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a b s t r a c t

Oxide dispersion strengthened ferritic–martensitic steels are potential candidates for applications in
future fusion power plants. High creep resistance, good oxidation resistance, reduced neutron activa-
tion and microstructural long-term stability at temperatures of about 650–700 ◦C are required in this
context. In order to evaluate its thermal stability in the ferritic phase field, samples of the reduced activa-
tion ferritic–martensitic 9%Cr–ODS–Eurofer steel were cold rolled to 50% and 80% reductions and further

◦
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BSD

annealed in vacuum from 300 to 800 C for 1 h. The characterization in the annealed state was performed
by scanning electron microscopy in the backscattered electron mode, high-resolution electron backscat-
ter diffraction and transmission electron microscopy. Results show that the fine dispersion of Y-based
particles (about 10 nm in size) is effective to prevent recrystallization. The low recrystallized volume frac-
tion (<0.1) is associated to the nuclei found at prior grain boundaries and around large M23C6 particles.
Static recovery was found to be the predominant softening mechanism of this steel in the investigated

temperature range.

. Introduction

Oxide dispersion strengthened materials are good candidates
or high-temperature applications including the manufacture of
tructural parts for nuclear fusion technology. Within the world-
ide fusion community, the major objective is the development of

tructural materials with high irradiation resistance, high mechan-
cal strength and ductility and low activation. The latter means,
hat their composition should make radioactive activation when
xposed to neutron irradiation as low and quickly decaying as pos-
ible, thus allowing simple re-use or disposal. As a result, candidate
usion structural materials and plasma facing materials should con-
ist of the following low or reduced activation elements to meet low
evel waste criteria: Cr, Ti, V, Fe, W, Si, and C [1,2].

Because of the creep properties, RAFM–9%CrWVTa steels [3–5]
re presently limited to an upper operating temperature of about
50 ◦C. The replacement of RAFM steels by suitable ODS alloys
ould allow a substantial increase of the operating temperature
o about 650 ◦C or even more [6,7]. The addition of nanoscaled ODS
articles (Y2O3 or Ti2Y2O7) is multifunctional: originally to increase
igh-temperature creep resistance. But meanwhile it has been
ecognized that – if the trapping strength at the matrix–particle
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surface is high enough – they could also trap noble gases like
helium, or suppress/retard materials aging at high temperature.
The matrix–particle interface should act as “market place” for
trapping and recombination of irradiation induced defects, trap-
ping of diffusing atoms like Cr, Nb, Mo and V that otherwise
might be the origin of alloy dissolution and aging embrittle-
ment.

At the mesoscale, a proper dispersion of fine and chemically sta-
ble particles is very effective to interact with mobile dislocations
and also with low and high angle boundaries rendering recrystal-
lization very sluggish or even leading to its suppression. This effect
is referred to as Zener pinning. The Zener drag is proportional to
the grain boundary energy (�b), hence the interaction with low
angle interfaces is rather small owing to the Read–Shockley relation
between interface energy and misorientation angle. On the other
hand, individual particles or particle aggregates with sizes above
100 nm tend to speed up recrystallization via the particle stimu-
lated nucleation (PSN) mechanism [8]. Deformed and re-oriented
regions around large particles increase the stored energy locally
by forming highly misoriented subgrains (nuclei) able to trigger
recrystallization and sustain their growth upon subsequent anneal-
ing [9]. The kinetics of static recrystallization in particle-containing

materials depends on the balance between these driving (stored
dislocations) and retarding pressures (Zener drag) in the deformed
microstructure. Therefore, the amount of applied strain, particle
volume fraction, size distribution and spacing are key parameters to
estimate whether a material can undergo recrystallization [10,11].

