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Reduced-activation ferritic–martensitic steels are promising candidates for structural applications in
future nuclear fusion power plants. Oxide dispersion strengthened ODS-Eurofer and Eurofer 97 steels
were cold rolled to 80% reduction in thickness and annealed in vacuum for 1 h from 200 to 1350 �C to
evaluate both their thermal stability and magnetic behavior. The microstructural changes were followed
by magnetic measurements, in particular the corresponding variation of the coercive field (Hc), as a func-
tion of both annealing and tempering treatments. Results show that Y2O3 nanoparticles strongly affect
the mechanical properties of ODS-Eurofer steel but leave their magnetic properties fairly unchanged
when compared with Eurofer-97 steel.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The interest on reduced-activation ferritic–martensitic (RAFM)
steels has increased substantially in recent years in consequence
of their special properties such as high irradiation resistance, high
mechanical strength, reasonable ductility and low neutron-
induced radioactivity. Due to this unique combination of proper-
ties, RAFM steels are potential candidates for high temperature
structural applications in future nuclear fusion reactors [1–4]. In
special, the possibility of replacing conventional RAFM steels
(non-ODS) by oxide dispersion strengthened (ODS) steels may
allow the increase the operating temperature from 550 �C up to
650 �C or even higher [2,5].

In an earlier paper, we have investigated the annealing effects
on microstructure and coercive field of 9%Cr-ODS-RAFM Eurofer
steel developed for the requirements of the European fusion tech-
nology program [6]. In this material, hereafter named ODS-Eurofer
steel, both nanoscale Y2O3 and coarse M23C6 (M = Cr, Fe) particles
are found dispersed in the ferritic Fe–Cr matrix [7–9]. The oxide
particles have sizes of about 12 nm or even smaller, while the car-
bide particles have sizes of about 0.2–1 lm [4,10].

Concerning the thermal stability of ODS-Eurofer steel, it was
found that the oxide particles play an important role with regard
to its annealing behavior. In despite of the presence of coarse car-
bide particles which stimulated primary recrystallization, the
influence of Y2O3 is much more pronounced, preventing primary
ll rights reserved.
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recrystallization [6,7]. The main results on the microstructural
changes of ODS-Eurofer steel upon annealing followed by magnetic
measurements (coercive field), are reported in Ref. [6].

In general, magnetic properties are very sensitive to detect
microstructural changes. Such magnetic measurements have the
advantage of being non-destructive in nature and have high sensi-
tivity to detect bulk microstructural changes related to solid-state
reactions like recovery and recrystallization and any other phase
transformation [11,12]. From the literature it is known that the
coercive field Hc reflects the amount and strength of pinning of do-
main walls [13,14]. The coercive field in a polycrystal is strongly
dependent on microstructural parameters such as grain size (d)
and dislocation density (q) [13,14]. Theoretical considerations
demonstrate that Hc /

ffiffiffiffiqp , and Hc / 1/d [11,12]. Besides free dislo-
cations and grain boundaries, domain walls can be pinned by all
different kinds of microstructural defects existing in a crystal such
as vacancies, solutes, second-phase particles, twin boundaries and
many others under the condition that these defects have appropri-
ate size characteristics to match the ones of domain walls [15].

In the present work we investigate Eurofer-97 steel, a non-ODS
RAFM Eurofer steel with similar chemical composition of an ODS
RAFM Eurofer one, investigated very recently [6]. The thermal sta-
bility of Eurofer-97 steel was evaluated within a wide range of
annealing temperatures (200 �C up to 1350 �C) based on Vickers
hardness, crystallographic texture, and coercive field measure-
ments. The results were compared with those previously reported
for ODS-Eurofer steel [6]. The main differences between these two
steels are the presence of a fine dispersion of Y-based particles and
distinct amounts of carbon and nitrogen. The present comparative
study allows us to have a deeper insight on the role played by both
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Y2O3 nanoparticles and the coarse M23C6 particles on the micro-
structure and on magnetic properties of these RAFM Eurofer steels,
unveiling that carefully chosen alloying can selectively modulate
the former, without affecting the latter. We believe that these re-
sults are relevant to understand the mechanical and magnetic
properties of RAFM-Eurofer steels, thus making feasible their opti-
mization for future fusion power plant applications.
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Fig. 1. Softening behavior of 80% cold-rolled Eurofer-97 and ODS-Eurofer steels
followed by 1 h annealing at several temperatures up to 1350 �C.
2. Experimental

