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e Mechanical alloying introduces a deformation state that persists in ODS steels even during annealing at 1200 K.
o Deformation state and Y-O based nanoparticles are likely responsible for microstructural instability at 1400 K.
e Positron annihilation results indicate that Y-O based nanoparticles are able to trap thermal-vacancy clusters.
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An approach to improve the performance of steels for fusion reactors is to reinforce them with oxide
nanoparticles. These can hinder dislocation and grain boundary movement and trap radiation-induced
defects, thus increasing creep and radiation damage resistance. The present work investigates the
thermal stability of the microstructure and the evolution of defects in a 0.3% Y03 dispersed Eurofer steel.
Samples were annealed for 1 h under vacuum, from 600 K to 1600 K, followed by cooling inside the
furnace. Electron Microscopy techniques and Vickers Hardness were used to characterize the micro-
structure and evaluate its thermal stability. Positron Annihilation Spectroscopy Doppler Broadening
(PASDB) was used to monitor the evolution of defects, such as dislocations and vacancies, and their
interaction with Y-O based nanoparticles. Several types of events take place simultaneously in the ma-
terial, due to its initial deformation caused by mechanical alloying, the presence of oxide particles and
austenitic phase transformation. Annealing up to 1000 K shows that the Y-O based nanoparticles keep
the microstructure refined. Upon cooling from 1200 K (above A¢3), martensite forms with an equiaxed
morphology, instead of the conventional lath form, due to the pinning of prior-austenite grain bound-
aries by the oxide nanoparticles. Annealing at 1400 K and 1600 K results in the progressive coarsening of
Y-0 based nanoparticles and their loss of ability to pin grain boundaries. PASDB shows that annealing up
to 1200 K leads to an overall decrease in defect concentration, mainly due to recovery of dislocations.
After annealing at 1400 K and 1600 K, PASDB indicates the formation of a different type of positron trap.
The hypothesis is that, at these temperatures, clusters of thermal vacancies are trapped by the oxide
nanoparticles, accumulating at their interfaces with the matrix and being retained in the material upon
cooling to room temperature.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

conditions, like high temperatures (900 K—1300 K) and high
neutron radiation doses. Also, in order to make nuclear power a

Steels for nuclear applications must resist severe service safer and more environmentally friendly resource, a current
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requirement is to use reduced-activation alloying elements in the
steel composition [1—7]. With this approach, irradiated structures
that could take hundreds of years to reduce induced radioactivity
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level and then be recycled [8]. Reduced-activation steels have
already been developed, like the Eurofer97, however they present
poor resistance to radiation-induced creep and the service tem-
perature is limited to 900 K, due to thermal instability of the
microstructure. A way to improve these properties is to reinforce
the steel with oxide nanoparticles, which are able to hinder dislo-
cation and grain boundary movement and to trap radiation-
induced defects [2—7,9].

The fabrication method of ODS steels is based on mechanical
alloying, which enables the direct mixing of metallic and oxide
powders, allowing a homogeneous distribution of oxide particles in
the matrix [3,9—11]. The standard manufacturing powder-
metallurgy route consists of the following steps: (1) gas atomiza-
tion of a pre-alloy, (2) mechanical alloying of the metallic and oxide
powders, (3) consolidation of the ODS alloy by extrusion, hot
isostatic pressing or plasma-assisted sintering and (4) thermo-
mechanical treatments like hot rolling, forging and cold rolling
[3,7,9-11].

Pre-alloy powders of 9% Cr steels, like the Eurofer97 alloy, pro-
duced in step (1) have a microstructure formed by martensite laths.
The oxide powders usually consist of crystallites with average di-
ameters ranging from 20 to 100 nm [12,13]. After step (2), the
mechanically-alloyed powders (MA powders) will present a very
fine microstructure with an average grain size of tens of nanome-
ters [14]. At this point, the martensite laths from the pre-alloyed
powders transform into a more equiaxed structure with high
density of dislocations (~10'® m~2) [12,15]. Also, when milling ODS
steel powders, the degree of refinement of the resultant micro-
structure will depend on the density of added oxide particles and
on their chemical nature [13]. Cayron et al. [13] have observed the
influence of both parameters on the microstructure of as-MA ODS
Eurofer powders. In comparison with MgAl;04, addition of Y,03
leads to a finer microstructure. A higher content of Y,03 causes a
smaller grain size [13]. Additionally, Cayron et al. [ 13] conclude that
MgAl,04 does not dissolve in the steel matrix during mechanical
alloying, while Y,03 does [13]. Other authors [6,12,15—17] have also
found that Y,03 dissolves progressively in the matrix during me-
chanical alloying and re-precipitates as nanosized clusters in the
other processing steps.

The chemical composition of the oxide clusters and their size
distribution depend on the alloying elements added to the steel
[6,12,14—17]. Kimura et al. [17] detected precipitation of Y203 and
YCrOs3 in a 24% Cr ODS ferritic steel during annealing at 1200 K. A
similar temperature was determined for a 13% Cr-3% Ti-Y203 steel
and the re-precipitated clusters were identified as Y,TiOs and
Y,Tiy07 [16]. Brocq et al. [ 18] proposed a new process for producing
Y,03 ODS steels called reactive-inspired ball-milling. In this new
process, YFes and Fe;03 oxide powders were milled with a Fe-14Cr-
W-1Ti pre-alloy, and the authors have observed re-precipitation of
oxide nanoclusters after milling and their growth during annealing
at 1000 K for 1 h [16].

Commonly, during consolidation, the MA-powders are exposed
to temperatures between 1100 K and 1400 K and, therefore, pre-
cipitation of Y-based oxide nanoclusters is likely to occur in this
stage. It has been reported by different authors [10,12,13,15,19,20]
that consolidated Y,03-ODS steels present a microstructure
composed of micrometric grains (3—15 um) surrounded by smaller
ones, with average diameter of hundreds of nanometers. The main
reasons for this bimodal microstructure are the high deformation
energy stored in the material, due to mechanical alloying, and the
presence of oxide nanoparticles [12,15,19]. Briefly, the MA-powders
have a high dislocation density and a large grain boundary area
caused by the nano-sized grains. Therefore, they have a strong
potential to go through microstructural alterations like recovery
and recrystallization [14,21]. At the same time, the Y-based oxide

nanoclusters exert a pinning force on dislocations and grain
boundaries that hinder their movement (Zener pinning force). In
this unstable state, regions of the material that have a low density
of oxide nanoclusters might experience abnormal grain growth,
which can be further assisted by an uneven temperature distribu-
tion during hot-processing steps [12,19].