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:hsandim@demar.eel.usp.br
dx.doi.org/10.1016/j.msea.2010.02.051
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steel is quite small even after annealing at 800 ◦C for 1 h. The respec-
tive values of the calculated amount of softening are 3% and 7% for
50% and 80% reductions. This clearly means that recrystallization
is not pronounced in this steel even after such large straining. In
H.R.Z. Sandim et al. / Materials Science

The material chosen for the present investigation is a
%Cr–ODS–RAFM–Eurofer steel. It has a microstructure where a
ne dispersion of Y-based particles with diameter in the range
0–12 nm coexist with coarse M23C6 (M = Cr, Fe) carbides with
izes of about 0.2–1 �m in the tempered condition [12]. Other
inor phases like NbC, VN and the Laves compounds Fe2Mo

nd Fe2W have also been reported in this steel [12]. The M23C6
M = Cr, Fe) carbide particles are most frequently observed at
ow and high angle boundaries whereas NbC and VN particles
re found in the interior of the ferritic grains after tempering
13]. Pešička et al. reported very inhomogeneous microstructures
f this steel in the tempered condition which were character-
zed by the coexistence of recovered and recrystallized regions
14].

Complex microstructures like that are very interesting model
ystems for recrystallization studies. The aim of this paper is to
tudy the annealing behavior and the microstructural stability
f cold rolled 9%Cr–ODS–Eurofer steel in the ferritic phase field.
lectron backscatter diffraction (EBSD) and transmission electron
icroscopy (TEM) were the main characterization techniques used

o follow the microstructural changes in this steel.

. Experimental

The RAFM–9%Cr–ODS–Eurofer steel has been produced in coop-
ration with Plansee AG (Austria). The initial RAFM steel powder
ogether with the Y2O3 powder was mechanically alloyed. After
ot-isostatic pressing, sintered slabs were hot cross-rolled in the
ustenitic field and then air cooled. The nominal composition of
his steel is 9Cr–1W–0.08Ta–0.2V–0.07C–0.4Mn–0.3Y2O3 (in wt%).
or details, see Ref. [6].

The hot-rolled sheets were tempered at 750 ◦C for 2 h for the
ecrystallization study since martensite forms in this steel even
hen it is air cooled (cooling rate of 5 K/min [4]). The contents of

ritical elements regarding neutron activation during service life
ike niobium and cobalt must be kept at very low levels, 0.00021
nd 0.0111 wt%, respectively. The carbon and nitrogen contents are,
espectively, 0.144 and 0.0278 wt%. Sheets of the ODS–Eurofer steel
ith dimensions of 80 mm × 200 mm × 6 mm were cold rolled to

0% and 80% thickness reductions in multiple passes. The Vick-
rs microhardness of the steel in the as-received condition was
40 ± 4 HV-0.2. The hardness values after 50% and 80% reduc-
ions are, respectively, 391 ± 4 and 425 ± 5 (HV-0.2). Samples were
hen annealed in vacuum from 300 ◦C up to 800 ◦C with a hold-
ng time of 1 h. Dilatometric tests were carried out in vacuum
10−1 mbar) to determine the Ac1 and Ac3 temperatures to set the

aximum admissible annealing temperature in the ferritic field
sing an Adamel Lhomargy dilatometer. This equipment allows
eating rates as high as 50 K/s in the samples. The maximum tem-
erature was limited to 1100 ◦C for a holding time of 1 min. The
ooling rate in all cases was 10 K/s.

High-resolution EBSD mappings were performed in the lon-
itudinal section of both samples in order to investigate its
ecrystallization behavior. The microstructure of the annealed
pecimens was imaged using a JEOL-6500F field emission gun scan-
ing electron microscope (FEG-SEM) operated at 15 kV. Texture
ata at the grain scale were obtained by automated acquisition and
urther indexing of Kikuchi patterns after image processing in a TSL
ystem interfaced to the SEM. Vickers microhardness testing was
erformed in longitudinal sections of the specimens using a load

f 200 g. Following, TEM samples were obtained from this mate-
ial by applying electropolishing at a potential of 12 V using an 80%
ethanol–20% H2SO4 solution (in vol.%) at 20 ◦C and precise ion

olishing at both sides. TEM investigation was performed on the
olling plane (RD–TD plane, where RD and TD are the rolling direc-
Fig. 1. Microstructure of the reduced activation ferritic–martensitic 9%
Cr–ODS–Eurofer steel in the as-received condition (SEM, secondary electrons
image). The rolling direction (RD) is parallel to the scale bar.

tion and the transverse direction, respectively) using Philips CM30
(300 kV) and FEI TECNAI-20F microscopes.