The nominal composition of Eurofer-97 steel used in the
present investigation was 9Cr–1.1W–0.125Ta–0.25V–0.105C–
0.6Mn–0.036N (wt.%). Its chemical composition is similar to
ODS-Eurofer steel 9Cr–1W–0.08Ta–0.2V–0.07C–0.4Mn–0.0278N–
0.3Y2O3 (wt.%) [6]. Both steels were received in the as-tempered
condition (about 750 �C for 2 h). The as-tempered Eurofer-97 steel
was cold rolled to 80% thickness reduction in multiple passes. Sam-
ples were annealed in vacuum from 200 �C up to 1350 �C for 1 h
followed by air cooling. Only the specimens annealed in the aus-
tenite phase field (850–1350 �C) followed by air cooling were tem-
pered at 550 �C and 750 �C for 2 h in vacuum in sealed glass.
Vickers microhardness testing was performed on the longitudinal
sections of polished samples using a load of 200 g for 30 s. A LEO
1450-VP scanning electron microscope (SEM) was used to image
the microstructure in the backscattered electrons mode operated
at 20 kV. The grain size of Eurofer-97 steel after primary and sec-
ondary recrystallization was determined using the linear intercept
method [16]. About 300 and 250 recrystallized grains were
counted, respectively. Macrotexture data at the grain scale
were obtained by the X-ray pole figures (110), (200), (211) which
were measured from the middle layer in thickness and used to
calculate the orientation distribution function (ODF). The pole
figures were obtained with a MPD Philips diffractometer using
Cu Ka radiation (40 kV, 20 mA). ODFs were calculated for Euro-
fer-97 steel using the popLA software package. The magnetic mea-
surements were performed at room temperature using a vibrating
sample magnetometer (VSM) from EG&G Princeton Applied Re-
search. Two sets of samples were cut into approximate dimensions
5 � 3 � 1,8 mm3, with the larger dimension taken at two condi-
tions, viz. parallel and perpendicular to the rolling direction (RD).
Accordingly, the magnetization curves were obtained with the
external field parallel to the larger dimension of the sample
(5 mm), in order to obtain the hysteresis loops for two field
configurations, i.e. the magnetic field applied either parallel or
perpendicular to the RD. The maximum applied field was 16 kOe
and the hysteresis loops were carried out using the following
sweep rates: 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| < 16 kOe. From the
hysteresis loop the coercive field can be determined with an
accuracy of ±5 Oe. The experimental procedures described above
were performed using the same methodology adopted for ODS-
Eurofer steel reported in Ref. [6]. Thus, the comparison of the data
obtained in these two specimens is straightforward.
3. Results and discussion

3.1. Microstructure

The softening behavior of Eurofer-97 steel is displayed in Fig. 1.
The correspondent data for ODS-Eurofer steel, already reported in
Ref. [6], is also displayed to ease comparison. Both materials differ
in terms of their annealing behavior. For the same rolling strain, at
room temperature, ODS-Eurofer steel is harder than Eurofer-97
due to the more intensive work hardening found in ODS materials
[17]. Concerning the results found in the ferritic-phase field, i.e., for
annealing temperatures up to 800 �C, Eurofer-97 steel softens
more than ODS-Eurofer steel in the investigated temperature
range. Such characteristic can be attributed to the presence of Y-
based particles in ODS-Eurofer steel that prevents recrystallization
[6,7]. On the other hand, hardness remains nearly unchanged in
Eurofer-97 steel until 400 �C and experiences a noticeable soften-
ing in the temperature range between 400 and 800 �C. These
characteristics enable us to estimate the temperature ranges where
static recovery and discontinuous recrystallization are the
predominant softening processes in Eurofer-97 steel being,
T < 400 �C and 400 �C < T < 650 �C, respectively.

A closer inspection at the softening curve of the Eurofer-97 steel
displayed in Fig. 1 shows an abrupt drop in hardness between
about 650 �C and 800 �C. The reasons for such pronounced soften-
ing can be explained after metallographic examination. Fig. 2
shows the microstructures of Eurofer-97 steel annealed for 1 h at
three distinct temperatures (650, 700 and 800 �C). The rolling
direction (RD) is parallel to the scale bar in all micrographs. From
Fig. 2a it is possible to visualize a few recrystallization nuclei in
the sample annealed at 650 �C. These elongated grains differ from
the fine grains after primary recrystallization in terms of size.
Annealing at higher temperatures (700 �C) promotes significant
changes in the microstructure due to secondary recrystallization,
as shown in Fig. 2b and c.