In 9% Cr ODS steels there is an extra factor to consider when
describing the consolidated and thermo-mechanically treated mi-
crostructures: the o —y phase transition and the y decomposition
upon cooling. Yamamoto et al. [20] observed with in situ X-Ray
Diffraction, dilatometry and thermodynamic analyses that, irre-
spective of temperature, the transformation of ferrite into austenite
is not complete in 9% Cr Y,03-ODS steels. The Y-O based nano-
clusters would favour ferrite retention by pinning o/y interfaces
[20]. It has also been reported that martensite laths do not form in
9% Cr Y,03-0DS steels [13,20,22], even upon water quench. Again, a
possible explanation is based on the Y-O nanoclusters, which would
hinder the growth of austenite grains. In this way, austenitic grains
would keep a nanometric average grain size and would not provide
space for the growth of martensite laths during subsequent
quenching [13,22].

The mechanisms involved in the microstructure evolution of
ODS steels are complex, mainly because of the presence of Y-O
based nanoclusters and the highly deformed structure obtained
during mechanical alloying. Particularly for 9% Cr Y,03-ODS steels,
the nature of the consolidated microstructure is not clear, i.e.,
whether it is formed by ferrite, martensite or a combination of both
or is affected by recrystallization and ferrite retention at high
temperatures. Also, given that Y-O based nanoparticles play a role
in radiation damage mechanisms, it is important to know how
these particles interact with residual defects introduced during
mechanical alloying or formed during any phase transition, prior to
exposure to neutron radiation. Ortega et al. [23] have performed
Positron Annihilation Lifetime and Coincidence Doppler Broad-
ening measurements on consolidated samples of Eurofer and Y,03-
ODS Eurofer. The samples produced by mechanical alloying in Ar
atmosphere and hot isostatic pressing were submitted to
isochronal annealing treatments up to 1523 K. The authors have
found that both steels absorb Ar atoms in the mechanical alloying
stage, and these would facilitate the nucleation of thermal-vacancy
clusters during later processing stages. In the Y,03-ODS Eurofer
steel, the oxide particles stimulate the nucleation of clusters of
thermal vacancies and Ar atoms and keep them stable even after
annealing at 1523 K [23].

Therefore, in the present paper we assess the microstructural
stability, possible phase transformations and defect evolution in a
0.3% Y,03 ODS Eurofer, after a series of annealing treatments. The
aim is to characterize the microstructure after each annealing step
and to identify processes like recovery, recrystallization and
retention of ferrite. With the Positron Annihilation Spectroscopy
Doppler Broadening method the interactions of defects, such as
dislocations, thermal vacancies and possible residual Ar-vacancy
clusters with the Y-O based nanoparticles are investigated.

2. Methodology
2.1. Material and heat treatments

The route used for fabrication of the 0.3% Y,03 ODS Eurofer steel
consisted of mechanical alloying, hot isostatic pressing, hot rolling,
austenitization and tempering [24]. Table 1 presents the chemical
composition of the steel, determined with X-Ray Fluorescence
(heavy metallic elements) and Combustion Analysis (C and S). The
samples used for the X-Ray Fluorescence (XRF) analysis were
already annealed (description in the following paragraphs) and the
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Table 1
Chemical composition of the steel, in weight%. The chemical composition of the present steel is slightly different from other ODS Eurofer steels, due to a lower Ta content.
ODS Eurofer Fe C Cr w \'% Mn Ta Y o° Si S
Bal. 0.11 9.18 1.01 0.19 0.39 Below detection limit (~0.01) 0.18 0.05 0.04 0.005

¢ Estimated value, assuming that all O added to the steel is in Y,03 form.

ones used for C and S determination were in the as-received con-
dition. Due to a limitation in the amount of material for the study,
we could not perform Combustion Analysis for determination of
the N and O contents. Finally, it should be noted that the Ta content
is not displayed in Table 1. Ta is an alloying element commonly
added to ODS and non-ODS Eurofer steels, in a typical content of
0.1 wt% [2]. It improves strength and the ductile-brittle transition
temperature, due to the formation of TaC that contribute to
microstructure refinement, especially in non-ODS Eurofer [2]. The
Ta content measured by XRF in our material was below the
detection limit (~0.01 wt%), therefore lower than the usual content
for Eurofer.

The austenitization and tempering conditions used by the pro-
ducer are unknown, therefore, in order to create a reference state,
the material was initially austenitized at 1253 K for 0.5 h and
tempered at 1033 K for 1.5 h. All samples had dimensions of
12 x 12 x 0.3 mm?, prior to the creation of the reference state, and
were cut from the top surface of the original plate, at aleatory po-
sitions along the thickness of the plate. The treatments described
were done in a resistant heating furnace built at the Reactor
Institute Delft, under a low pressure of 10~/ mbar. In this furnace,
the average heating rates that can be achieved vary between 0.6
and 2 K s~ L The cooling was always made inside the furnace, at the
same pressure of 10~/ mbar, by switching off its power supply. The
cooling rate in this condition is not constant and depends on the
temperature difference between the sample and the environment.

Next, the samples were further heat treated in the same furnace
and vacuum condition for 1 h, at different temperatures: 600 K,
800 K, 1000 K, 1200 K, 1400 K and 1600 K. Again, the cooling took
place inside the furnace. Fig. 1 shows the temperature profile for
the sample treated at 1600 K, in order to illustrate the non-constant
cooling behaviour. The data displayed in Fig. 1 was measured dur-
ing the process and we can see a cooling time of 10 min between
1050 K and 750 K, which is a temperature range critical for phase
transformations, leading to an average cooling rate of 0.5 K s~ .

1800 4
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1400 +

1200 4

1000 4

600 -

Temperature (K)

400 4

200 +

0 Y T T T

Time (min)

Fig. 1. Thermal cycle of sample annealed at 1600 K, to show the cooling rate induced
by switching-off the furnace.

In order to have a reference for the phase transformations that
can occur in the material, the Fe-Cr equilibrium diagram for the
non-ODS Eurofer steel was calculated using Thermo-Calc version
2018a. The alloy composition considered and database selected
were, respectively, Fe-0.1C-9.18Cr-1.070W-0.196V and TCFE9:
Steels/Fe-alloys v9.0.

