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Oxide nanoparticle characterization

Oxide Dispersion Strengthened (ODS) steels are potential candidate materials for application as structural
components of fission and fusion reactors, known for their high thermal stability, high resistance to creep and to
radiation-induced damage. These attractive properties result from the presence of the fine and highly thermally
stable yttrium-oxygen (Y-O) based nanoparticles, which exert a strong Zener pinning force to hinder the grain
boundary movement, and are able to pin dislocations and trap radiation induced defects. In the present work, the
effect of annealing at 1400 K on the microstructure and oxide nanoparticles in a 0.3% Y503 ODS Eurofer steel
was assessed. The material was characterized with Scanning Electron Microscopy, Transmission Electron Mi-
croscopy and Atom Probe Tomography in a reference condition and after annealing at 1400 K, followed by
cooling at different rates. The results showed that the average diameter of the oxide nanoparticles increases from
3.7 £ 0.01 nm to 5.3 + 0.04 nm, after annealing at 1400 K for 1 h. The particles present a well-known core/shell
structure, with a core rich in Y, O and V and a shell rich in Cr. The effect of the increase in oxide nanoparticle size

on the microstructure is discussed in terms of the Zener pinning force.

1. Introduction

Oxide Dispersion Strengthened (ODS) steels have been developed
and extensively researched in the past decades due to their potential for
application as structural components in nuclear fission and fusion re-
actors [1,2]. The oxide nanoparticles dispersed in the matrix, with
typical particle size varying from 3 nm to 20 nm [3], are able to pin
dislocations and hinder grain boundary movement; the particles can also
act as efficient trapping sites for radiation-induced damage. The matrix
of ODS steels is commonly ferritic (Cr content higher than 12 wt%), or
composed of mixture of tempered martensite and ferrite (9-10 wt% Cr).
Therefore, ODS steels present high tensile strength, good ductility and,
most importantly, high thermal stability of the microstructure, high
resistance to creep and improved resistance to radiation-induced
embrittlement. [4,5]

Yttrium oxide (Y20s3) is the type of oxide that is most commonly used

in ODS steels because of its high thermal stability and, consequently, for
providing superior mechanical properties, in comparison to other types
of oxides [6,7]. The Y503 particles are incorporated by mechanical
alloying with the metallic powders of the alloying elements to constitute
the steel. During this process, the Y203 particles initially in powder form
dissolve in the matrix and, only during the subsequent fabrication steps,
they re-precipitate in the form of Y-O based nanoparticles. The chemical
composition and crystal structure of the precipitated nanoparticles
depend on the alloying elements present in the material and on the
processing parameters. Y-O based nanoparticles have been reported by
several authors to be highly thermally stable. Zilnyk et al. [6] did not
observe any significant alteration in Y-O based particles dispersed in an
ODS Eurofer steel after annealing at 1073 K for 6 months. The coars-
ening of Y-O based particles in ODS Eurofer has been observed only after
annealing at the range 1500-1600 K, which leads also to the overall
coarsening of the microstructure [8,9]. The high stability of fine Y-O
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based nanoparticles is attributed to a high coherency of the interface of
the particle with the ferrite matrix, which results in a small driving force
for coarsening, and the low solubility of Y and O in Fe [4,6,10].

Nevertheless, in a previous study [11] significant instability of the
microstructure of an 0.3% Y,03 ODS Eurofer steel was observed after
annealing at 1400 K for 1 h. Upon moderate cooling to room tempera-
ture, a high volume fraction of recrystallized ferrite was formed,
accompanied by lath martensite and equiaxed martensite. The described
microstructure contradicts Thermo-Calc predictions for the steel, which
should be austenitic at 1400 K [11], and observations made by other
authors [9,12]. A possible explanation for the microstructure described
in [11] is that a fraction of the Y-O based nanoparticles in the particular
steel go through coarsening during annealing at 1400 K, reducing the
Zener pinning force. In the present work, we investigate the possible
coarsening of Y-O nanoparticles present in the 0.3% Y203 ODS Eurofer,
after annealing at 1400 K. In addition, the oxide nanoparticles are
characterized with Transmission Electron Microscopy and Atom Probe
Tomography.

2. Experimental
2.1. Materials

The material studied is the 0.3% Y203 ODS Eurofer steel, produced
by conventional powder metallurgy route (mechanical alloying, HIP and
thermomechanical treatments) and previously characterized in [11]. Its
simplified chemical composition, in weight percent, is Fe-0.1C-9Cr-1 W-
0.2 V-0.4Mn-0.3Y203. The material goes through austenitic trans-
formation, with A¢; = 1152 K, A.3 = 1187 Kand M = 674 K, determined
by dilatometry [11]. According to ThermoCalc calculations, the steel
should be fully austenitic between ~1170 K and ~ 1500 K; between
1500 and ~ 1650 K, the material should be formed by austenite and
delta ferrite (Fig. 1). The equilibrium phases displayed in Fig. 1 have
been characterized by Pereira et al. [11] and could form during the
performed heat treatments, as described below.