Understanding the microstructure evolution of Eurofer-97 steel
upon annealing depends strongly on knowing its initial metallurgi-
cal condition. Regarding size and nature of the particles found in
both steels, recent TEM investigations reported in the literature
showed that the microstructure of Eurofer-97 steel in the as-
received condition (hot rolled and tempered) contains mostly
M23C6 at lath boundaries and a few Ta- and V-rich carbides in the
interior of the martensite laths [18,19]. Fernández et al. reported
other types of Ta- or V-rich precipitates (MX-type) in Eurofer-97
steel, with sizes ranging from 8 to 40 nm, whereas M23C6 precipi-
tates have variable size in the range 25–210 nm [18]. In a recent pa-
per, Klimenkov et al. reported the presence of M23C6, TaC, VN and
TiN precipitates by performing intensive TEM investigation in
Eurofer-97 steel in the tempered condition [19]. It is worth men-
tioning that the material investigated by Klimenkov et al. and ours
have very similar chemical compositions. M23C6 particles had sizes
ranging between 30 and 300 nm with an average size of 120 nm
whereas other particles were even smaller. TaC and TiN particles
are found dispersed throughout the ferritic matrix whereas VN
and M23C6 ones are found at grain and lath boundaries [19]. These



Fig. 2. Microstructure of Eurofer-97 steel annealed for 1 h at three distinct
temperatures: (a) 650, (b) 700 and (c) 800 �C (SEM).
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compounds (TiN, TaC, VN) have very low enthalpies of formation
and remain rather stable after annealing in the range 200–800 �C,
i.e. they undergo neither dissolution nor other phase transforma-
tion within this temperature range.

According to Lu et al. M23C6 and Y2O3 particles are the predom-
inant phases in ODS-Eurofer steel besides the Cr–Fe matrix [20].
Klimiankou et al. reported the results of composition of M23C6 par-
ticles in ODS-Eurofer steel as (Cr12Fe10W)C6 in a plate processed in
the same batch of ours reported in Ref. [6] indicating that part of
chromium is replaced by tungsten atoms in the compound [10].
Regarding nanosized Y2O3 particles in ODS materials, literature
also reported important results obtained from atom-probe tomog-
raphy (APT) experiments showing that part of yttrium in the outer
shells of former Y2O3 particles is replaced by other atoms such as
titanium, vanadium, and chromium depending on alloy composi-
tion [21]. These results are in agreement with those reported by
Klimenkov and co-authors using analytical TEM investigations in
nanosized oxide clusters with sizes of about 10 nm [22].

Secondary recrystallization or abnormal grain growth is a
solid-state reaction driven by the reduction of the grain boundary
surface energy in polycrystals [23]. Strong crystallographic texture,
finely dispersed particles, and surface effects caused by the speci-
men size (thin sheets) favor secondary recrystallization in poly-
crystals. In the present case, the first two factors are present.
Eurofer-97 steel was cold rolled to 80% reduction in thickness cor-
responding to a strain e = 1.6. Ferritic steels deformed to large
strains develop intense crystallographic texture [24,25]. Following
primary recrystallization, the crystallographic texture remains
strong in Eurofer-97. Detailed results of X-ray diffraction texture
measurements in Eurofer-97 steel will be presented and discussed
in Section 3.2.

Fine particles exert important pinning effects on grain bound-
aries (Zener pinning). Only weakly pinned grain boundaries with
high mobility are able to migrate developing a size advantage at
the early stages of secondary recrystallization. TaC particles, for in-
stance, are very stable and display low propensity to coarsening
when austenitized below 1050 �C [26]. It is worth mentioning that
our Eurofer-97 steel samples were normalized at 980 �C for 15 min
to avoid intensive austenite grain growth followed by tempering at
760 �C for 90 min [27].

The nucleation of secondary recrystallized grains depends very
much on local conditions regarding size, nature and spatial distri-
bution of fine particles. As discussed earlier, fine particles of TaC,
TiN, and VN are typically found in Eurofer-97 [18,19] and more re-
cently reported in China low activation martensitic (CLAM) steels
[26] in the tempered condition and may act as important pinning
obstacles for grain boundary migration. On the other hand, coarse
M23C6 carbide particles favor primary recrystallization in
cold-rolled Eurofer-97 steel up to 650 �C via particle stimulated
nucleation (PSN) mechanism. For a detailed discussion on this
mechanism of recrystallization see Ref. [23].