The transformation temperatures of the ODS Eurofer steel were
determined experimentally using a Bahr DIL805A/D dilatometer. A
sample in the reference state was heated up to 1573 K, at a heating
rate of 1 K s~!, maintained at this temperature for 5 min and finally
cooled down by switching off the heating power of the dilatometer,
inducing an approximate cooling rate of 6 K s~! between 1050 K
and 750 K.

2.2. Methods

2.2.1. Microstructural characterization

Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray
Spectroscopy (EDS) and Electron Backscattered Diffraction (EBSD)
were used to characterize the microstructure of the 0.3% Y503 ODS
Eurofer steel in the reference state and after annealing treatments.
For SEM and EDS, the samples were polished with diamond sus-
pension up to 1 um and then etched with Kalling’s 1. Preparation for
EBSD included an additional polishing step with a neutral alumina
suspension of particle size 0.04 pm. The Scanning Electron Micro-
scope used was a JEOL 6500FD equipped with a Thermo Fisher NSS
EDS system. EBSD measurements were done with a step size of
0.1 um in a FEI Quanta-450 Field Emission Scanning Electron Mi-
croscope with a Hiraki-Pro EBSD detector. The software used for
data analysis was EDAX-TSL OIM Data Collection 7.

The volume fraction of sub-micrometric and micrometric pre-
cipitates was determined according to the ASTM E1245-03 stan-
dard [25], using six different secondary electron images per sample
and the image analysis software ImageJ.

Vickers hardness measurements were made in order to track
this mechanical property with the different heat treatments; the
load used was 0.3 kgf and nine indentations per sample were made.

2.2.2. Positron Annihilation Spectroscopy Doppler Broadening

The samples in the reference state and annealed states were
submitted to Positron Annihilation Spectroscopy Doppler Broad-
ening (PASDB), at the Delft Variable Energy Positron (VEP) beam,
Reactor Institute Delft. Positron Annihilation Spectroscopy is a
suitable technique to study defects in materials, with high sensi-
tivity to open volume defects like vacancies. Thus, it is a very useful
technique to study radiation damage in metals. At the Delft VEP
facility, positrons emitted by a>’Na source, after moderation, can be
accelerated to energy values that range from 0.1 keV to a maximum
of 25 keV and then implanted in a sample, allowing defect analysis
at different depths of material, as determined by

_ALe
(z) = pE (1)

where A is an empirical constant, p is the density of the material,
<z> is the positron mean penetration depth and E is the positron
implantation energy [26,27]. For the ODS Eurofer samples, A was
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taken as 4 x 10% nm kg m>.kevV—"%2 [26] and p as 7800 kg m 3 (Fe
density).

Thermalized positrons diffuse through the material lattice and
ultimately annihilate with an electron resulting in the emission of
two y photons. To satisfy conservation of energy and momentum
during the annihilation process, for a positron-electron pair at rest,
the two vy photons are emitted in opposite directions each carrying
an energy of 511 keV. Since the positrons are thermalized before
annihilation, their contribution to the momentum can be neglected
in comparison to the momenta of electrons in the material. Hence,
annihilation of a positron and an electron will result in y photons
emitted with an angle deviating from collinearity and with energies
slightly different from 511 keV. The Doppler-shifted photon energy
is given by

EDB = mocz + I% (2)
where p, corresponds to the electron momentum component
parallel to the y emission direction, mg is the electron rest mass and
cis the velocity of light. In metals, the core electrons have a broader
momentum distribution than the conduction electrons and thus
give a wider y energy spread.

PASDB uses high energy resolution Ge detectors
(FWHM = 1.2 keV at 511 keV) to measure the y energy spectrum.
Two line-shape parameters S (sharpness) and W (wing) are used to
quantify the Doppler-broadening of the 511 keV photo-peak. The S-
parameter is given by the ratio of counts in a central region of the
spectrum, in relation to the total counts, and the W-parameter
corresponds to the ratio of counts in the extremities of the spec-
trum. Fig. 2 shows a schematic of a Doppler-broadening spectrum
with the y -energy ranges defining the S and W parameters indi-
cated. For the experiments, the S and W regions were determined,
respectively, by the momenta regions of |pe| < 3.5 x 1073 mgc
and 1.0 x 1072 mgyc < |pe| < 2.6 x 1072 mgc.

In a defect-free material, the positrons will diffuse through the
interstices between atoms until they annihilate with an electron,
which can either be a conduction electron or a core electron. In a
material containing open-volume defects, like vacancies, the posi-
trons will be preferentially trapped in those defects, since the repel-
ling Coulomb force is at a minimum [28]. When trapped in an open-
volume defect the positron has a higher probability of annihilating
with a conduction electron. Annihilation with conduction electrons

>
=
-
=
o
]
-
°
-]

=

e -
504 ' 511 518
Energy (keV)

Fig. 2. Schematic of a Doppler Broadening 511 keV annihilation spectrum. The shaded
S and W regions are defined such as to obtain maximum sensitivity for annihilations
with electrons of low momentum (S) or high momentum (W).

leads to smaller shifts in the y energy and, therefore, in v energies in
the S range. Annihilation with more energetic core electrons results in
a larger energy shift and, hence, contribute to the W range.

Samples were prepared for PASDB measurements according to
the route summarized in Table 2.

The third step aims to remove the defects introduced in the
material during mechanical preparation.

3. Results
3.1. Microstructural characterization

Fig. 3 shows isopleths of the equilibrium diagram calculated
with Thermo-Calc for our steel, without the addition of ODS par-
ticles. Fig. 3(a) displays a general identification of the micro-
constituents, including the phases formed in the miscibility gap,
while Fig. 3(b) presents all phases that can be formed at a Cr con-
tent of 9 wt %, indicated by the vertical line in the diagram. Besides
the well-known y (FCC) and a (BCC), 3 is the paramagnetic high-
temperature ferrite, M,3Cg is a Cr-rich carbide, Laves Phase is a
complex intermetallic phase rich in W, ¢ is an Fe-Cr intermetallic
and o’ is the BCC Cr-rich phase product of spinodal decomposition.
Fig. 4 presents the equilibrium molar fractions of the phases
identified in Fig. 3(b) as a function of temperature, where d-ferrite
is considered as o.

