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Abstract: Transmission electron microscopy and atomprobe tomography were used to characterize on a nearatomic scale the 
microstructure and oxide and carbide phases that form during thermomechanical treatments of a model oxide dispersion strengthened
Fe12 wt.% Cr0.4 wt.% Y2O3 alloy. It was found that some of the Yrich nanoparticles retained their initial crystallographic structure 
but developed a Crenriched shell, while others evolved into ternary oxide phases during the initial processing. The Y and Crrich
oxide phases formed remained stable after annealing at 1023 K for 96 h. However, the number of Crrich carbides appeared to increase,
inducing Cr depletion in the matrix.
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1. Introduction

The structural components of future fusion reactors will
be subjected to high heat loads and neutron fluxes, impos-
ing demanding requirements on materials used in such
applications, including low activation, adequate strength
and toughness, and high swelling and creep resistance [1].
Among the most promising candidate materials are
reduced activation ferritic/martensitic (RAFM) steels [2].
Reduced activation in steels is achieved by replacing
slow-decaying elements such as Nb, Mo and Ni with others
that exhibit a higher decay rate of induced radioactivity,
such as W and Ta [3]. High-temperature tensile strength and
creep resistance in RAFM steels can be significantly
improved by adding a very fine dispersion of Y2O3 parti-
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cles, which prevent the motion of dislocations and provide a
high density of pinning sites for grain boundaries, thereby
stabilizing the microstructure at high temperatures. The
high density of the particle matrix interfaces could also act
as sinks for irradiation-induced defects and nucleation sites
for helium bubbles, making these oxide dispersion
strengthened (ODS) steels more resistant to radiation hard-
ening and swelling [1]. ODS steels based on commercial
RAFM steels, such as ODS 9 wt.% Cr Eurofer, ODS 14 wt.
% Cr MA957 and 14YWT, are candidate materials for first
wall components in the advanced blanket concepts that are
being envisaged for the Demonstration Power Plant
(DEMO) [4]. These steels are produced by powder
metallurgy routes consisting of mechanical alloying (MA) of
the starting powders followed by consolidation by hot
isostatic pressing (HIP) or hot extrusion. In addition to Fe,
Cr and a fine dispersion of nanoscale Y-rich oxides, these
commercial steels contain other alloying elements such as V
and Ta as stable carbide formers, W as a carbide former and
solid-solution strengthener, and Ti to refine the grain and
oxide particle sizes [5,6]. Moreover, impurity elements such
as O and C are often unintentionally added
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owing to the nature of the production route, which could 
lead to the formation of unexpected complex phases with 
unknown behavior. The thermo-mechanical history is also 
crucial in defining the alloy microstructure, determining 
grain sizes and dislocation structures, the dispersion of fine 
oxide particles, and the size and distribution of oxides and 
carbides. This in turn affects mechanical behavior. For 
example, the ductile/brittle transition temperature of the 
first ODS Eurofer sheets produced by Plansee (Austria) was 
relatively poor, but a combination of hot rolling and 
subsequent austenitization and tempering enhanced the 
mechanical properties [7]. The poor fracture behavior of this 
ODS steel appeared to be due to the presence of fine M23C6 
chromium carbides decorating the grain boundaries in the 
as-HIPed material [8]. Thus, both composition and thermo-
mechanical history determine the mechanical response and 
irradiation behavior of the alloy.
Atom-probe tomography (APT) and transmission elec-

tron microscopy (TEM) analyses of a number of ODS steels
have shown that the chemical composition and crys-
tallographic structure of oxide nanoparticles can differ from
that of the starting Y2O3 powders [9 12]. For exam-ple, oxide
nanoparticles formed in Ti-containing MA/ODS steels are Y
Ti O complexes [10 12]. Recent APT and electron energy loss
spectroscopy (EELS) analyses of MA/ODS RAFM steels
showed that some of the particles exhibited a core shell
structure consisting of a complex Y-rich core surrounded by
a Cr- and V-rich shell [13,14].It is not clear whether this
core shell structure has a crystallo-graphic phase different
from that of the starting Y2O3. Mechanical properties, as
well as particle behavior under irradiation, could change
significantly depending on the structure of the nanoparticles.
In consequence, understand-ing the effect of the impurities
and alloying elements on the stability and structure of these
dispersoids is crucial for developing ODS RAFM steels.

