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Oxide-dispersion strengthened ferritic martensitic steels such as ODS-Eurofer grade are good candidates
for structural applications in future fusion power reactors. Long-term annealing treatments in vacuum
were carried out in cold-rolled samples (80% reduction in thickness) from 1 h up to 4320 h (6 months) at
800 �C, i.e. the maximum temperature in the ferritic phase field, to follow its softening behavior. The micro-
structural stability of this steel was mapped using several characterization techniques including scanning
electron microscopy, transmission electron microscopy, electron backscatter diffraction, Vickers microhard-
ness testing, X-ray diffraction texture measurements, low-temperature electrical resistivity, and magnetic
coercive field measurements. ODS-Eurofer steel displays good microstructural stability. Discontinuous
recrystallization occurs at the early stages of annealing resulting in a low volume fraction of recrystallized
grains. Extended recovery is the predominant softening mechanism at this temperature for longer times.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Reduced-activation ferritic–martensitic (RAFM) steels have a
large number of interesting properties for applications in the first
wall of future nuclear fusion reactors as well as in Generation IV
fission reactors. Some of these properties include reduced void
swelling, high resistance to nuclear transmutation, high mechanical
strength even at high temperatures, and reasonable ductility when
compared to the austenitic steels currently used in fission reactors
such as 316-LN stainless steel [1–5]. One limitation for the applica-
tion of RAFM steels is the poor creep resistance above 550 �C, but

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2014.01.032&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2014.01.032
mailto:hsandim@demar.eel.usp.br
mailto:hsandim@uol.com.br
http://dx.doi.org/10.1016/j.jnucmat.2014.01.032
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


34 K.D. Zilnyk et al. / Journal of Nuclear Materials 448 (2014) 33–42
this drawback can be surpassed by employing oxide dispersion
strengthened (ODS) RAFM steels [5]. It is well known that a homo-
geneous dispersion of fine and stable particles is very effective to re-
duce both the dislocation mobility and the grain boundary velocity,
critical parameters for creep strength, increasing the operating tem-
perature of ODS-Eurofer steel up to, at least, 650 �C [5–7].

Microstructural stability of this class of steels is a prerequisite
to avoid the deterioration of their mechanical properties in struc-
tural components exposed for long times to a very hostile environ-
ment, which includes high neutron fluxes at high temperatures, as
the one expected during operation of future fusion reactors. In par-
ticular, the yet-unknown long-term softening behavior of this steel
in the cold-rolled condition is addressed in this investigation. It is
worth mentioning that these conditions are far from those where
neutron irradiation is present but the results are useful to under-
stand the microstructural changes that take place at temperatures
much above than the expected for normal operation, i.e. below
650 �C [5]. Furthermore, there are no irradiation facilities yet able
to reproduce the expected severe conditions during operation of
either ITER or DEMO reactors [8].

A key factor in the microstructure of this class of steel is the
presence of a dispersion of Y2O3-based particles with sizes in the
nm-range that are incorporated to the matrix during suitable pow-
der metallurgy processing [9,10]. The oxide nanoparticles exert
important Zener-type pinning effects on subgrain boundaries, pre-
venting subgrain coarsening and, thus, the increase in subgrain
boundary misorientation that would generate potential nuclei for
primary (discontinuous) recrystallization. In some situations, it
may suppress discontinuous recrystallization at homologous tem-
peratures up to 0.9Tm, where Tm is the melting point or liquidus tem-
perature [11,12], and static recovery is responsible for most of the
softening reported for this steel. If the pinning force [13,14] acting
on the subgrain boundaries decreases, either due to particle coars-
ening (Ostwald ripening) or chemical modifications of the matrix
(less solute drag), subgrain growth may occur, leading to a micro-
structure softened by ‘‘extended recovery’’ and, in some situations,
by ‘‘continuous recrystallization’’. In the latter case, the resulting
microstructure consists of equiaxed grains containing only small
fractions of low angle boundaries (LABs) without the occurrence
of nucleation and coarsening of recrystallization nuclei [15,16].