Despite their appearance in the equilibrium diagrams, we do not
expect to find o’ and Laves Phase in the microstructure of the ODS
Eurofer steel. The Laves Phase in 9—12% Cr steels is a micro-
constituent with hexagonal structure and a general composition of
(Fe, Cr)z(W, Mo) [29], however, its precipitation is very slow. The
Laves Phase appears only after long time exposure to temperatures
up to 650 °C (around 900 K) playing, then, a detrimental role in the
creep resistance of steels [29—31]. The spinodal decomposition that
produces nanoclusters of o and o’ is a very slow process in 9—12% Cr
steels and typically takes hundreds of hours of exposure to inter-
mediate temperatures to occur [32].

The microstructure of the steel in the different annealing con-
ditions was characterized by SEM, EDS and EBSD. Shape and
chemical composition of carbides were obtained with SEM and
EDS, while analysis of the matrix was obtained with EBSD. Obser-
vation of Y-O based nanoclusters was not possible with any of the
mentioned techniques due to their nanometric dimensions
(diameter in the range of 4—20 nm). The observation of ferrite/
martensite grain boundaries was not clear with SEM, while with
EBSD it was not possible to obtain information about the pre-
cipitates (M23Cg carbides, according to ThermoCalc).

Fig. 5 shows a secondary electron micrograph of the sample
annealed at 600 K, in which it is possible to see the carbide pre-
cipitates distributed in the matrix. The precipitates correspond to the
brighter particles with an approximately spherical shape and
diameter varying from 40 nm to 500 nm; some of them are indicated
by red arrows. The micrograph shows that the grain boundaries in
the matrix cannot be well distinguished with the SEM after etching.

The microstructures of samples in the reference state and
annealed at 600 K, 800 K and 1000 K are very similar. In all samples,
the precipitates have the same morphology, size distribution and
dispersion in the matrix, as seen in Fig. 5. The volume fraction of
precipitates under these conditions is given in Table 3. After
annealing at 1200 K, 1400 K and 1600 K the carbides are dissolved.

The experimentally determined volume fractions of precipitates
(approximately 4%, Table 3) are in agreement with the molar
fraction of My3Cg carbides predicted by Thermo-Calc (Fig. 4). The
volume fraction of precipitates is low, which agrees with the 0.1 wt
% C content in the steel (Table 1), and is approximately constant up
to 1000 K.
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Table 2
Route used to prepare samples for PASDB measurements.
Step Description
1. Grinding SiC paper of different grids: 800, 1200 and 2000 meshes (SiC particle size of 10 pm)

2. Mechanical Polishing
3. Electrolytic etching

Diamond suspensions with particle size of 3 and 1 pm; neutral alumina suspension with particle size of 0.04 pm
Solution of 1% aqueous oxalic acid; 4 V, 0.1 A, 9 min

- - ot g : i 1800
Liquid Liquid+a
‘‘‘‘‘‘‘‘ - - 1600
Y, a
40 1400
% / oF M23CG £ 1200
'g s / 5
o :
"“'(. O+a+ a+d & 000
S
soff)|f P My3Cs M,;Cs
‘r}‘ 800
4 l 600
..v:': 10 20 » 40 “ 60 70 0 0 400
! Mass percent Cr

+a seam
Wi, —

o

/

/

Y +a+MyCs

a+ MyCe

) — Sl
Cq+ Laves \_\

Phase a+ o’ + My;Ce + Laves Phase

a+ o +MyCs

10 15 20 25 30 35 40
9.18 Mass percent Cr

Fig. 3. Isopleths of the equilibrium diagram calculated with Thermo-Calc for the steel without the addition of ODS particles. In (a) the complete equilibrium diagram and in (b) a
more detailed view showing the microconstituents formed with a Cr content of 9.18%. Composition used in Thermo-Calc: Fe-0.1C-9.18Cr-1.07W-0.196V; database selected TCFE9:

Steels/Fe-alloys v9.0.

According to the Thermo-Calc estimations, the precipitates seen
in the microstructure are M»3Cg. To confirm this, EDS analysis was
performed on several precipitates of the ODS Eurofer steel and two
distinct composition trends were found: one in which the pre-
cipitates have Cr contents higher than 20%, named as P1, and
another with Cr content between 10% and 20%, named P2. Table 4
presents the average composition of the precipitates (main
metallic elements only) and the Thermo-Calc estimation for the
composition of the My3Cg carbide.

The first information we can obtain from Table 4 is that the
composition measured with EDS is quite different from the
Thermo-Calc estimations. The second information relates to the
presence of Vin the precipitates P1 and P2: V was indeed detected
in some of them, but the error associated with the average value
was high. The morphology and contrast of precipitates P1 and P2
are the same. The observations indicate that P1 and P2 pre-
cipitates are M23Cg, but the size of the precipitates in relation to
the interaction volume of the electron beam influences the values
measured. All EDS measurements were made with an acceleration
voltage of 10 keV, which results in an interaction depth of 500 nm
(Kanaya-Okayama range) [33]. This interaction depth is larger
than the diameter of most carbides observed in the steel, which
results in a simultaneous signal from the matrix, leading to the
higher Fe contents and higher Cr/W ratio displayed in Table 4.
Precipitates containing Ta were not encountered in any of the
SEM/EDS analysis, reflecting the low Ta content added to the steel
(Table 1).

Fig. 6 shows the dilatometry results for the 0.3% Y,03-ODS
Eurofer steel studied. The Ac; and Acs temperatures correspond to
the points of deviation from linear thermal expansion, and are,
respectively, 1152 K and 1187 K. The values are in good agreement
with the literature [13,20,22].