The purpose of the present work was to investigate the
nature, microstructural characteristics and thermal stabil-
ity of the dispersoids and grain microstructure in a model
MA ODS/Fe 12 wt.% Cr alloy. This material is less com-
plex metallurgically than commercial steels, making it eas-
ier to investigate the evolution of oxide and carbide phases
during fabrication and their subsequent stability under
thermal treatments.

2. Experimental methods

The nominal composition of the model ODS alloy was 
Fe 12Cr 0.4Y2O3 wt.% (Fe 12.8Cr 0.2Y 0.3O at.%). 
The starting metallic powders were 99.5% pure Fe and 
99% pure Cr (Alfa Aesar), with sizes <10 lm and 45 lm, 
respectively. The Y2O3 starting powder (Pi-Kem) was 
spherical, with sizes ranging from 5 to 50 nm. The lattice 
parameters of the powders were obtained from X-ray dif-
fraction measurements. The diffraction peaks were consis-
tent with a monoclinic cell as characterized in Ref. [15]. The 
ODS alloy, as well as a non-ODS Fe12Cr reference
alloy, were produced by MA followed by HIP, as described 
in Ref. [16]. The MA of the elemental Fe and Cr powders 
was performed in argon in a Union Process vertical attri-
tion mill at a speed of 300 rpm for 15 h. A ball-to-powder 
ratio of 20:1 was used. The materials used inside the attri-
tor chamber were AISI 52100 hardened steel grinding balls 
of Ø3/16-in., 304 SS for the vessel, shaft and bar grid and 
440C SS for the rotor arms. The dispersion of 0.4 wt.%
Y2O3 was accomplished by the corresponding addition fol-
lowed by further milling for 12 h under the same condi-
tions. The ODS and non-ODS batches were canned and 
degassed for 10 h at 623 K in vacuum. The sealed cans were 
HIPed at 1373 K under a pressure of 190 MPa for 2 h and
cooled down at a rate of 30 K min1. The alloys were
subsequently annealed at 1023 K for 4, 24 and 96 h and
furnace cooled in vacuum. Samples of these alloys in the
as-HIPed condition and after the thermal treatments were
analysed by analytical TEM and APT.
The samples for TEM were prepared by electropolishing 

3-mm-diameter disks in a TENUPOL 5 twin-jet polisher 
using 5% HClO4 + 95% CH3OH as electrolyte. Before each 
TEM session, the samples were also cleaned at 1.5 kV for a 
few minutes in an ion beam thinner. TEM bright-field (BF) 
imaging and diffraction characterization was carried out on 
a Philips CM20 instrument operated at 200 kV and 
equipped with an X-ray energy dispersive spectrometer. 
High resolution electron microscopy (HREM) images, high 
angle annular dark field (HAADF) scanning TEM (STEM) 
images, X-ray energy dispersive spectrometry (XEDS) and 
EELS elemental maps were obtained using a JEOL 3000F 
microscope operated at 297 kV. Energy filtered TEM 
(EFTEM) maps were obtained with a JEOL 2200MCO 
prototype microscope operated at 200 kV equipped with 
two spherical aberration (Cs) correctors and an O-filter. 
The EFTEM series were processed after acquisition using 
multivariate statistical analysis (MSA) in order to remove 
the noise, as described elsewhere [17].
The samples for APT were prepared by standard elec-

tropolishing methods [18], and the analyses carried out with 
LEAP-3000X and 3000XHR atom-probe micro-scopes. 
During the analyses, the tips were maintained at 30 60 K for 
field evaporation using either voltage pulsing (20% pulse 
fraction, 200 kHz) or laser pulsing (wavelength 532 nm, 
pulse width 10 ps, repetition rate 200 kHz, energy 0.2 4 nJ 
and spot size 10 lm).