3. Results and discussion

3.1. Initial microstructure

The microstructure of this steel in the as-received condition
(quenched and tempered martensite at 750 ◦C for 2 h) consists of
grains with a mean size of about 3 �m (Fig. 1). They are slightly
elongated as the hot rolling process did not lead to complete recrys-
tallization of the sheets. Both nanoscale Y2O3 and coarse M23C6
particles are found in the ferritic Fe–Cr matrix. Their respective
volume fractions are about 0.5% and 1.5%. A detailed description
of the microstructure of this steel in terms of particle sizes and
their distributions are found elsewhere [15,16].

3.2. Softening behavior

The softening behavior of the steel is shown in Fig. 2. Two dis-
tinct rolling reductions (50% and 80%) were chosen for comparison.
The data reveal that the amount of softening experienced by this
Fig. 2. Softening behavior of the reduced activation ferritic–martensitic
9%Cr–ODS–Eurofer steel after 50% and 80% reductions.
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Table 1
Ac1, Ac3 and Ms temperatures determined by dilatometric tests in the
RAFM–9%Cr–ODS–Eurofer steel.

Heating rate (K/s) Ac1 (◦C) Ac3 (◦C) Ms (◦C)

F
a
d

ig. 3. Softening kinetics of the RAFM–9%Cr–ODS–Eurofer steel at 800 ◦C after 80%
old rolling.

rder to follow its behavior for longer isothermal annealing peri-
ds, the corresponding softening kinetics curve was determined for
he 80% cold rolled steel annealed at 800 ◦C (see Fig. 3). Results show
hat the hardness remains nearly unchanged even after isothermal
nnealing for 10 days at this temperature indicating that this steel
as a high thermal stability. The maximum annealing temperature
as set at 800 ◦C to ensure that annealing was performed in the fer-

itic phase field. The limit temperature for the ferritic phase field
as confirmed by high-temperature dilatometry tests and Table 1

hows the values of Ac1, Ac3 and Ms found for three different heating
ates.

.3. EBSD investigation

The EBSD scans were carried out in longitudinal sections of rep-
esentative samples in two conditions: 50% and 80% cold rolling

◦
oth followed by annealing at 800 C for 1 h (Fig. 4a and b, respec-
ively). EBSD sampling points were taken in 50 nm steps. The EBSD
cans revealed important details of the annealed structure of the
DS–Eurofer steel. Elongated grains along the rolling direction are

ound throughout the microstructure in the sample rolled to 80%.

ig. 4. High-resolution EBSD scans in longitudinal sections of RAFM–9%Cr–ODS–Eruofer
t 800 ◦C for 1 h. High angle boundaries (above 15◦) are marked by black lines while low
irection (RD) is parallel to the scale bar.
1 835 915 345
5 850 940 350

30 875 985 360

Coarser features are noticed in the less deformed specimen, i.e.
grains are less flattened than at 80% reduction. The analysis of the
corresponding microtexture data from EBSD scans reveals orien-
tations that mostly belong to the �- and �-fibers [8]. The �-fiber
texture component has a 〈1 1 0〉 fiber axis parallel to the rolling
direction (RD) of the rolled sheet. The �-fiber has a fiber axis 〈1 1 1〉
perpendicular to the sheet surface. These orientation fibers are
found in bcc metals and alloys and they can be easily visualized
at the corresponding orientation distribution function (ODF) sec-
tions with ϕ2 = 0◦ and ϕ2 = 45◦ (Bunge notation). An overview of
the textures in such ferritic stainless steels is given in Ref. [17].