Upon heating, Ac; corresponds to the temperature at which the
o— v transformation starts. At Ac3 the transformation finishes, and
this leads to a fully austenitic microstructure in a non-ODS ferritic/
martensitic steel. However, there is experimental evidence that in
ODS steels the ferrite does not transform completely into austenite,
due to the pinning of «/y interfaces by Y-O based nanoparticles [20].
Upon cooling, we can see a deviation from linearity at 674 K (indi-
cated as Mg in Fig. 6) that marks the transformation of austenite into
martensite. By switching off the power of the dilatometer, between
1573 and 674 K, the average cooling rate obtained was 4.6 K s, high
enough to form martensite in ODS 9 Cr steels [34]. According to Ukai
et al. [34], ODS 9 Cr steels require critical cooling rates in the order of
hundreds of Kh~! (100 K h~1 =0.03 K s~1) to form martensite, while
non-0DS 9 Cr steels need cooling rates of approximately 20 K h™!
They attributed the loss in quenchability of ODS 9 Cr steels to the
presence of oxide nanoparticles [34]. During austenitization, the
oxide particles pin the austenite grain boundaries and hinder
austenite grain growth. During cooling, laths of martensite do not
have space to grow within nanosized prior-austenite grains [34]. The
dilatometer curves show that martensite has formed in the 0.3%
Y,03-0DS Eurofer steel, but the morphology is found to be different
from laths.
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Fig. 5. Secondary electron micrograph of ODS Eurofer after annealing at 600 K.
Etchant: Kallings 1.

Table 3
Volume fraction of precipitates calculated for the reference state sample and the
samples annealed at 600 K, 800 K and 1000 K.

Sample Precipitate volume fraction (% + standard deviation)
Reference 32+06
600 K 45+0.8
800 K 32+02
1000 K 37+1.0

Table 4

Average chemical composition of precipitates present in the ODS Eurofer steel in the
reference state and after annealing at 600 K, 800 K and 1000 K, measured with EDS.
For comparison with experimental data, Thermo-Calc estimated composition of the
M,3Cg carbide.

Type of precipitate Average weight% + standard deviation of

main elements

Cr Fe W \%
M;3Cs — ThermoCalc composition 55 21 16 3
P1 28+6 64 +9 4+2 Detected
P2 15+3 79+6 2+1 Detected

Fig. 7 shows the orientation image maps of the samples, as
obtained by EBSD, which allow the observation of the matrix
microstructure of the ODS Eurofer steel. The colour coded map
presented is the Inverse Pole Figure (IPF) for ferrite.

The microstructures in the reference state and after annealing at
600 K, 800 K and 1000 K are essentially the same. The matrix is
formed by micrometric grains (average size varying from a few pm
to tens of um), surrounded by smaller grains, with average size in
the order of hundreds of nanometers. This heterogeneous micro-
structure is characteristic of ODS steels produced by mechanical
alloying [10,12,13,15,19,20]. The large grains are likely retained
ferrite that has undergone grain growth while the smaller grains
correspond to tempered martensite. As a reminder, these samples
also contain M;3Cg carbides that were not indexed in the EBSD
analysis, but were observed with SEM. The reference state corre-
sponds to a tempered state (austenitization at 1253 K, quenching
and tempering at 1033 K for 1.5 h), and annealing at temperatures
below the transition to austenite is an extra tempering stage.
Within the large grains, an orientation gradient can be noticed,
which indicates that the material has not recovered completely
from the severe deformation caused by mechanical alloying. The
samples in the reference state and annealed at 600 K still retained
the grain elongation caused by hot rolling, which is more evident in
the micrometric grains. The arrows in Fig. 7(a) and (b) indicate the
working direction and appear different from each other due to
positioning inside the microscope, both were cut from the top
surface of the original plate. The grain elongation is not visible after
annealing above 800 K.

According to Figs. 3 and 6, at 1200 K the material is going
through austenitization and, upon cooling, fresh non-lath
martensite should form. The approximate cooling rate obtained
by switching-off the furnace after this treatment was of 0.5 K s,
higher than the critical cooling rate for martensite formation of
0.03 K s~! determined by Ukai et al. [34]. Therefore, the observed
nanometric grains are fresh non-lath martensite and the micro-
metric grains correspond to retained ferrite. The M33Cg carbides
dissolve during annealing at 1200 K and do not re-precipitate upon
cooling, further indicating that, indeed, the final microstructure
contains fresh martensite enriched in C. The microstructure of the
steel after annealing at 1200 K keeps the degree of refinement seen
in the previous conditions, confirming the role of the Y-O based
nanoparticles in hindering grain boundary movement.

According to the equilibrium phase diagram (Fig. 3), at 1400 K
the material is in the austenitic field and a microstructure similar to
Fig. 7(e) was expected. Surprisingly, Fig. 7(f and h) shows a smaller
volume fraction of nanometric non-lath martensite and a higher
volume fraction of micrometric grains. Also, it is observed that
some of the micrometric grains no longer contain orientation gra-
dients, which indicates the loss of their intrinsic deformation, likely
due to recrystallization. The observed grain coarsening suggests
that in some regions of the material the oxide nanoparticles did not
fully prevent grain growth. This odd aspect is discussed in Section 4.
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After annealing at 1600 K a coarser, deformation-free micro-
structure is formed (Fig. 7(i)), indicating the continuation of the
processes started at 1400 K. Also, at 1600 K the material is in the
v+9 field (Fig. 3) and the Image Quality maps in Fig. 7(i1-i2), ob-
tained at different areas of the same sample, show islands of
martensite among the recrystallized d-ferrite, which are not clear in
the IPF maps. By highlighting the grains with Grain Average Image
Quality higher than 50000, it was possible to estimate a volume
fraction of d-ferrite of 58% and, consequently, of 42% of martensite.
Laths of martensite can be seen in regions of the sample where
prior austenite grains had grown (Fig. 7(i1)).

The Inverse Pole Figure maps presented in Fig. 7 show an effect
of the annealing treatments performed on the dominant surface
orientation of the samples (DSO). Samples in the reference state
and annealed at 600 K and 800 K preserved the DSO induced by hot
working of the material. On the other hand, annealing at 1000 K
was enough to alter the hot-deformation DSO, resulting in the
absence of a preferred grain orientation. The same aleatory DSO is
observed in samples annealed at 1200 K and 1600 K. However, the
origin of the DSO seen at 1400 K (Fig. 7(f)) is unclear.

Fig. 8 shows the grain size distributions obtained with EBSD for
each sample and Fig. 9 the Vickers Hardness results. The grain size
distributions follow a lognormal behaviour. In the reference state
and after annealing between 600 and 1000 K, the grain size dis-
tributions are statistically very similar and this is reflected in the
constant Vickers hardness. Nevertheless, the insert in Fig. 8 con-
taining the zoomed-in of these distributions shows a slight shift
towards larger grain sizes for the annealed samples in relation to
the reference state, suggesting that sub-grain growth occurs to
some extent. In terms of grain size, the sample treated at 1200 K has
a behaviour similar to the previous ones, however its Vickers
hardness is the highest. This peak in Vickers hardness can be
attributed to the formation of fresh equiaxed-martensite and to
grain refinement strengthening. The carbon and metallic alloying
elements that were previously forming Mj3Cg carbides are redis-
tributed in the matrix in the form of solid solution or segregated at
dislocations and grain boundaries, present in high densities in ODS
steels due to mechanical alloying. Therefore, strengthening by solid
solution or segregation of alloying elements contribute for the
hardness peak measured.