3. Results and discussion

The general microstructure of the as-HIPed materials 
was reported in Ref. [16]. Both reference and ODS alloys 
exhibited a martensite lath grain structure with a lath width 
of 100 400 nm and a high density of dislocations.
The C and O contents in the reference and ODS alloys 

were determined by IR absorption. The measured C 
concentrations were (0.32 ± 0.07) at.% and (0.41 ± 
0.09) at.%, respectively. These C contents are similar to 
those found in low carbon steels such as Eurofer [19].
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The C concentration specified in the certificate of analysis
of the starting Fe powders was 0.24 at.%. The excess C in
the alloys is attributed to the intake from the grinding
media and chamber used for MA. The O concentrations
were found to be (1.4 ± 0.7) at.% for the reference alloy
and (2.0 ± 0.7) at.% for the ODS alloy. These O contents
are consistent with the O concentrations of the starting
powders ( 1.3 at.%), and indicate that there was little or
no air intake during the powder processing.
The alloys contained several different types of secondary 

phases. Large Cr-rich oxides and carbides with sizes <1 lm 
were found in both alloys. In addition, the ODS alloy con-
tained an inhomogeneous distribution of smaller Y-rich 
particles with sizes <50 nm. Coherent precipitates, identi-
fied as cementite carbides, were also observed on the as-
HIPed alloys, but disappeared after annealing [16].

3.1. General microstructures

The effects of annealing at 1023 K on the microstruc-
tures of the ODS/Fe 12Cr and reference Fe 12Cr alloys are 
shown in the BF micrographs of Fig. 1. Fig. 1a c shows the 
ODS/Fe 12Cr alloy after annealing for 4, 24 and 96 h, 
respectively. No significant changes in the grain micro-
Fig. 1. Effect of heat treatments on the grain microstructure of (a c) the ODS/

1023 K for (a) 4 h, (b) 24 h and (c), (d) 96 h. R and U mark recovered and un
structure were observed, apart from a partial grain recov-
ery in some areas of the samples. This inhomogeneous 
recovery seems to be a direct consequence of the inhomo-
geneous distribution of Cr-rich precipitates and Y-rich 
nanoparticles, since evidence for recovery and recrystalliza-
tion was found only in areas depleted of such particles. 
These areas, marked “R” in Fig. 1, consist of almost dislo-
cation-free equiaxed grains with sizes <2 lm. In these 
recovered areas, secondary phases are observed at grain 
boundaries suggesting grain boundary pinning.
For the ODS/Fe 12Cr alloy, the areas that remained 

unrecovered (those marked “U” in the images of Fig. 1) 
contained very high densities of small secondary phase par-
ticles. Previous work showed that nanoparticles in ODS 
alloys are effective sites for trapping dislocations [20,21]. 
Some of these areas contained submicron-sized grains with 
either lath or equiaxed morphologies. In other areas, the 
grain morphology could not be clearly distinguished owing 
to the high density of dislocations.
In order to discriminate the capability of the Cr-rich and 

Y-rich precipitates to inhibit grain growth and dislocation 
annealing, an analysis of the reference Fe 12Cr alloy was 
performed. Fig. 1d shows a BF micrograph of a represen-
tative region from this reference alloy heat-treated at
3
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1023 K for 96 h. The grain microstructure, with recovered
(R) and unrecovered areas (U), appears similar to that of
the ODS alloy. These results indicate that Cr-rich particles,
i.e., oxides and carbides, which are present in both alloys,
have the capability to inhibit grain growth and dislocation 
annealing. However, more detailed observations revealed 
some qualitative differences between the two alloys: (1) 
grains and grain boundaries were usually clearly distin-
guishable in the reference Fe12Cr samples, while a high dis-
location density accumulated in many areas of the ODS 
alloy samples and prevented a clear visualization of the 
microstructure; and (2) the recovered areas were less uni-
formly distributed in the ODS alloy. These differences 
appear to be directly associated with the inhomogeneous 
distribution of the Y-rich nanoparticles, since the unrecov-
ered areas which exhibited a very high dislocation density 
with indistinguishable grains also had a very high density 
of these particles, as the analyses reported in Section 3.3.2 
reveal. The inhomogeneous distribution of the Y-rich 
nanoparticles may be attributed to an insufficient optimiza-
tion of the milling process.
APT analyses of the ODS/Fe 12Cr matrix revealed 