In previous works [17,18], the influence of the annealing tem-
perature on the microstructure of annealed samples of both cold-
rolled ODS-Eurofer and conventional (non-ODS) Eurofer-97 steels
was reported. While cold-rolled samples of Eurofer-97 deformed
to large strains underwent discontinuous recrystallization at tem-
peratures of about 500 �C, recrystallization in a large extent was
not observed in the ferritic field for similar cold-rolled samples
of ODS-Eurofer [17,18] This result suggests strong pinning effects
caused by oxide nanoparticles on dislocations and grain bound-
aries (either high and low angle characters). On the other hand,
recent studies performed by Raman and Schäublin in ODS steels
have shown significant softening even after annealing for 1 h
[19]. It is worth mentioning that particle dissolution was observed
in Ti-containing ODS steels even at moderate temperatures
(600 �C). Contrastingly, the same authors have reported a much
higher stability of Y2O3 particles in ODS steels annealed at temper-
atures up to 1000 �C [19].
Table 1
Chemical composition of ODS-Eurofer steel.

Cr W Mn V

%- mass 8.92 1.11 0.408 0.193

S P Nb Mo

ppm 31 105 2 37
Some papers on the influence of long-term exposures to high
temperatures on the mechanical behavior of Eurofer-97 are found
in the literature [5,20–24]. According to Fernandez [21,22]
exposures up to 10,000 h close to the operational temperature
(500–600 �C) did not result in significant degradation of tension
and impact properties of Eurofer-97. The author also observed
the coarsening of carbides. Creep experiments were conducted
in similar temperatures up to 30,000 h and the results revealed
a high level of stability and predictability [5,20,23,24]. Long expo-
sures at higher temperatures (>700 �C) were found to increase the
ductile-to-brittle transition temperature (DBTT) [20]. However,
studies reporting the effects of long time thermal exposures on
ODS-Eurofer are scarce in the literature. Lindau et al. [5] reported
that creep tests were performed on such a material at tempera-
tures between 600 and 700 �C up to rupture times of 10,000 h.
The creep strength of ODS-Eurofer was found to be similar to
those presented by Eurofer-97 at temperatures about 100 �C
below.

In this study, we report and discuss the main results obtained
on samples of ODS-Eurofer steel annealed at high temperatures in
the ferritic field (800 �C) for very long times, with times ranging
from 1 up to 4320 h (6 months) to evaluate its thermal (micro-
structural) stability, with emphasis on its recrystallization behav-
ior. Although this temperature is higher than the one expected
during service life, it is sufficiently high to promote accelerated
annealing tests, helping to understand the softening behavior in
this material. The microstructural evolution was investigated by
means of electron backscatter diffraction (EBSD), X-ray diffraction
(XRD) texture measurements, Vickers microhardness testing,
coercive field, electrical resistivity, and transmission electron
microscopy (TEM).

2. Experimental

2.1. Material

The ODS-RAFM steel investigated in this study, namely ODS-
Eurofer, was developed and processed by former Forschungszen-
trum Karlsruhe (FZK), now termed Karlsruher Institut für Technologie
(KIT) in cooperation with Plansee AG [5]. The processing route to
obtain this material includes suitable powder metallurgy tech-
niques followed by hot-isostatic pressing (HIP) and further hot
rolling (finishing temperature of about 980 �C) to consolidate the
material and is similar to that used in others oxide-dispersion
strengthened materials like Ni- and Fe-based ODS superalloys like
PM-1000 and PM-2000 grades [12,25]. More details are given else-
where [5,26–28]. The chemical composition of the ODS-Eurofer
steel is given in Table 1. The material was supplied in sheets with
thickness of 6 mm in the tempered condition; i.e. a fully ferritic
microstructure (720 �C for 2 h followed by air cooling). The sheets
were cold-rolled to 80% thickness reduction in multiple passes.
Samples were annealed in vacuum at 800 �C for times ranging from
1 h up to 4320 h (6 months), followed by air cooling. After mechan-
ical polishing of the longitudinal section of samples, Vickers
microhardness testing was performed using a load of 200 g for
30 s parallel to the rolling direction (ASTM E384–11e1). Ten mea-
surements were performed in each sample.
Ta Si C Y2O3