The ODFs corresponding to the samples deformed to 50% and
80% and annealed at 800 ◦C for 1 h are shown in Fig. 5. The tex-
ture components found in these samples are typical of low-carbon
steels (�- and �-fibers at ϕ2 = 45◦, rotated cube at ϕ2 = 0◦) [18]. The
large orientation spread around the rotated cube orientation in the
50% rolled material may be caused by local effects. For 50% reduc-
tion, the �-fiber appears more intense than the �-fiber. For 80%
reduction, the �-fiber is strengthened with a maximum close to
{1 1 2}〈1 1 0〉–{1 1 3}〈1 1 0〉 while �-fiber is slightly weakened with
a maximum close to {1 1 1}〈1 1 0〉. The strength of the �-fiber in low-
carbon steels depends on the applied strain. Hutchinson reported
that it increases up to 70% and the remains nearly constant for
larger strains [19]. The results shown in Fig. 5 are similar to those
reported in the literature for the deformation texture of cold rolled
low-carbon and Fe–Cr steels [19,20]. They match quite reasonably
texture data obtained from XRD within statistical limits. The low
recrystallized volume fraction found in the annealed samples does
not change significantly the texture. Recovery does not change the

texture so that these samples retain most of the rolling texture
components.

In the EBSD scans it is also possible to notice the presence of
a low volume fraction of tiny equiaxed grains at the prior grain

steel: (a) 50% reduction + annealing at 800 ◦C for 1 h. (b) 80% reduction + annealing
angle boundaries (2–15◦) are marked by white lines (step size: 50 nm). The rolling
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ig. 5. Orientation distribution function (ODF) plots of RAFM–9%Cr–ODS–Eurofer c
or 1 h; (b) 80% reduction + annealing at 800 ◦C for 1 h.

oundaries. These small grains result from static recrystalliza-
ion during annealing at 800 ◦C. The new recrystallized grains can

e distinguished from the recovered matrix in the EBSD scans
ecause they are most equiaxed whereas the prior grains are

arger, elongated in shape and subdivided by low angle bound-
ries. The microstructures depicted in Fig. 4 are rather similar
o those found in low-carbon steels (recovered state) with elon-

ig. 6. Misorientation profiles taken in grains A and B showing distinct fragmentation in t
ABs (above 15◦) are marked in black and LABs (2–15◦) in white. The rolling direction (R
ponding to the EBSD scans shown in Fig. 4: (a) 50% reduction + annealing at 800 ◦C

gated grains belonging to both �- and �-fiber texture components
[8,19]. A closer inspection at the EBSD scans reveals the occur-

rence of important orientation effects regarding grain subdivision
in this steel. Fig. 6a shows an enlarged view of a sample deformed
to 80% reduction and annealed at 800 ◦C for 1 h. Misorienta-
tion profiles were taken at two distinct grains: grain A (�-fiber)
and grain B (�-fiber) and the results are shown respectively,

he RAFM–9%Cr–ODS–Eurofer steel deformed to 80% and annealed at 800 ◦C for 1 h.
D) is parallel to the scale bar.
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ig. 7. Orientation map showing small angle (2–15◦ , white lines) and high angle bo
nd annealed at 800 ◦C for 1 h (step size of 30 nm). Coarse M23C6 particles were not i

n Fig. 6b and c. Point-to-point and point-to-origin misorienta-
ions are plotted for both grains. Notice that grain A has much
maller in-grain orientation gradients than grain B. The misori-
ntations found in grain A are within the range 2–4◦ whereas
n grain B this value commonly reaches 10–14◦. These features

re frequently observed throughout the microstructure. Grains
elonging to the �-fiber are less fragmented than grains with indi-
idual orientations belonging to the �-fiber [21]. Misorientation
rofiles taken across many cells/subgrains in annealed samples
onfirm this trend. This finding is very important because it

ig. 8. TEM bright field images of a sample deformed to 80% and annealed at 800 ◦C for 1 h
icinity; (b) enlarged view of a large carbide particle and a recrystallization nucleus aroun
ies (above 15◦ , black lines) in the RAFM–9%Cr–ODS–Eurofer steel deformed to 50%
d and are indicated by arrows. The rolling direction (RD) is parallel to the scale bar.