compositional changes induced by heat treatments at 1023 
K. As shown in Table 1, C and Cr depletion in the matrix 
after the first heat treatment was perceptible. This is 
consistent with the formation of Cr-rich carbides. After this 
treatment, the measured Cr content did not vary signif-
icantly with increasing annealing time. Reduction of the C 
content after subsequent treatments could be due to C seg-
regation at grain boundaries, as reported in Ref. [22]. The O 
content in the matrix did not vary significantly, suggest-ing 
that the oxides formed in the alloy are stable phases. The N 
content varied between 0.05 and 0.2 at.%, depend-ing on 
the sample.

3.2. Large Cr-rich oxide and carbide phases

3.2.1. Phase identification
Chemical analysis of the large precipitates was per-

formed by TEM using XEDS and EELS for point analyses 
and elemental mapping, as well as by APT. All the large 
precipitates analysed were Cr-rich carbides or oxides. 
Fig. 2a c shows a HAADF-STEM image and the corre-
sponding XEDS elemental maps of two of these Cr-rich 
precipitates in the ODS alloy annealed for 4 h at 1023 K. 
Atom-probe reconstructions of both precipitate types in
Table 1
Variation in the chemical composition of the ODS/Fe 12Cr matrix

through annealing at 1023 K; the compositions (in at.%) were measured

from APT analyses.

As HIPed After 4 h After 24 h After 96 h

C 0.25 ± 0.09 0.07 ± 0.01 0.02 ± 0.01 0.02 ± 0.01

Cr 10.7 ± 0.8 9.2 ± 0.9 9.5 ± 0.9 9.6 ± 0.9
O 0.10 ± 0.08 0.10 ± 0.08 0.3 ± 0.2 0.2 ± 0.1

N 0.20 ± 0.06 0.05 ± 0.03 0.10 ± 0.06 0.20 ± 0.07
an ODS alloy specimen heat-treated for 96 h are also shown 
in Fig. 2d. The Cr carbide shown on the left in Fig. 2d had 
composition 17.4 19.4 at.% C, 56.1 57.4 at.%Cr and 24.6 
25.2 at.% Fe; the uncertainties arise from the ambiguity in 
assigning the C peaks in the mass spectrum. This 
composition is consistent with an M23C6 carbide where M 
Cr, Fe with an Fe/Cr ratio 0.45 0.5. It should be noted that 
a somewhat lower measurement of the C con-tent by APT is 
expected, owing to the loss of information through multiple 
events or evaporation between pulses [23]. The maximum 
solubility of Cr in (Cr, Fe)23C6 is 51 at.% according to Ref. 
[24], yielding a Fe/Cr ratio of 0.56, which is slightly higher 
than that measured here. However, it has been reported 
than the Cr content of M23C6 carbides increases with 
annealing time, resulting in lower Fe/Cr ratios. For 
example, Fe/Cr ratios for M23C6 precipitates as low as 0.2 
at.% have been reported in an AISI 304 stainless steel 
annealed at 923 K for 48 h [25], and ratios of 0.36 0.39 at.% 
were found in T91 and E911 steels after normalizing and 
tempering [26].
Analysis of the adjoining Cr-rich oxide on the right in 

Fig. 2d revealed a composition of 40 ± 1 at.% Cr, 7 ± 1 at.% 
Fe, and 54 ± 1 at.% O, which is somewhat oxygen-deficient 
compared with the Cr2O3 phase. Al was segregated at the 
particle/matrix interface. The presence of Al probably 
comes from the Cr powders, which contain 0.004 at.% Al.