0.081 0.111 0.071 0.3

Al Ti N Fe

36 7 278 Bal.
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2.2. Microstructural characterization

EBSD measurements were performed in a JEOL-6500F field
emission gun scanning electron microscope (FEG-SEM) by means
of automated acquisition and indexing of Kikuchi patterns in a
TSL system over areas of about 40 � 60 lm2 area using a step size
of 40 nm [29,30]. Samples were mechanically ground to the middle
layer in thickness and electrochemically polished for texture mea-
surements. Texture measurements were performed in a MPD Phi-
lips diffractometer using Cu-Ka radiation, accelerating voltage of
40 kV and current of 30 mA. Orientation distribution functions
(ODFs) were calculated from {110}, {200} and {211} pole figures
using the WXpopLA software package (current Windows XP imple-
mentation by Bolmaro and co-workers) [31]. After mechanical
grinding and double ion polishing on samples, transmission elec-
tron microscopy (TEM) images were collected using JEOL JEM-
2200SS (MPIE) and Philips CM-30 (KIT) microscopes both operated
at 200 kV. The size distribution of Y2O3 particles was evaluated by
using image analysis software.

Electric and magnetic measurements were made at low temper-
ature (4 K) using a Quantum Design EverCool II Physical Properties
Measurement System (PPMS). Electrical resistivity was measured
in samples parallel to the rolling direction, using the four-probe
method with an applied voltage of 500 mV. The values of the mag-
netic coercive field were obtained from the hysteresis loops and
they were calculated as the average magnetic field modulus re-
quired to reduce the material magnetization to zero after complete
magnetic saturation [17,18]. The hysteresis loops were collected
with magnetic fields up to 15 kOe, applied parallel to the rolling
direction, using the following sweep rates, in order to optimize both
the experimental time-length and the amount of collected data:
0.4 kOe/min for |H| < 0.5 kOe, 1.8 kOe/min for 0.5 < |H| < 5 kOe and
10 kOe/min for 6 < |H| < 15 kOe.
3. Results and discussion

3.1. Microstructure

The microstructure of ODS-Eurofer steel in the as-received
(tempered) condition was reported in detail elsewhere [32–35].
It consists of a ferritic matrix with mean grain size of about 3 lm
containing Cr-rich coarse M23C6-type particles with sizes above
100 nm and fine Y2O3 nanoparticles (<40 nm).

Phase stability of ODS-Eurofer after 6-months exposure at
800 �C was investigated and reported elsewhere [36]. Only coarse
M23C6 with sizes in the range 100–600 nm and Y-based nanoparti-
cles could be found using transmission electron microscopy. Be-
sides carbon, iron, chromium, and tungsten were the major
elements found in M23C6-type carbide particles in TEM [36]. Tung-
sten replaces some of the Cr atoms in the carbide structure. Neither
Z- nor Laves phases were observed in the microstructure, with
good agreement with the thermodynamic calculations (Thermo-
Calc software coupled with TCFE 7 database [36]) for the annealing
temperature used in this work.

The microstructure of ODS-Eurofer steel was imaged in detail
using transmission electron microscopy. Fig. 1 shows its micro-
structure after annealing at 800 �C for 1 h. It is rather inhomoge-
neous since recovered and recrystallized areas are found in close
vicinity (Fig. 1a). This feature has to do with the inhomogeneous
distribution of stored energy from cold rolling (texture effects).
Subgrains can also be noticed in Fig 1b. It shows the progress
of recovery in this material. Dislocation boundaries are not
perfect (not only geometrically necessary dislocations are present
in the planar boundaries) and a high density of free dislocations
can be noticed.
These features did not change significantly after 4320 h. The
microstructure is inhomogeneous and it consists of recovered
and recrystallized areas. The most important change is the degree
of recovery observed in some regions in the microstructure. Fig. 2a
shows elongated lamellar boundaries inherited from the deforma-
tion structure lying nearly parallel to the rolling direction (marked
by the arrow). Y2O3 nanoparticles can also be noticed dispersed in
the matrix. In other areas, subgrains and fine equiaxed grains are
noticeable (Fig. 2b). Planar boundaries now are much more perfect
displaying a much lower density of free dislocations within sub-
grains. These features can be noticed in detail in Fig. 2c where
low angle and high angle boundaries (HAB) are shown. Contras-
tingly, in other areas the degree of recovery is incomplete when
compared to the feature shown in Fig. 2b and areas with high dis-
location density can still be found (Fig. 2d). A general view of the
microstructure is displayed in Fig. 3a. This montage made with
consecutive micrographs show a banded structure where recov-
ered and recrystallized areas are present. Orientation effects are
evident since recrystallization takes place preferentially within a
given band where the stored energy was higher. A closer inspec-
tion shows coarse M23C6 (darker contrast) and Y2O3 nanoparticles
(marked by arrows) in close vicinity (Fig. 3b).