After annealing at 1400 K, the Vickers hardness has a value
similar to that of the reference state and the samples annealed at
600—1000 K. Although its grain size distribution is the most het-
erogeneous, we can still see a considerable fraction of fine grains

with diameter between 1.5 and 4 pm that contribute to the
strengthening of the steel (Fig. 7(h)). We can understand this
hardness value by the combination of four factors: presence of
martensite, solid solution strengthening, dispersion of Y-O based
nanoparticles and a fine grain structure. Finally, we observe a
drastic decrease in hardness after annealing at 1600 K, which
agrees with the overall coarsening of the microstructure.

3.2. Positron Annihilation Spectroscopy Doppler Broadening

The 0.3% Y,03-ODS Eurofer steel has a high concentration of
defects that are intrinsic to the microstructure, like grain bound-
aries, interfaces of M,3Cg precipitates, dislocations, interfaces of Y-
O based nanoparticles and solute elements. With the exception of
oxide nanoparticles, these defects would also be present in a non-
ODS Eurofer steel. The 0.3% Y,03-ODS Eurofer steel was fabricated
by mechanical alloying, a process that subjects the material to se-
vere deformation. Even after consolidation and heat treatment, a
considerable fraction of defects caused by deformation remains
stored in the microstructure in the form of a high grain boundary
surface area, as we could see in Fig. 7. We have also observed, in the
Inverse Pole Figure OIM maps of Fig. 7, an orientation gradient in-
side many grains for almost all annealed samples, confirming the
existence of a deformation state in the material. Therefore, in
addition to the cited defects intrinsic to the microstructure the 0.3%
Y203-0ODS Eurofer steel also contains defects introduced during
mechanical alloying. We will refer to this type of defects as carriers
of deformation. Then, to interpret the PASDB results we will take
into account the defects intrinsic to the microstructure, the Y-O
based nanoparticles and the carriers of deformation.

Fig. 10 shows the S-parameter and W-parameter as a function of
the positron implantation energy and positron implantation depth
(top axis). Average values for S and W were calculated for each
annealing condition using the data obtained at implantation en-
ergies above 10 keV, which are representative of events occurring
in the bulk. The obtained Spyx and Wy, values are plotted in Fig. 11
as a function of the annealing temperature. Fig. 12 displays the SW
map of the steel, which was obtained by plotting W, of each
condition vs its respective Spyik. Note that high S (low W) values are
related to a high concentration of defects in the material. By defi-
nition an in(de)crease of S is accompanied by a de(in)crease in W.
When only two types of non-altering positron traps are involved,
the slope of the line connecting (S,W) points, given by the ratioR =
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Fig. 7. Orientation image maps obtained for ODS Eurofer steel after annealing at the temperatures indicated for 1 h. Colour coded map: inverse pole figure for ferrite, Grayscale
maps: image quality of samples annealed at (g) 1200 K, (h) 1400 K and (i1, i2) of regions of the sample annealed at 1600 K, containing martensite (darker grains). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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tional) positron trapping at a different type of defect. If this change
in slope is ascribed to the W, which derives from annihilations with
core electrons, it may indicate a different chemical environment at
the positron trapping/annihilation site [28,35].

For treatments up to 1200 K, a continuous decrease in S and
increase in W with annealing temperature is seen, which is indic-
ative of a decrease in defect concentration. Then, after annealing at
1400 K and 1600 K, the S-parameter increases strongly, reaching
values higher than in the reference state. The opposite behaviour is

, should be constant. A change in slope thus indicates (addi-

seen for W. The location of the two latter states in the SW map
shows that the nature of those defects is different from the ones
detected in the reference state and in the samples annealed at
lower temperatures.

Fig. 13 shows the equilibrium density of thermal vacancies in
ferrite and austenite vs temperature. The equilibrium density of
thermal vacancies was calculated according to:

—E
Cinvac. = Neeexp () 3)

where N is the Fe atomic density (8.47 x 10%® m~3), E is the
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Fig. 7. (continued).

vacancy formation energy in the metal, k is the Boltzmann constant
and Tis the temperature. For ferrite, we used Ef= 1.6 eV [36] and for
austenite, Er = 1.4 eV [36]. In this estimated quantification, we
consider only the contribution of Fe vacancies and we do not take
into account the effect of Cr, or other alloying elements, on the
vacancy formation energy [37].

In Fig. 13, when the material is above 1200 K, the equilibrium
density of thermal vacancies in ferrite and austenite increases
significantly, being 2 to 4 orders of magnitude higher than in ferrite
at 1000 K. The density of thermal vacancies in ferrite at 1200 K and
above is considered because it coexists with austenite in the ma-
terial, due to the incomplete austenitization of ODS 9 Cr steels
(1200 K—1400 K) [13,20] and to the entrance in the dual phase field
v+9 at 1600 K (Fig. 3). At 1400 K and 1600 K, besides the higher
density of thermal vacancies, the Fe atoms also present an
increased self-diffusivity, especially in ferrite [38—40] and, conse-
quently, the thermal vacancies are more mobile. These character-
istics of Fe can explain the SW behaviour observed at 1400 K and
1600 K. The hypothesis is that the Y-O based nanoparticles in the
steel are trapping and stabilizing thermal vacancies at all annealing
temperatures. Nevertheless, at 1400 K and 1600 K, the higher
density of thermal vacancies, with increased mobility, form larger
clusters that are trapped to the Y-O nanoparticles. Upon cooling, the
larger vacancy clusters stay in the microstructure, leading, then, to
the high S values and change in trend for the SW pairs seen in
Fig. 12.