Selected-area and convergent-beam diffraction patterns, 
along with HREM images, were also used to determine the 
crystal structure of the Cr-rich precipitates and verify the 
results obtained from the analytical measurements. The 
structural information (interplanar spacings and angles) 
obtained from the diffraction patterns and Fourier trans-
forms of the HREM images of precipitates in zone-axis ori-
entations was compared with those of the most common 
stable Cr oxides and carbides found in the literature, i.e., 
Cr2O3 oxide, M23C6 (M Cr, Fe), Cr3C2 and Cr7C3 car-bides, 
and CrFe2O4 spinel. Cr2N and CrN nitrides were also 
considered because of the high measured N content. The 
crystal structures of these precipitates were obtained from 
the Chemical Database Service [27]. More than 75%of the 
precipitates could be indexed as either M23C6 or Cr2O3. 
HREM images of these phases are shown in Fig. 3. Other 
precipitates investigated could be indexed as Cr3C2 or Cr2N. 
The presence of other phases containing Al should not be 
excluded because of the detected Al impurities.

3.2.2. Effect of heat treatments
The size distributions and mean sizes of the large precip-

itates after the three heat treatments are shown in Fig. 4. 
The precipitates did not appear to grow significantly on 
annealing at 1023 K, at least up to 96 h. Most of them 
had sizes ranging from  50 to 500 nm, although some pre-
cipitates larger than 1 lm were observed in the alloy 
annealed for 96 h. Although M23C6 coarsening might be 
expected for temperatures above 923 K [28], there are
4



Fig. 2. STEM images of the ODS/Fe 12Cr alloy annealed for 4 h at 1023 K: (a) HAADF STEM image and corresponding (b) Cr and (c) Y XEDS maps;

(d) APT reconstruction of the ODS/Fe 12Cr alloy annealed for 96 h showing a Cr rich carbide (left side) and a Cr oxide (right side) presenting Al

segregation to the interface. The reconstruction shows C, O and Al atoms.

Fig. 3. HREM images of Cr rich precipitates indexed as (a) M23C6(M = Cr, Fe) oriented on theh100izone axis and (b) Cr2O3oriented on the [0 0 1] zone

axis.
reports showing that this coarsening may not be significant 
for steels with C and Cr contents similar to or higher than 
the present alloys heat-treated under similar conditions 
[25,29].
The number densities of large precipitates for the ODS/

Fe 12Cr in as-HIPed condition and after annealing at
1023 K for four and 96 h were estimated from measure-
ments on TEM foils in regions with average volumes of 
5  5  0.2 lm3. The foil thickness was calculated using 
the log-ratio technique [30]. The inelastic mean free path 
was estimated from the formula derived by Malis et al.
[31]. In all cases, measurements were made in foils of
5



Fig. 4. Histograms showing the size distribution of the Cr rich oxides and

carbides for the ODS/Fe 12Cr (a) as HIPed, (b) annealed for 4 h, (c)

annealed for 24 h and (d) annealed for 96 h, all at 1023 K.
similar thickness in order to minimize relative errors due to
over-counting of precipitates larger than the foil thickness.
The measured densities in all samples varied between
1.0 ± 0.2 (1019)m3and 3.0 ± 0.6 (1019)m3, depend-
ing on the region. No significant changes were observed
in the densities with increasing annealing time. This would
imply that these precipitates are quite stable during heat
treatment at 1023 K. However, density measurements
could be misleading owing to the heterogeneous precipita-
tion of the Cr-rich phases, which frequently nucleate on
pre-existing precipitates. Indeed, the matrix Cr and C
Fig. 5. (a and b) APT reconstructions showing Y and Cr atoms for the ODS all

in (a). (c and d) EELS and (e) EDS O K, Cr L and Y L elemental profiles acros

Cr L2,3EFTEM elemental maps for the ODS alloy after 96 h annealing.
contents shown inTable 1are consistent with the forma-
tion of Cr-rich carbides after the first heat treatment, as
previously discussed in Section3.1. Moreover, the number
of precipitates indexed as M23C6carbides increased signif-
icantly after annealing for 4 h, but with no subsequent
changes at longer annealing times.