affects the amount of stored energy for recrystallization, i.e., the
more fragmented a grain is, the higher is its stored energy. Also
the occurrence of highly curved zones in as-deformed grains is
an essential pre-requisite for the formation of recrystallization
nuclei.
Thus, our results also confirm that �-fiber oriented grains are
more prone to undergo recrystallization than �-fiber grains. These
findings are in agreement with those reported in the literature for
iron and conventional low-carbon steels using several characteri-
zation techniques [22–24].

showing: (a) M23C6 carbide particles, recrystallized, and recovered grains in close
d it in detail (PSN). The rolling direction (RD) is parallel to the scale bar.
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ig. 9. TEM bright field micrograph showing the general view of the microstructure
f the steel deformed to 80% and annealed at 800 ◦C for 48 h. Recrystallized grains
center) and recovered regions are noticeable.

Another important result depicted in Fig. 6a reveals where the
ecrystallization nuclei are found. They typically occur at prior
rain boundaries, either at �–�, �–� or �–� grain boundaries. This
omenclature refers to the orientation fiber to which each grain
elongs (�- or �-fibers). In most cases, the recrystallization front
ends to migrate towards the interior of �-fiber oriented grains
ecause of their higher stored energy. Only in a very few cases,
ucleation in the interior of the grains is observed and when it
ccurs, it is associated with the presence of lamellar boundaries. In
ll cases, the new grains do not grow very much and remain in a
ize range of 0.2–1 �m. The assumptions to explain why they do
ot grow are discussed later when the TEM results are presented
nd discussed.
We have also performed an additional EBSD mapping with
finer step size of 30 nm in the less deformed specimen

50% + annealing at 800 ◦C for 1 h), as shown in Fig. 7. In this figure it
s possible to identify recrystallized grains (marked by circles) and

ig. 10. High-resolution transmission electron micrographs of a sample deformed to 80%
atrix; (b) dragging effect (particle–boundary interaction) during annealing. The rolling
ngineering A 527 (2010) 3602–3608 3607

nearly equiaxed cell structures (or subgrains) with misorientations
above 2◦ subdividing the grains. Boundaries with misorientations
below 2◦ cannot be properly indexed by EBSD. In this case, TEM
provides a better resolution of the misorientation across these
boundaries. This microstructure is typical of recovered or partially
recrystallized metals. It is worth mentioning that there are regions
where indexing of Kikuchi patterns was not possible like those cor-
responding to coarse M23C6 particles, pores, or deformed areas at
grain boundaries (higher dislocation density). Jagged high angle
grain boundaries (marked with black lines) are also noticeable as a
result of particle–boundary interaction (Zener pinning).

3.4. TEM investigation

The microstructures of annealed samples were observed in TEM
to resolve details of the particle–boundary interaction and to deter-
mine the preferential nucleation sites for recrystallization. As a
general remark, recovered structures (diffuse dislocation tangles
and low angle boundaries) as well as free dislocations are the
predominant microstructural features in the annealed samples.
Recrystallized grains are mostly observed at the prior grain bound-
aries and around coarse carbide particles. These findings are in
agreement with those obtained from high-resolution EBSD map-
pings.