The stability of oxide particles in ODS materials seems to be
strongly dependent on their chemical composition [37]. The litera-
ture reports the stability of Y2O3 nanoparticles even at tempera-
tures as high as 1300 �C [19,38]. ODS-Eurofer steel has a
chemical composition similar to those where particle stability is
reported. Previous works [34,39] show that the oxide particles in
the ODS-Eurofer are typically Y2O3 due to its very low Ti content.
Ramar and Schäublin reported a quite different behavior in a
Ti-bearing ODS-steel [19], Complex Y-based Ti-containing oxide
nanoparticles (e.g. YTiO5 and Y2Ti2O7) undergo dissolution even
at fairly low temperatures such as 600 �C. On the other hand, other
authors [10,40,41] reported a great stability of Y–Ti–O in tempera-
tures up to 1100–1300 �C. Williams et al. reported that both Ti-
bearing and Ti-free Y2O3 particles displayed similar coarsening
rates at 1200 �C [42]. This issue is still unclear and a systematic
and comprehensive study varying the composition of the oxide
particles in ODS steels is not yet available in the literature.

Despite of the small number of particles counted in TEM micro-
graphs (200 particles) in the present investigation, the particle size
distribution of ODS-Eurofer steel annealed at 800 �C for 4320 h was
evaluated (Fig. 3c). The mean Y2O3 particle size found in our inves-
tigation is 16.4 ± 7.3 nm, very close to the values reported by Eiselt
et al. and Klimiankou et al. (about 12 nm) based on a much larger
number of particles counted in TEM for the same steel in the tem-
pered condition [39,43]. Therefore, based on these experimental
results, significant dissolution or coarsening of the particles was
not observed in ODS-Eurofer steel annealed at 800 �C.

EBSD maps corroborate the results found in TEM in a qualitative
manner. Inverse pole figure (IPF) and Kernel average misorienta-
tion (KAM) maps are shown in Fig. 4. While IPF maps show the ori-
entation of individual grains, KAM maps show the average
misorientation angle between each pixel and its ten closest neigh-
boring pixels. It is a useful technique employed to detect local
orientation gradients caused by inhomogeneously stored energy
in the deformed matrix [44]. The total and partition fractions for
KAM (Fig 4) are given relative to the full 40 � 60 lm maps, but
only cropped 12 � 12 lm IPF and KAM maps are presented for
more transparent visualization. For longer annealing times, there
is a noticeable decrease in the partitional fraction (which does
not consider non-indexed areas such as carbides and grain bound-
aries) of misorientation angles above 2�, indicating that recovery
processes are effective in the material [45].

The cold-rolled microstructure is shown in the IPF map in Fig
4(a). The deformed grains have elongated shape parallel to the roll-



Fig. 1. TEM bright field images of ODS-Eurofer steel annealed at 800 �C for 1 h. The scale bar is the same for both micrographs. The rolling direction is parallel to the scale bar.