3.3. Small Y- and Cr-rich oxide phases

3.3.1. Phase identification
The chemical compositions of the particles were investi-

gated by STEM XEDS and EELS, EFTEM and APT. 
Nanoparticles with different chemical compositions were 
found. Some of the nanoparticles consisted of a Y O-rich 
core and a Cr-rich shell, as shown in Fig. 5. Similar 
core shell structured particles have recently been observed 
in different ODS steels, the composition of the shell 
depending on the elements present in the steel [32]. The 
Cr-rich shells had thicknesses of 1 3 nm in the ODS alloy 
annealed for 4 h [32,33]. The shell was still present after 
annealing for 24 and 96 h. EFTEM analyses performed 
on eight different regions with average volumes of 
300  300  100 nm3 in the ODS alloy heat-treated for 
96 h showed no significant changes in the shell thickness. 
EELS and XEDS elemental profiles, as well as intensity 
profiles from EFTEM maps performed across selected par-
ticles for the alloys heat-treated for 24 and 96 h, revealed 
that the Cr signal extended further into the matrix than 
the Y and O signals; see Fig. 5c e, for example. It is con-
cluded from these observations that the Cr shell is not
oy after 4 h annealing; (b) shows the Cr rich shell from the particle marked

s a nanoparticle in the ODS alloy after 24 h annealing. (f and g) Y N2,3and
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totally oxidized. These results confirm the APT observa-
tions for the ODS alloy heat-treated for 4 h [32]. The shell 
could result from Cr segregation at the particle matrix 
interface. Cr segregation was also frequently observed at 
grain boundaries (Fig. 5g) [34].
Other particles exhibited a more homogeneous Y Cr O 

structure in the central region, with no distinct Cr-rich shell 
(see Fig. 6). However, in at least some of these particles, the 
Cr signal extended further into the matrix than the Y signal 
did (Fig. 6e and f). The atom-probe data obtained from the 
particle in Fig. 6g shows one of these Y Cr O particles 
with measured composition: 27 ± 1 at.% Cr, 25 ± 1 at.%
Y, 48 ± 1 at.% O. Nanoparticles with sizes similar to the 
Y-rich ones, but containing only Cr and O, were also 
detected. Fig. 6 also shows such particles (arrowed) in the 
ODS/Fe 12Cr after 96 h. There was no evidence for small 
Cr O nanoparticles in the as-HIPed samples, but they were 
observed after the 4 h treatment [35].
The Y Cr O structured nanoparticles could have 

formed during the initial synthesis of the alloy, owing to 
partial dissolution of the starting Y2O3 during MA, fol-
lowed by precipitation of Y, O and Cr during HIP. Y2O3 
has a lower Gibbs energy of formation than ternary oxides, 
such as YCrO3 [36]. However, the ternary Y Cr O phase 
diagram, also described in Ref. [36], shows that Y2O3 can 
coexist with YCrO3 at temperatures comparable with the 
HIP temperature of 1373 K. HREM studies were per-
formed in an attempt to determine whether these or other 
possible crystallographic phases appeared in the alloys. 
X-ray (Section 2) and HREM analyses showed that the 
starting Y2O3 powders were monoclinic. Fig. 7a shows 
one of these powder particles oriented on the [1 1 0] zone 
axis of monoclinic Y2O3. Although the body-centered 
cubic (bcc) phase of bulk Y2O3 is the most stable
Fig. 6. (a d) EFTEM series showing nanoparticles with different compositions 
Cr L2,3EFTEM elemental maps. The particles marked with an arrow in the ele

across two of the Y rich particles (see dashed line) reveal that the Cr signal exte

alloy showing a particle with a homogeneous Y Cr O distribution.
polymorph at atmospheric pressure and up to 2598 K 
[37,38], nanometric Y2O3 particles are thermodynamically 
stable in the monoclinic phase owing to the increasing 
importance of surface effects [39].
The crystallographic information (interplanar spacings 