A similar annealing study was previously carried out for the

non-ODS Eurofer steel [41]. In the non-ODS steel only a continuous
decrease in S and increase in W with annealing up to 1600 K was
observed (Fig. 14) [41]. Thermal vacancies were also formed in the
non-0DS Eurofer steel, however, because Y-O based clusters are not
present, the thermal vacancies are not retained in the structure
upon cooling. The trend observed in Fig. 14 for the non-ODS Eurofer
steel was associated with a general decrease in defect concentra-
tion due to events like tempering of martensite, grain growth,
dissolution of carbides and martensite formation after annealing at
1200, 1400 and 1600 K [41].

A consideration of all microstructural changes occurring in the
non-ODS Eurofer steel was necessary to understand the defect
evolution detected with positrons. For the 0.3% Y,03-ODS Eurofer
steel this type of analysis is even more complex, since the whole
microstructure forms and evolves differently due to the Y-O based
nanoclusters. In addition, the steel contains another class of defects,
the carriers of deformation described earlier, which are responsible
for the overall higher S and lower W depicted in Fig. 14. In section 4
we discuss the PASDB results in relation to these factors.

4. Discussion

4.1. Analysis of material in the reference state and annealed at
600 K, 800 K and 1000 K

The microstructural observations made with SEM and EBSD in
Section 3.1 show that annealing at 600 K, 800 K or 1000 K does not
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alter the reference state microstructure significantly, except for the
grain size distribution shifting towards higher grain sizes (Table 3,
Fig. 7(a—d) and Fig. 9). Additionally, these annealing treatments do
not have an effect on the average Vickers hardness of the material
(Fig. 10). On the other hand, the PASDB results presented in Section
3.2 show (1) a continuous decrease in defect concentration with
annealing up to 1000 K and (2) the SW pairs in Fig. 12 vary linearly,
suggesting the removal of a type of defect that is common to all
these conditions. Based on these observations, it is possible to
conclude that the only microstructural process occurring with
annealing between 600 and 1000 K is the recovery of the deformed
state of the material, introduced during mechanical alloying.

Hence, the decrease in the concentration of defects and the linear
variation of SW is mainly due to the removal of carriers of
deformation.

4.2. Analysis of material annealed at 1200 K

After annealing at 1200 K, the Vickers hardness reaches a
maximum value, indicating that, upon cooling, the martensitic
transformation occurs. A first expectation would be of the increase
in defect concentration, mainly of martensite grain boundaries,
dislocations and vacancies associated with this constituent, but the
PASDB results show exactly the opposite: the concentration of
defects is the lowest after this heat treatment. To better understand
this conflicting behaviour, we need to analyse separately the evo-
lution of defects intrinsic to the microstructure (carbide interfaces,
grain boundaries, dislocations associated to martensitic trans-
formation) and of the carriers of deformation (defects introduced
during mechanical alloying). At 1200 K, M33Cs carbides are dis-
solved and, upon cooling to room temperature, do not re-
precipitate. Equiaxed martensite is formed, along with new dislo-
cations. In comparison to samples in the reference state and
annealed between 600 and 1000 K, the average grain size of the
equiaxed martensite does not change significantly and, therefore,
neither does its contribution to S and W values (the grain boundary
surface area of martensite remains constant). The creation of dis-
locations in the martensitic transformation is balanced by the
removal of carbide interfaces, in terms of the contributions to
positron annihilation. This proposed balance of defects intrinsic to
the microstructure agrees with the results obtained previously for
the non-ODS Eurofer steel, which does not present the high
deformation state seen in the ODS material [41]. Fig. 14 shows that
the S and W values of the non-ODS Eurofer annealed at 1000 K and
1200 K are the same: tempering of martensite, grain growth and
interfaces of M,3Cg carbides at 1000 K are in balance with M33Cg
dissolution and creation of new defects due to martensite
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Fig. 11. Spui and Wy, calculated as the average of the data obtained with positron energies above 10 keV, vs the annealing temperature.

formation upon cooling from 1200 K. It is important to mention
that the non-ODS Eurofer was cooled under the same cooling rate
as the 0.3% Y,03-0ODS Eurofer, an average of 0.5 K s7L sufficiently
fast to form martensite in both steels (see Fig. 7(g)). Perhaps the use
of a higher cooling rate would lead to the substantial increase in
defect concentration in the non-ODS Eurofer steel. As mentioned
earlier, the 0.3% Y,03-ODS Eurofer steel has extra categories of
defects: oxide nanoparticles and the carriers of deformation. Up to
1200 K we do not observe any microstructural instability in the
material, indicating that no changes are occurring with the Y-O
based nanoparticles present in the material and, therefore, their
contribution to S and W values can be considered constant as well.
Hence, the further decrease in S observed after annealing at 1200 K
is likely due to the continuous removal of carriers of deformation,
which we can think of as a surplus of dislocations present in ODS
steels. In Fig. 14, the position of the SW pair of the sample annealed
at 1200 K follows the same slope as the previous samples (reference
state and annealed at 600—1000 K), confirming that the nature of
detected defects is the same. Sallez et al. [12] measured with in-situ
XRD the dislocation density in an ODS ferritic steel, during
annealing at 900 °C (1173 K) for 3000 s. The dislocation density
measured was of 3.5 x 10> m~2, at least two orders of magnitude
higher than in a non-ODS steel [12]. This supports our PASDB ob-
servations and our hypothesis.

It is interesting to point out how SEM, EBSD, Vickers hardness

and PASDB complement each other in the analysis of microstruc-
tural and defect evolution with annealing at temperatures between
600 K and 1200 K. The first three techniques characterize the
structural features related to phase transformations (dissolution of
M;3Cs carbides and martensitic transformation) and PASDB allows
the understanding of the evolution of the deformation state in the
material.

4.3. Analysis of material annealed at 1400 K and 1600 K

After annealing at 1400 K and 1600 K, the results obtained with
SEM, EBSD and Vickers hardness indicate that the Y-O based
nanoparticles lose their function of maintaining the microstructure
thermally and mechanically stable. However, these techniques
cannot give information about the mechanism behind this loss of
functionality, whether if it is due to dissolution of the nanoparticles
or due to their coarsening. Other authors [13,42] observed, with
Transmission Electron Microscopy, the coarsening of Y-O based
nanoparticles, after annealing at 1300—1350 °C (1573—1623 K), in
different ODS steels. Additionally, the PASDB results shown in
Figs. 10—12 suggest that the oxide nanoparticles are present in the
matrix at 1400 K and 1600 K, trapping and stabilizing thermal-
vacancy clusters. If the particles were dissolved, the thermal va-
cancies would be annealed out of the material during cooling inside
the furnace, and the SW behaviour would be similar to the non-ODS
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Eurofer steel [41], presented in Fig. 14. Still, a proper characteriza-
tion of the oxide nanoparticles with Transmission Electron Micro-
scopy (TEM) and Atom Probe Tomography (APT) is necessary to
confirm their coarsening, especially at 1400 K.

