 and smaller
particles, which did not fit any known Y-Ti-oxide structures. Uni-
fantowicz et al. [18] studied similar composition and found large Cr-Ti-
O, CreN particles and smaller ones with the distorted YTiO3 perovskite
structure. Also, in a similar composition, Hirata et al. [19] found non-
stoichiometric Ti(Y,Fe,Cr)O with a defective NaCl structure and London
et al. [44] found Y2Ti2O7 particles surrounded by a Cr-rich shell. These
reports along with the results of the current study indicate that not only
the composition of the steel governs the types of oxides formed in the
steel, but other parameters, probably related to the fabrication process.
Among such parameters, which are not easy to fully control, are the
process environment and the extent of surface oxidation of the pre-
cursor metallic powder particles. This surface oxide layer may undergo
processes similar to those reported for Yttria particles, namely, amor-
phization and mechanical dissolution in the metallic matrix [45] and
subsequent crystallization during hot consolidation. Such mechanism
may also explain the distinctive OR observed in the current study,
which implies that the Fe(Cr,Ti,Y)O particles were formed by a pre-
cipitation mechanism.

5. Conclusions

The particles existing in the studied ODS steel were classified into
three populations. The largest and less frequent particles (100–200 nm)
were determined as TiC. Another population of large particles
(50–150 nm) was studied using the EDT method and characterized

unambiguously as YTiO3 with a distorted perovskite structure. Lattice
parameters of these oxides were refined. Orientation relationship of the
YTiO3 structure and Fe matrix was determined as [110]Fe//[210]oxide
and (110)Fe//(002)oxide. The smallest (3–20 nm) and most frequent
particles, were identified by APT and superimposed matrix/oxide ED
patterns as Fe(Cr,Ti,Y)O with an MgAl2O4-type spinel structure. These
particles possessed Bain OR with the matrix along the [100]Fe direction,
and KeS OR along the [110]Fe direction. The high density of the nano-
oxides and their OR with the matrix imply that they may have a major
contribution to the strengthening of the studied 14%Cr ODS steel.
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