The Eurofer-97 steel used in the present investigation has very
similar composition and microstructure in the as-received condi-
tion when compared to [19]. Hence it is reasonable to admit that
finely dispersed particles and intense deformation texture devel-
oped during large straining exist and the necessary conditions for
secondary recrystallization are fulfilled. Grain size has significant
effects on mechanical, electrical, and magnetic properties of poly-
crystalline materials. The grain size distributions for Eurofer-97
steel following primary and secondary recrystallization are shown
in Fig. 3. Annealing at 800 �C for 5 min causes full primary recrys-
tallization in 80% cold-rolled Eurofer-97 steel yielding an ultra-fine
ferrite grain structure with average grain size of about 0.7 lm
(Fig. 3a). After secondary recrystallization, the average grain size
is 25 lm (Fig. 3b), about one order of magnitude larger than after
primary recrystallization. This significant change in grain size is
the major cause for the pronounced softening between 650 and
800 �C. Contrastingly, grain growth showed no significant effects
in the magnetic properties as will be discussed in Section 3.3.

For annealing temperatures above 800 �C, both steels experience
a martensitic transformation upon air cooling. Such transformation
is characterized by a substantial increase in dislocation density to
compensate crystal lattice distortion, by the appearance of a large
number of interfaces and by the dissolution of the M23C6 carbide
particles. Due to the martensitic transformation both materials
present noticeable hardening, which is more marked in Eurofer-
97 steel in terms of percentage increase. Hardness remains almost
unchanged when annealing is performed between 900 and
1200 �C in ODS-Eurofer steel followed by a significant drop at
1350 �C. Such drop can be attributed to intensive austenite grain
coarsening when the steel is annealed at such elevated temperature
[6]. Contrastingly, such sharp drop in hardness is not observed in
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Fig. 3. Grain size distributions of 80% cold-rolled Eurofer-97 steel annealed at: (a)
800 �C for 5 min (primary recrystallization); and (b) 750 �C for 4 h (secondary
recrystallization).
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Eurofer-97 steel. For this material, hardness remains nearly un-
changed when annealing is performed between 850 and 1350 �C.
A possible explanation for such behavior will be provided later on
along the presentation of magnetic data.
Fig. 4 shows the effect of tempering on Vickers microhardness
of Eurofer-97 steel. Annealing was performed in the range 900–
1350 �C whereas tempering was performed for 2 h at 550 �C and
750 �C. In the as-tempered condition, hardness is leveled off at
about 380 HV-0.2. Tempering at 750 �C promotes a more substan-
tial softening. However, it must be noticed that samples tempered
at 550 �C are slightly harder than the corresponding ones in the as-
tempered condition. At light of these results, a possible explanation
for the unexpected behavior of hardness of Eurofer-97 steel
tempered at 550 �C could be the precipitation of nitrides, in
consequence of its higher nitrogen content, when compared with
ODS-Eurofer steel. This is consistent with the fact that fine and
coherent particles found at the early stages of precipitation are
much more effective to strengthen metal alloys than coarser ones
found at high tempering temperatures [28]. For comparison,
softening was observed in ODS-Eurofer steel in both tempering
conditions, being more pronounced at 750 �C [6].

3.2. Crystallographic texture

The crystallographic texture of Eurofer-steel was evaluated in
the deformed state and after both primary and secondary recrys-
tallization. Results showing the main texture components and
their intensities are shown in Fig. 5. Qualitative and quantitative
analyses were carried out using the orientation distribution func-
tions (ODFs) in sections of u2 = 0� and 45� as they contain the most
relevant texture components of Fe–Cr steels [24]. In Fig. 5 a key to
the main orientations is also included to ease the identification of
the texture components found in section u2 = 45� (Bunge
notation).