and angles) obtained from Fourier transforms of HREM 
images of Y-rich particles in zone-axis orientations was 
compared with the structural data of several candidate 
structures. These included monoclinic and bcc Y2O3,as 
well as YCrO4 and orthorhombic YCrO3. Data for these 
structures were obtained from the Chemical Database Ser-
vice [27]. The pyrochlore Y2Cr2O7 was not considered, as it 
requires both high pressure and high temperature to be 
formed [40]. The bcc Y2O3 was considered because Y O 
particles could have re-precipitated in the cubic phase, 
which is expected to be more favorably embedded into a bcc 
matrix. The MA process may induce the mono-clinic ! bcc 
transformation, either directly by plastic deformation or via 
dissolution of the starting Y2O3 and re-precipitation, during 
MA, as bcc particles. The crystal structures for YCrO4 and 
YCrO3 are described in Ref.[41].YCrO3 exhibits two 
phases, orthorhombic and rhom-bohedral. However, the 
rhombohedral phase is not expected, as it is stable only 
above 1200 K [42]. More-over, YCrO4 particles could be 
transformed into YCrO3 during the heat treatments, since 
this transformation can occur over the temperature range 
1023 1083 K [41,42].
After HIP consolidation and annealing at 1023 K, 
30% of the analysed nanoparticles could still be indexed 
as monoclinic Y2O3; see the example in Fig. 7b. About 
10% of the particles seemed to correspond to YCrO3. 
One of these particles is shown in Fig. 7c. The other ana-
lysed particles could not be clearly indexed as any of the 
other known Y O or Y Cr O phases mentioned above,
in the ODS alloy annealed for 96 h: (a) BF image; (b) Y N2,3; (c) O K; (d)

7

mental maps contain Cr and O but no Y. (e) Y and (f) Cr intensity profiles

nds further than the Y signal. (g) APT reconstruction of the as HIPed ODS



Fig. 7. HREM images of (a) one of the starting Y2O3powder nanoparticles oriented on the [1 1 0] zone axis of monoclinic Y2O3and (b d) nanoparticles

in the consolidated ODS alloys: (b) Y rich nanoparticle for the ODS alloy annealed for 24 h, which can be indexed as monoclinic Y2O3oriented on the
[5 1 2] zone axis; (c) Y rich nanoparticle for the ODS alloy annealed for 4 h, which can be indexed as YCrO3oriented on the [2 4 1] zone axis; (d) unknown

nanoparticle for the as HIPed ODS alloy. The measured interplanar spacings (d1= (5.5 ± 0.3) Åandd2= (5.9 ± 0.3) Å) are marked in the Fourier

transform of the HREM image.
there being a mismatch in respect of the theoretical spac-
ings and angles of these phases higher than 30% in all
cases. Other possible phases that could arise from the pres-
ence of impurities such as Al, N or C (in particular YAlO3,
YN, Y2C, Y2C3and YC2) were also considered, but no sat-
isfactory fits were obtained. An example of one of these
unknown particles is shown inFig. 7d. The particle could
not be indexed as any of the possible compounds men-
tioned above. The two interplanar spacings measured from
the Fourier transform (seeFig. 7d) wered1 (5.5 ± 0.3) Å
andd2 (5.9 ± 0.3) Å, and they subtend an angle of
105. These spacings are too high for the particle to be
YC2,Y2C or YAlO3. When trying to index it as YCrO3,
YCrO4or monoclinic Y2O3, the indexation error was
>30%. The interplanar spacings and angles measured
would match a bcc Y2O3structure on the [3 2 1] zone axis
(with an indexation error of 15%). However, both (1 1 1)
and (0 1 2) planar families should be extinct in this
structure.
Possible effects leading to erroneous indexation include

the presence of double diffraction spots in the pattern due
to either particle matrix overlap or interaction with a thin 
oxide layer which frequently forms on the samples [43]. 
Moreover, the presence of surface strains or incomplete 
surface layers in nanoparticles could produce additional 
diffraction spots [44]. Another possibility is the presence of a 
non-equilibrium phase. The composition measured by APT 
suggests the formation of YCrO2. Y is generally found in an 
oxidation state of +3, although an oxidation state of +2 is 
also possible [45]. Cr can adopt a valence of +2, which 
would allow this oxide to form. However, no evidence of 
such an oxide has been reported in the liter-ature. The 
oxygen content measured by APT could be underestimated 
owing to possible loss during evaporation. However, the 
possibility that this oxide is present cannot be excluded.