Fig. 2. Scanning transmission electron microscopy (STEM) bright field (BF) images of ODS-Eurofer steel annealed at 800 �C for 4320 h. The rolling direction (RD) shown in (a)
is the same for all micrographs.
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ing direction (RD). This feature is preserved during annealing at
800 �C (IPF maps in Fig. 4(b)–(d)) even after exposures at times
as long as 4320 h. Recrystallized grains can be noticed in the an-
nealed samples when a higher magnification is used (Fig 5). They
can be distinguished from the deformed grains in the IPF maps be-
cause of their equiaxed morphology and for possessing orienta-
tions far from the neighboring deformed matrix. In the
corresponding KAM maps (also Fig 5), they appear as tiny areas
with low misorientation and their fraction increases with the
annealing time (as shown in Fig 4). An increasing amount of large
areas with low misorientations related to their neighbors are also
noticed. According to the IPF maps, most of these large areas have
similar orientations to the deformed matrix and high amounts of
LABs. These areas are likely to be formed by static recovery, involv-
ing both the annihilation of individual dislocations and subgrain
growth [46]. For the longest annealing time (4320 h), both types
of areas with low KAM sum up to about 11% in total. Strongly
recovered subgrains and recrystallized grains are included in this
number. A higher volume fraction of recrystallized grains found
mostly within c-fiber grains (about 10%) have been reported



Fig. 3. (a) TEM montage of five consecutive bright field micrographs of ODS-Eurofer steel annealed at 800 �C for 4320 h; (b) Detail of coarse M23C6 particles and Y2O3

nanoparticles (red arrows); and (c) Y2O3 particle size distribution (bin width 4 nm). The RD is the same for both micrographs. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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elsewhere [35,47,48]. It is worth mentioning that larger areas have
been used to evaluate the recrystallized volume fraction in Ref.
[35].

Long-term annealing promotes minor changes in grain size dis-
tribution curves (Fig 6). The mean grain sizes for the material in the
cold-rolled condition and after several annealing times are also
indicated in Fig 6. From these values, it is clear that neither signif-
icant discontinuous recrystallization nor grain growth take place in
ODS-Eurofer steel.

The most noticeable changes undergone by the material during
annealing refer to the decrease of the volume fraction of LABs, as
shown in Fig 7 where all misorientation distributions are plotted
together to ease further comparison. The volume fraction of HABs
for all annealing times did not change significantly. New HABs can
be created during recovery when mobile dislocations are incorpo-
rated to the already-existing LABs with subsequent increase in
misorientation. If the main softening mechanism were discontinu-
ous recrystallization, a relatively sharp increase in the volume
fraction of HABs would also be noticed [15,16]. These features
are a compelling evidence of extended recovery as the predomi-
nant softening mechanism in this steel. Y2O3-particles are very
effective to retard boundary migration during recrystallization
[35]. Concurrently, static recovery reactions take place decreasing
the driving force for boundary migration and subsequent growth
of the nuclei. Local effects can explain why discontinuous recrys-
tallization does not occur profusely in ODS-Eurofer steel, i.e. only
nuclei with large curvatures surrounded by high amounts of stored
energy, like those found at grain boundaries and deformation het-
erogeneities, are able to grow.

Fig. 8 shows the changes in texture during annealing of ODS-
Eurofer steel at 800 �C. The deformation texture of the cold-rolled
sample (Fig. 8a) consists of an incomplete a-fiber, i.e. grains with
orientation h110i parallel to the RD, concentrated around the com-
ponents {001}h1 �10i and {111} h1 �10 i and a complete c fiber with
{111}h110i and {111}h112i components having the stronger
intensities, similarly to those found in other ferritic stainless steels



Fig. 4. EBSD mapping in longitudinal sections of ODS-Eurofer steel: (a) 80% cold-rolled; and after annealing in vacuum at 800 �C for (b) 1 h; (c) 1440 h; and (d) 4320 h. Left-
handed images show the inverse pole figure maps and the right-handed images show the Kernel average misorientation maps. Black lines are HABs and grey lines mark LABs.
The rolling direction (RD) is parallel to the scale bar.
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[49–51]. The c fiber refers to all grains with a common h111i axis
parallel to the sheet normal. This texture is not only maintained
but strengthened during annealing. Apart from the sample
annealed for 4 months (Fig 8e), texture sharpening continuously
increases with annealing time, as suggested by the increasing
values of maximum intensity. This texture sharpening during
annealing is reported in the literature for recovered and partially
recrystallized materials and it may be attributed to static recovery
[15,45,49,50].
3.2. Physical properties