Results for the sample in the as-deformed condition (Fig. 5a and
b) show texture components belonging to a and c fibers commonly
found in cold-rolled bcc steels. The a-fiber refers to all orientations
with a common h110i axis along the rolling direction RD. The c fi-
ber refers to all grains with a common h111i axis parallel to the
sheet normal. The a fiber has a maximum close to {113}h110i
whereas the c fiber is complete with maxima centered between
{111}h1 �2 1i and {111}h110i. Orientations spreading around the
rotated cube component {100}h110i are also present. Following
primary recrystallization (Fig. 5c and d), the {100}h110i (rotated
cube) is still noticeable but weaker and the main texture compo-
nents of both a and c fibers are similar to those found in the de-
formed sample. Not only grain size changes dramatically after
secondary recrystallization. Texture also changes as shown in
Fig. 5e and f. The rotated-cube component almost vanishes and a
sharp {111}h1 �2 1i texture develops in Eurofer-97 steel sheets.

3.3. Magnetic properties

Concerning the magnetic properties, Fig. 6 depicts the coercive
field (Hc) as a function of the annealing temperature for Eurofer-97
steel together with the correspondent data for ODS-Eurofer steel
[6]. Because of the many possibilities of how domain walls can
interact with pinning obstacles in both steels, the correlation
between microstructural evolution and magnetic properties is
not straightforward. A deeper analysis could also take into account
how particles are distributed, i.e. forming clusters, precipitated at
interfaces (lath and grain boundaries) or uniformly dispersed. For
sake of simplicity, we divide our analysis in two regions where
isothermal annealing is performed, i.e. the ferritic and the austen-
itic phase fields.

In the ferritic phase there is a noticeable difference regarding
hardness levels of both steels and their corresponding annealing
behavior (see Fig. 1). In contrast, comparing Figs. 1 and 6, there
is no significant difference concerning their coercive field values,
Hc below 800 �C. This means that (i) the presence of Y2O3



Fig. 5. Microtexture of Eurofer-97 steel in several metallurgical conditions: (a and b) 80% cold-rolled; (c and d) annealed at 750 �C for 5 min (full primary recrystallization); (e
and f) annealed at 750 �C for 4 h (full secondary recrystallization).
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nanoparticles that exist only in the ODS-Eurofer steel and (ii) the
significantly different mechanical properties and underlying
microstructures are not the main influence on the coercive field
for these steels. These results strongly suggest that, for such
annealing temperature range, the presence of M23C6 carbide and
other minor phases with sizes in the range and slightly below
1 lm is the most important parameter that influences the coercive
field in both steels. Obviously, the Y2O3 nanoparticles cannot be di-
rect pinning centers for magnetic domain walls. From our point of
view these results are quite interesting because they unveil means
to selectively tailor either the mechanical or magnetic properties in
an independent way, thus making feasible the optimization of the
respective technical parameters that are important for utilization
of these steels in practical applications. For instance, as shown in
this comparative study, Y2O3 nanoparticles strongly affect the
mechanical properties, while the magnetic properties remain al-
most unchanged.
Above 850 �C, where the martensitic transformation takes place
upon subsequent cooling, a significant increase in Hc can be noticed
for both steels (Fig. 6). Such increase is similar in magnitude but, in
spite of this, in the temperature range between 900 and 1200 �C, Hc

values for the investigated steels are clearly different, with the
Eurofer-97 steel exhibiting a more ‘magnetically soft’ character.
For annealing at 1350 �C a noticeable difference concerning Hc

behavior for the investigated steels is observed, in nice agreement
with what is already observed for hardness. M23C6 particles are
dissolved during annealing of both steels in the austenitic phase
field. Therefore, when annealing is performed in the austenitic
field, in consequence of the martensitic transformation, other
microstructural parameters such as free dislocations and interfaces
(lath boundaries) have more influence on the coercive field, as this
is evidenced by the almost scaling of the Vickers microhardness
with the coercive field. The values of the dislocation density have
been recently evaluated in samples of ODS-Eurofer steel deformed
by cold rolling to 80% reduction in thickness followed by annealing
at 1100 �C and 1350 �C for 1 h with subsequent air cooling being,
respectively, 7.0 � 1015 and 5.0 � 1015 m�2 [29]. For purpose of
comparison, the dislocation density for the same steel annealed
at 800 �C for 1 h was 5.0 � 1015 m�2 [29]. Interestingly, in ODS-
Eurofer steel, the variation observed in dislocation density [29] is
directly reflected in the respective modulation of the coercive field,
Hc.