The results obtained by Ortega et al. [23] further support the
hypothesis of Y-O based nanoparticles trapping thermal vacancies.
The authors [23] have assessed the effect of annealing treatments
on as-consolidated Y,03-ODS Eurofer, using Positron Annihilation
Lifetime Spectroscopy (PALS) and TEM [23]. After annealing at
1523 K, the authors observed an increase in positron lifetime,
which they attributed to the stabilization of Ar-vacancy clusters by
Y-O based nanoparticles. TEM images of their material, after
annealing at 1523 K, show Ar-vacancy voids located at the in-
terfaces of the Y-O based particles [23]. Residual Ar contents can be

introduced in ODS steels during mechanical alloying, since the
process is normally performed under Ar atmosphere. However,
given that our steel was heat treated several times after consoli-
dation, we consider that all possible residual Ar in solid solution
was partially annealed out of the material and partially trapped at
oxide nanoparticles interfaces. Therefore, the contribution of
possible Ar atoms-vacancy clusters stabilized by oxide nano-
particles is accounted in our S and W values for all samples. When
further annealed at 1400 K and 1600 K, extra thermal vacancies are
formed and trapped in the material, becoming the main contribu-
tors for S and W in these conditions.

Furthermore, it is important to point out the role of vacancy
mobility in our interpretation of the PASDB results. Fig. 13 shows
that the density of thermal vacancies at 1200 K is of the same order
of magnitude as at 1400 K. Thus, attributing the SW behaviour seen
at 1400 K and 1600 K solely to the increase in density of thermal
vacancies would conflict with the lowest S observed after annealing
at 1200 K. Fe self-diffusion in austenite at 1200 K is 3 and 4 orders of
magnitude lower than at 1400 K and 1600 K, respectively, and 5
orders of magnitude lower than in d-ferrite at 1600 K [40].
Consequently, at 1200 K, even though the density of vacancies is
high, their mobility is still low for the formation of larger clusters.

Finally, a curious aspect to be discussed is the odd microstruc-
ture obtained after annealing at 1400 K. The coexistence of regions
with nanometric and micrometric grains (Fig. 7(f and h)) indicates
that coarsening of oxide nanoparticles has taken place, but not
throughout the whole volume of the sample. Hence, in some parts
of the sample the main boundary pinning force becomes weaker,
allowing grains to grow. At 1400 K the material is in the austenitic
field and it is expected that austenite grains subjected to a lower
pinning force are able to grow and, upon cooling, form martensite,
in lath or block form. Nevertheless, the micrograins seen in Fig. 7(f
and h) correspond to recrystallized ferrite. The formation mecha-
nism of this microstructure is not clear yet and more experimental
investigations, using in-situ X-Ray Diffraction, TEM and APT are
necessary to understand it. So far, a possible explanation is that
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recrystallization and growth of retained ferrite is kinetically fav-
oured over austenitization at 1400 K. A first aspect to consider is
that the coarsening of oxide nanoparticles, most likely via Ostwald
ripening [42], is not an instantaneous process. Hence, during the
first minutes of annealing at 1400 K, we can assume that (1) the
oxide particles still have their original refined size, (2) incomplete
austenitization occurs [20] and (3) the material is formed by
austenite and a certain volume fraction of retained ferrite. Ac-
cording to Sandim et al. [42], Y and O diffuse more easily in ferrite
than in austenite, at temperatures as high as 1350 °C (1623 K).
Again, in our material the oxide nanoparticles lose thermal stability
at a lower temperature. Still, it is possible to assume that coarsening
of oxide nanoparticles, at 1400 K, occurs preferentially in the re-
gions containing retained ferrite. With the evolution of annealing
time, the retained ferrite, subjected to a weaker pinning force and
with a high stored deformation energy, goes through continuous
recrystallization [12] and the austenite grain boundaries are pinned
by the smaller oxide particles. Metals that are severely deformed,
like ODS steels, have a high mean grain boundary misorientation,
which leads to the occurrence of continuous recrystallization, i.e.,
growth of deformed grains, without nucleation of new
deformation-free ones [21].

5. Conclusions

The characterization of the microstructure and evolution of
defects in the 0.3% Y03 ODS Eurofer steel, after annealing at
different temperatures, lead to the following conclusions:

i) The Y-O based nanoparticles and the deformation introduced
in the material, during its fabrication by mechanical alloying,
strongly influence the microstructure and the kinetics of
phase transformations.

ii) The Y-O based nanoparticles are responsible for maintaining
the microstructure and the Vickers hardness of the steel
stable up to 1000 K.

iii) After annealing at 1200 K, the Vickers hardness of the ma-
terial markedly increases, due to the formation of martensite.
Nevertheless, the microstructure presents the same degree
of refinement as in the previous conditions, due to the
pinning effect of Y-O based nanoparticles. At 1200 K, the
particles prevent the growth of austenitic grains and, upon
cooling, nanometric martensite forms.

iv) Regarding the PASDB analysis, annealing up to 1200 K leads
to a continuous decrease in the S-parameter and increase in
the W-parameter, suggesting an overall decrease in defect
concentration. This SW trend is attributed mainly to the re-
covery of dislocations introduced during mechanical
alloying.

v) Annealing at 1400 K leads to the formation of an unexpected
dual-phase microstructure, composed of recrystallized
ferrite and nanometric martensite. This is a first indication
that Y-O nanoparticles are going through coarsening in
certain regions of the material. During annealing at 1600 K,
coarsening of oxide particles is enhanced and, hence, overall
grain growth of d-ferrite and austenite occurs.

vi) PASDB analysis on the samples annealed at 1400 K and
1600 K show an increase in S and a different trend for SW.
This behaviour is attributed to the formation of thermal-
vacancies clusters, which are trapped and stabilized by the
Y-O based nanoparticles. Despite not being able to hinder
grain boundary movement, the Y-O particles still trap defects
like thermal-vacancies.
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