In addition to the observation of the longitudinal sections of
annealed specimens, the evaluation of other bulk physical proper-
ties is very useful to get a broader picture of the transformations
that occur in the material [52–55]. Electrical and magnetic
measurements, for instance, are especially useful to study the
microstructural evolution since both are non-destructive and
strongly affected by parameters as grain size, vacancy concentra-



Fig. 5. EBSD maps in longitudinal sections of ODS-Eurofer after annealing at 800 �C for 4320 h: inverse pole figure maps (a) and Kernel average misorientation maps (b). Black
lines are HABs and light grey lines are LABs. The rolling direction is parallel to the scale bar. The white arrows marks possible recrystallized grains and black ellipses mark
recovered grains with low internal strain.

Fig. 6. Equivalent grain size distributions in ODS-Eurofer steel in: (a) 80% cold-rolled condition and after annealing in vacuum at 800 �C for (b) 1 h; (c) 720 h; (d) 1440 h, (e)
2880 h; and (f) 4320 h. D is the mean grain diameter for every metallurgical condition.
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Fig. 7. Grain boundary misorientation distribution of ODS-Eurofer steels in the
deformed state and after annealing at 800 �C for different lengths of time.
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tion, dislocation density, and secondary phases [56–60]. The
electrical resistivity of metal, for example, occurs due to the scat-
tering of the conducting electrons specifically at solutes, interfaces,
and dislocations, as they move within the material driven by the
Fig. 8. Texture of ODS-Eurofer steel: a) 80% cold-rolled and following annealing at 800 �C
and u2 = 45� are shown. The corresponding maximum intensities are also shown.
applied electrical potential. However, many sources of scattering
may be present at the same time in a given material. The total
resistivity would then be the sum of the individual resistivities
caused by the different scattering sources, as stated in the Matthi-
essen’s rule [61]. Considering the main scattering sources in metals
(thermal vibration, lattice defects and solid solution impurities)
the Matthiessen’s rule can be simply written as:

q ¼ qT þ qd þ qi ð1Þ

where q is the total resistivity, and qT, qd, and qi are the partial
resistivities due to thermal phonons, crystalline defects, and impu-
rities atoms, respectively. At high temperatures (e.g. above 100 K),
thermal scattering is known to be the most expressed term while
at very low temperatures (<10 K), qT is much less significant and
it can be suppressed in Eq. (1) [61]. Thus, the residual resistivity,
qR, depends mostly on terms qd and qi.

The coercive field (Hc), on the other hand, is a measure of the re-
quired energy to move the magnetic domain walls. A magnetic do-
main is a volume where the unbalanced electrons spins of a
ferromagnetic phase have the same orientation. These magnetic
interfaces can be pinned by crystalline defects, such as grain
boundaries, second-phase particles, pores, dislocations, vacancies,
and solid-solution atoms [62–64]. Thus, a lower grain size and a
for 1 h (b), 720 h (c), 1440 h (d), 2880 h (e) and 4320 h (f). Only sections of u2 = 0�



Fig. 9. Softening behavior of ODS-Eurofer steel followed by Vickers microhardness
testing.
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higher dislocation density are both expected to increase the values
of the coercive field in a given material [59,60].

Fig 9 shows the softening kinetics of the ODS-Eurofer steel mea-
sured using Vickers hardness testing. Fig 10 shows the changes of
qR and Hc (both measured at 4 K) with annealing time. For the
three properties evaluated in this investigation, most of the de-
crease is observed in the beginning of the annealing and longer
annealing times did not promote any sharp transition. The maxi-
mum diminution of qR is about 15% (from 0.208 to 0.170 lO m),
very similar to the magnitude of the observed softening from
468 to 403 HV-0.2 (about 14%). In both cases, nearly all softening
takes place during the first hour of annealing. The coercive field fol-
lows the same behavior. The cold-rolled material has Hc = 18.2 Oe
while after 6 months at 800 �C Hc drops to 5.5 Oe. A low Hc is desir-
able for this material, since strong magnetic fields will be present
in the first wall of the fusion reactors [65].