In line with the discussion made above, one issue that has to be
resolved is how to tune independently the mechanical and magnetic
properties. Up to now the effect of the nanodispersion of Y2O3 parti-
cles in the coercive field was unclear. From Fig. 6 it is observed a
noticeable drop in Hc for ODS-Eurofer steel at 1350 �C, while Hc re-
mained constant for Eurofer-97 steel. In a previous study concerning
ODS-Eurofer steel, the sharp drop of both hardness and Hc at 1350 �C
has been attributed to intensive austenite grain coarsening [6]. It
was also argued that when annealing is performed at such high tem-
perature, the fine dispersion of Y2O3 particles cannot prevent grain
boundary migration allowing subsequent grain growth [6]. At light
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of new experimental evidences displayed in Figs. 1 and 6, a new
question emerges concerning the likely annealing effects on Y2O3

particles. Such question concerns with possible coarsening of the
originally nanoscaled Y2O3 particles at 1350 �C. It has been reported
that no significant changes in size of Y-based particles were ob-
served for short annealing times at 800 �C [7]. To the best of our
knowledge, literature does not report the annealing effects on
Y-based particles at either higher temperatures or extended anneal-
ing times.

Further investigations of these materials with experimental
techniques that can provide information on the size of magnetic do-
mains and domain walls are of paramount importance since, based
on size-matching arguments, we will be able to figure out which
one of the various imperfections (interfaces, nanosized Y2O3, other
microsized particles etc.) of crystal structure can act as efficient pin-
ning centers of the coexisting magnetic structure. This comparison
will ultimately reveal the connection between crystal/mechanical
and magnetic properties. Neutron scattering that probes the bulk
magnetic properties and magnetic force microscopy that only
probes the surface magnetic domain configuration could be the
techniques of choice for these future investigations.

Other interesting differences between the two investigated
steels emerge when we compare their hardness and magnetic
behavior after tempering. In the tempered state, the microstructure
of ODS-Eurofer steel consists of a ferritic matrix, nanosized Y2O3

particles, a minor fraction of TaC and VN and coarse M23C6 carbides
[6]. Such microstructure, except for the presence of Y-based
particles, is similar to Eurofer-97 steel following tempering.

Regarding the tempering effects on magnetic properties, Fig. 7
shows the results of Hc in Eurofer-97 steel annealed in the austen-
itic range followed by tempering at 550 and 750 �C. The corre-
sponding results prior tempering are included for reference. From
Fig. 7 it was observed that Hc decreases after tempering and such
decrease is more pronounced for the samples tempered at higher
temperature (750 �C). From a comparison of Figs. 4 and 7, a striking
result is that, for Eurofer-97 steel tempered at 550 �C, coercive field
and hardness have opposite trends. For tempered samples at
550 �C, in spite of increasing hardness, the coercive field presents
a noticeable decrease. On the other hand, for tempered samples
at 750 �C, both Hc and hardness decrease, although the coercive
field percentage decrease is more pronounced. For example, for
the sample annealed at 900 �C, the percentage decreases found
for Hc and Vickers microhardness, are about 80% and 40%,
respectively, after tempering at 750 �C. The results of Fig. 4
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direction).
suggests that, for Eurofer-97 steel, besides intensive dislocation
annihilation and precipitation of M23C6 carbides, tempering also
leads to precipitation of nitrides. The effect of such second phase
particles (both carbides and nitrides) on pinning of magnetic do-
main walls and, consequently, on coercive field, depends on the
relative magnitude of their sizes (radius R) in comparison with
the domain wall thickness (d) [15]. According to Arzt [15], if
R� d, Hc / R while in the case of R� d, Hc / 1/R. The maximum
value of Hc is expected when R � d [15]. On the other hand, the
thermally-activated dislocation annihilation under tempering con-
tributes to a decrease in Hc following the relationship Hc /

ffiffiffiffiqp

[11,12]. The competition or coupling of the different contributions
for pinning of domain walls discussed above determine the overall
magnitude of Hc, the coercive field. For tempering at higher tem-
peratures it is expected that the size of second phase particles be-
comes larger [28]. Whatever is the ratio between their sizes and d,
from Fig. 7 we see that the coupling of the different contributions
for pinning of domain walls leads to a noticeable decrease of Hc for
isothermal tempering at both 550 and 750 �C. Concerning the coer-
cive field, a similar behavior was verified for the ODS-Eurofer steel
samples annealed in the austenitic field, followed by isothermal
tempering at same temperatures [6]. However, the coercive field
decrease ratio is more pronounced in Eurofer-97 steel.