The coherence of the particles could not be studied in
detail, as the TEM samples’ surface often lacked the
desired thickness homogeneity. Fast surface oxidation of
the ferritic matrix was also an issue, but first results show
that the analysed particles do not seem to exhibit an orien-
tation relationship with the matrix. These observations are
8



Fig. 8. (a) BF image and (b) corresponding Y N2,3EFTEM map of the ODS/Fe12Cr annealed for 4 h showing the inhomogeneous distribution of Y rich

particles.

Fig. 9. Size distribution of the small Y and Cr rich oxide nanoparticles for

the ODS/Fe 12Cr (a) as HIPed, (b) annealed for 4 h, (c) annealed for 24 h

and (d) annealed for 96 h.
in agreement with the general microstructure observed, as
incoherent particles may be difficult to shear by disloca-
tions, preventing their annealing.

3.3.2. Effect of heat treatments
Initially, the Y-rich nanoparticles were distributed quite 

inhomogeneously in the alloys. This remained so after 
annealing. Fig. 8 shows Y-rich particles in a sample 
annealed for 4 h. Many were aligned along grain bound-
aries, including a boundary separating a recovered from 
an unrecovered region. Most of the recovered areas and 
new sub-boundaries formed within recovered areas were 
free of nanoparticles, but not all. In unrecovered regions, 
the particles were mainly distributed within the grains, 
but they were also observed at grain boundaries and pin-
ning dislocations [16].
The densities and volume fractions of nanoparticles in

representative unrecovered regions were determined by
TEM. EFTEM analyses were performed in 10 different
areas of size 300 300 100 nm3. Densities ranged
between 4.5 ± 0.9 ( 1021)m3and 1.2 ± 0.2 (1023)m3.
No significant changes in density were observed with
annealing time. The volume fractions were estimated
assuming spherical morphologies, leading to values
between 0.14 ± 0.03 and 2.3 ± 0.5 vol.%.
The overall particle size distribution is depicted in Fig. 9. 

These histograms were obtained by measuring more than 
300 particles in different regions of the samples. The parti-
cle sizes appeared to remain stable at 1023 K, at least for 
96 h.

4. Conclusions

The thermal stability of the microstructure of an ODS/
Fe 12Cr model alloy was investigated by analytical elec-
tron microscopy and 3D-APT. The main conclusions are:

1. The grain structure and particle dispersion were stable
under heating at 1023 K for 96 h.

2. Nanometric Y Cr-rich and submicron Cr-rich particles
of secondary phases were distributed heterogeneously
in the alloy. These particles prevent recovery and recrys-
tallization by effectively pinning dislocations and grain
boundaries, but appear to be responsible for an inhomo-
geneous grain recovery. This might have some detrimen-
tal effect on the mechanical performance of the alloy.

3. Most of the Cr-rich particles corresponded to Cr2O3oxi-
des and M23C6(M Cr, Fe) carbides. Analyses of the
Y Cr-rich particle structure confirm that some of the
nanoparticles have retained the initial Y2O3monoclinic
structure, but also suggest that in other cases new crys-
tallographic phases such as YCrO3have developed.

4. Y Cr- and Cr-rich oxides remained stable at 1023 K for
96 h, but the proportion of Cr-rich carbides increased,
inducing Cr depletion in the matrix. This should result
in a reduction of the oxidation and corrosion resistance
of the alloy.
9
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5. The Y Cr-rich oxides developed either a core shell
structure with a Cr-enriched shell, or a structure with
the Y, Cr and O atoms homogeneously distributed.
The core shell structured particles could correspond to
the Y2O3particles, with the Cr shell resulting from Cr
diffusion towards the particle matrix interface. The
homogeneous Y Cr O particles could correspond to
YCrO3or could be non-equilibrium phases. Since oxide
particles with differences in composition or structure
may exhibit very different behavior under high-flux irra-
diation, this may be a critical issue if this type of alloys is
used as a structural material in advanced fusion
reactors.
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