Fig. 8 shows the typical microstructure of a sample deformed
to 80% reduction and annealed at 800 ◦C for 1 h. Fig. 8a shows the
general view of the microstructure. Particles, subgrains and a few
recrystallized areas (lower part of the micrograph) can be noticed.
Fig. 8b, on the other hand, shows an enlarged view of a neighbor-
ing area where a recrystallized grain formed around a coarse M23C6
particle can be seen, another evidence of particle stimulated nucle-
ation in this material. It is worth mentioning that only a minor
portion of the recrystallized grains can be explained by PSN mech-
anism in ODS–Eurofer steel. Further TEM investigation is necessary
to obtain more quantitative data.

Even for longer annealing times at 800 ◦C (48 h, for instance), the
microstructure did not change too much (Fig. 9). The micrograph
shows a cluster of recrystallized grains surrounded by a recov-
ered matrix. The volume fraction of recrystallized grains remains
erly resolved at this low magnification. Fig. 10a shows a typical
Y-based particle (high-resolution TEM). The former Y2O3 parti-
cles added to the metallic powder for high energy milling may
react with chromium during high-temperature hot-isostatic con-

and annealed at 800 ◦C for 48 h showing: (a) individual YCrO3 particle in the ferritic
direction (RD) is parallel to the scale bar.
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ig. 11. TEM bright field micrograph showing nucleation of recrystallized grains at
rior grain boundaries in a sample deformed to 80% and annealed at 800 ◦C for 1 h.

olidation forming, for instance, YCrO3 particles [25]. It is worth
entioning that this compound is already present in the steel in

he as-received condition.
Fig. 10b provides a good example of the retarding effect found

uring particle–boundary interaction in this steel. The rearrange-
ent of dislocations and the thermally-assisted migration of low

nd high angle boundaries during annealing become difficult since
hey are pinned or retarded by particles making recrystallization
ery sluggish. In our view, the presence of tiny recrystallized grains
n the annealed state can be explained by the following nucleation

echanisms:

(a) Highly deformed regions evolve around coarse particles dur-
ing cold rolling. Upon annealing, subgrain growth takes place
and the misorientations around particles may reach high angle
character (above 15◦). The local stored energy is large enough
to sustain its growth until reaching a critical size (smaller than
1 �m). Due to competing recovery reactions, the driving force
decreases continuously and recrystallization stops.

b) High angle boundaries are also present in the deformed state,
especially after such a large straining. Prior grain boundaries
and deformation-induced lamellar boundaries (see Fig. 11) can
be noticed in the microstructure and provide the necessary
mobile interface to trigger recrystallization. The stored energy
at prior grain boundaries is larger than the one found in the
interior of the grains which helps to sustain the growth of the
recrystallization nuclei.

The explanation for why static recrystallization is almost sup-
ressed in this steel can be summarized as follows:
Nucleation takes place in deformation zones around coarse
23C6 carbide particles and at the grain boundaries. The combi-

ation of retarding effects such as Zener pinning and competing
ecovery decrease the local stored energy and impede further
rowth of the recrystallization nuclei. These results confirm the

[
[

[
[

Engineering A 527 (2010) 3602–3608

expected high thermal stability of this steel, at least when annealing
is performed in the ferritic phase field (below 800 ◦C).

4. Conclusions

(1) It has been shown that static recovery is the main softening
mechanism in 9%Cr–ODS–Eurofer steel when annealed in the
ferritic regime (below 800 ◦C).

(2) Complete static recrystallization is prevented due to the strong
interaction between boundaries and the fine dispersion of sta-
ble Y2O3 particles even after severe cold rolling to 80% reduction
and annealing at 800 ◦C for long periods (240 h). The recrystal-
lized volume fraction is very small (below 0.10) and the few
recrystallization nuclei were found predominantly clustered at
prior grain boundaries and around large M23C6 carbide parti-
cles.

(3) It has also been observed that nucleation for recrystallization
occurs preferentially in grains whose orientation belongs to the
�-fiber texture component. When nucleation occurs at grain
boundary regions, the recrystallization front tends to migrate
towards the interior of �-fiber grains due to their higher stored
energy.
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