Regarding Eurofer-97 steel, going back to the comparison be-
tween Figs. 4 and 7, the results suggest that for tempering at
550 �C the small size of the precipitates contribute for hardening
of the material whereas at same time the material becomes ‘mag-
netically softer’. Therefore, for tempering at 750 �C, the higher de-
crease of Hc in comparison to hardness certainly can be also related
to size effects. It must be noticed that we have observed a decrease
in both hardness and coercive field for the two chosen tempering
conditions (550 and 750 �C) in ODS-Eurofer samples [6]. Also in
this case, the coercive field decrease ratio promoted by isothermal
tempering was higher in comparison with the observed in terms of
hardness.

The possible existence of anisotropy in the coercive field prop-
erties was also investigated. Fig. 8 shows the values of coercive
field obtained for a magnetic field applied both parallel and per-
pendicular to the rolling direction (RD). From this figure it is seen
that no significant differences were found for both field configura-
tions in spite of the strong texture developed during processing of
Eurofer-97 steel, as previously observed for ODS-Eurofer steel [6].
Though there is no actual difference we note that in Figs. 6 and 7
the coercive field was obtained for applied field parallel to the RD.
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Fig. 8. Hc values for Eurofer-97 steel for both field configurations: applied parallel
and perpendicular to the rolling direction.
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4. Summary and conclusions

The microstructure evolution of two RAFM steels during iso-
thermal annealing from 200 �C up to 1350 �C was compared. Based
on both Vickers microhardness and coercive field measurements,
in addition to metallographic inspection, the following conclusions
can be drawn:

(1) The two steels display rather distinct annealing behaviors in
the ferritic phase field. Softening is much less pronounced in
ODS-Eurofer steel due to the presence of a fine and stable
dispersion of Y2O3 that allows only partial recrystallization.
Contrastingly, Eurofer-97 readily undergoes discontinuous
recrystallization starting at about 500 �C. Secondary recrys-
tallization becomes pronounced above 650 �C for the latter
steel.

(2) The final grain size after secondary recrystallization is about
one order of magnitude larger than after primary recrystalli-
zation. This significant change in grain size explains the pro-
nounced softening experienced by Eurofer-97 after
secondary recrystallization in the range of 650–800 �C. On
the other hand, magnetic properties in Eurfer-97 steels
remained nearly unchanged following secondary
recrystallization.

(3) The crystallographic texture of Eurofer-97 steel in the as-
deformed and fully-recrystallized conditions are quite simi-
lar showing texture components commonly found in ferritic
Fe–Cr steels. The a fiber has a maximum close to
{113}h110i whereas the c fiber is complete with maxima
centered between {111}h1 �2 1i and {111}h110i. After sec-
ondary recrystallization annealing at 750 �C for 4 h, textures
changes significantly with strengthening of the {111}h1 �2 1i
component and corresponding weakening of the rotated-
cube component.

(4) Despite the noticeable differences concerning their softening
behavior below 800 �C, the corresponding magnetic behav-
ior of ODS-Eurofer and Eurofer-97 steels regarding their
coercive fields is quite similar. The results suggest that, for
such temperature range, the coercive field is dominated by
the M23C6 carbides and other minor phase particles with
sizes below 1 lm.

(5) In the austenitic field the main difference between the two
investigated steels is concerning the annealing at 1350 �C.
For the Eurofer-97 steel, both hardness and Hc remains
almost constant for annealed samples in the temperature
range 850–1350 �C. In contrast, for the ODS-Eurofer there
is a drastic drop of these properties after annealing at
1350 �C. Such behavior can be attributed either to intensive
austenite grain growth or due to coarsening of the Y2O3 par-
ticles (Ostwald ripening).

(6) In the austenitic field there is a good qualitative agreement
between Vickers microhardness and magnetic coercive field
values for both investigated steels. Such feature is also valid
for tempered samples of ODS-Eurofer steel. However, for the
Eurofer-97 steel, depending on the tempering temperature,
microhardness and coercive field have opposite trends, pos-
sibly due to different size effects caused by precipitation of
fine vanadium nitride particles.

(7) As a general concluding comment, Y2O3 nanoparticles
strongly affect the mechanical properties of ODS-Eurofer
steel but leave their magnetic properties fairly unchanged.
This could provide us new means to tailor either the
mechanical or magnetic properties in an independent way,
thus enhancing the compatibility of these steels with the dif-
ferent needs of a wider spectrum of practical applications.
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