The similarity between the qualitative behavior of hardness, Hc

and qR can be readily understood when considering these three
properties as motion indicators. The main aspect for the hardness
is the mobility of dislocations, for the coercive field is the motion
of domain walls and for resistivity is the mobility of conducting
electrons. All these properties are strongly affected by the same
microstructural features.
Fig. 10. Softening behavior of ODS-Eurofer steel followed by DC-magnetic coercive
field and electrical resistivity measurements. Coercive field and electrical resistivity
experimental errors are ±3 Oe and ± 0.01 lX m, respectively.
One-hour annealing at 800 �C promotes important changes in
the microstructure of this steel caused by static recovery and dis-
continuous recrystallization. The observation that all of these prop-
erties level off after short annealing times (e.g. 1 h) is another
evidence of the microstructural stability of this steel, i.e. the mate-
rial does not undergo any significant microstructural changes for
longer annealing times, in good agreement with the results of EBSD
and texture measurements. For example, discontinuous recrystalli-
zation and grain growth could lead to a strong decrease in the val-
ues of these physical properties, as earlier reported by Oliveira
et al. [18]. As reported in previous papers [17,35,66], Y2O3 particles
exert effective pinning on high angles boundaries suppressing
nucleation of discontinuous recrystallization [67].

Although the changes observed after long annealing times are
very subtle and no larger than the standard deviation and experi-
mental errors of the measurements, there seems to be a small ten-
dency for a further decrease of the propertieś values with
increasing annealing time, especially in hardness (Fig 9), in good
agreement with the current theory on extended recovery [15].
Assuming that Y2O3 particles are stable at this temperature, the
occurrence of extended recovery is more likely to be favored by
further coarsening of carbide particles or local modifications in
chemical composition.

In summary, it is worth stressing that these results show notice-
able microstructural stability of ODS-Eurofer steel regarding dis-
continuous recrystallization at temperatures well-above those
expected for steady-state conditions in fusion reactors but without
neutron irradiation, since there are no facilities available to simu-
late the expected real operating conditions regarding neutron
fluxes and energies yet.

4. Summary and conclusions

The microstructural stability of 80% cold-rolled ODS-Eurofer
steel during isothermal annealing at 800 �C up to 4320 h
(6 months) was investigated by means of several characterization
techniques including EBSD, TEM, Vickers microhardness testing,
XRD texture, low-temperature electrical resistivity, and DC-mag-
netic coercive field measurements. We draw the following
conclusions:

(1) The major changes in the microstructure of this cold-rolled
steel occur in the first hour of annealing at 800 �C. It can
be noticed a significant decrease in the volume fraction of
LABs when compared to the deformed material. Further
decrease can be also noticed for longer annealing times pri-
marily because of either dislocation annihilation or subgrain
growth. This hypothesis is supported by the observed tex-
ture sharpening and the growth of larger low-misoriented
areas in the Kernel average misorientation maps. Tiny equi-
axed recrystallized grains can be also readily observed by
TEM and EBSD just after the first hour of annealing at
800 �C. The volume fraction of recrystallized grains is about
10% after 4320 h.

(2) The grain size distributions are very similar for all metallur-
gical conditions investigated. The mean grain size for the
cold-rolled material and for samples annealed for 1 h and
4320 h are 0.93 lm, 1.17 lm, and 0.98 lm, respectively.

(3) The softening kinetics was followed using Vickers hardness
testing, magnetic, and electrical measurements. These three
bulk properties show similar behaviors, i.e. a significant drop
after annealing for 1 h followed by leveling off for longer
annealing times. The major amount of softening in ODS-
Eurofer steel takes places in the first hour of annealing at
800 �C (about 15%). Further softening occurs in this material
due to extended recovery.
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(4) Based on a limited number of particles observed in TEM (200
at all), the mean particle size of Y2O3 particles was found to
be about 16 ±7 nm, close to the value reported for this steel
in the starting (tempered) condition (12 nm). This result
suggests that the oxide dispersion is fairly stable and very
effective to retard primary recrystallization and further
grain growth in ODS-Eurofer steel (Zener-Smith pinning) at
this temperature.
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