In the present work, the 0.3% Y203 ODS Eurofer steel is analysed in
the reference state and annealed at 1400 K for 1 h. A reference state was
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Fig. 1. Mole fraction of phases that can be present in the 0.3% Y,O3 ODS
Eurofer steel, calculated for its composition without the oxide particles.
Composition used: Fe-0.1C-9.18Cr-1.97 W-0.196 V; Thermo-Calc version and
database: 2018a and TCFE9 Steels/Fe-alloys v9.0.
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created in order to obtain a microstructure composed of tempered
martensite and My3Cg precipitates, common in ODS Eurofer steels,
which provides good mechanical strength and ductility. Hence, the
reference state was created by: (i) austenitizing the material at 1253 K
for 0.5 h, (ii) cooling to room temperature (formation of martensite),
(iii) tempering at 1033 K for 1.5 h and (iv) final cooling to room tem-
perature. All heat treatments were performed in a resistance heating
furnace, under a pressure of 10~7 mbar. The cooling of steps (ii) and (iv)
was done inside the furnace, by switching off its power supply. The
average cooling rate thus induced had an exponential character, with an
average value of 0.5 K.s™! between 1050 K and 750 K, which is a tem-
perature range critical for phase transformations. Subsequently, further
annealing at 1400 K for 1 h was performed in the same conditions. More
details about the chemical composition of the steel, dilatometry and the
heat treatments in the resistance heating furnace are described in [11].
In order to evaluate the effect of the cooling rate on the microstructure,
an extra condition was created. It consisted of 1 h annealing at 1400 K,
in a tubular furnace, under Ny atmosphere, and cooling to room tem-
perature by water quench. This sample is referred as 1400 K-WQ and the
sample cooled inside the furnace is referred as 1400 K-FC.

2.2. Methods

The overall microstructure of the 0.3% Y203 ODS Eurofer steel in its
reference state and after annealing at 1400 K (1400 K-FC and 1400 K-
WQ) was evaluated using Scanning Electron Microscopy (SEM) and
Vickers hardness. The microscope used for SEM analysis was a JEOL
6500FD microscope and the samples were etched with Kallings' 1. For
the Vickers Hardness measurements, a load of 0.3 kgf in a Struers
Durascan 70 device was used.

Transmission Electron Microscopy (TEM) and Atom Probe Tomog-
raphy (APT) analyses were carried out to characterize the Y-O based
nanoparticles in the reference state and 1400 K-FC. The samples for TEM
examination were in the form of discs with 3 mm diameter, punched out
from 0.3 mm thick plates. Mechanical polishing of the discs was per-
formed to reach a final thickness of 0.1 mm. Finally, electropolishing in
a Tenupol 5 machine with a mixture of 5% perchloric acid and meth-
anol, at 213 K (—60 °C), was performed to reach electron transparency.
TEM examination was carried out using standard imaging methods of
Bright Field (BF) and Weak Beam Dark Field (WBDF) in a TEM JEOL
JEM-2100, with LaBg filament and operating at 200 keV, available at the
National Centre of Electron Microscopy (CNME), Madrid, Spain.
Furthermore, STEM mode analysis was applied in both High-Angle
Annular Dark Field (HAADF) and BF modes in the Talos Field Emis-
sion Gun TEM/STEM, available at the Institute of Madrid for Advanced
Studies in Materials (IMDEA), Madrid, Spain. Compositional maps of
areas observed with TEM were obtained using Energy Dispersive Spec-
troscopy (EDS).

Quantitative analyses of the TEM images were done using the soft-
ware ImageJ 1.53c, in order to determine the size distribution and to
estimate the number density of the Y-O based nanoparticles. For the
calculation of size distributions, the particles are approximated as
spheres and, thus, the particle size is given as the diameter. A total of
1887 particles were measured for each analysed condition. The number
density of particles corresponds to the number of particles counted in
different TEM images per unit volume. A total of 6 images per condition
were measured, and the thickness of the TEM samples was assumed to be
100 nm (the actual thickness of the sample could not be experimentally
measured).

The APT specimens were first bulk-milled by Focused Ion Beam
(FIB)-milling in a dual-beam Helios GE UXe SEM/FIB, located at the
Department of Materials Science and Engineering, Delft University of
Technology. Final cleaning of the specimens was performed using 2 kV
Ga ions in a Zeiss Crossbeam 540 Analytical FIB-SEM at the Department
of Materials, University of Oxford. The APT analyses were conducted
with a CAMECA LEAP® 5000XR instrument, also at the Department of
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Materials from the University of Oxford. The atom probe tips were
cooled down and maintained at 55 K. The APT measurements were
made in laser mode, under ultra-high vacuum, with a frequency tripled
Nd:YAG laser, with 355 nm wave-length, operating at 40 pJ and 200
kHz. The average detection rate was of 1.0% and the detection efficiency
of the LEAP 5000XR is 52% [13]. The 3D reconstructions of chemical
atomic maps and overall data analysis were made with the software
CAMECA IVAS® 3.8.4. Characterization of any overlapping peaks was
made using the tool “Peak Decomposition analysis” of IVAS. With this
tool, ions can be assigned to overlapping peaks by comparing their
decomposed abundance with their expected abundance. Information
about the oxide nanoparticles, like chemical composition, size distri-
bution and number density were obtained using the tool “Cluster
Analysis” of IVAS and following a maximum separation method, as
conducted by Davis et al. [14]. The method is described in detail by
Vaumousse et al. [15]. The parameters used for the cluster analysis were
refined for each data set, to maximise the accuracy of detection of the
nanoparticles. An extra practice was carried out, to verify the suitability
of the parameters determined by the maximum separation method. It
consists of comparing APT reconstructions containing, separately, only
matrix atoms and solute/clusters atoms (obtained after cluster analysis)
with the original reconstructions (obtained prior to cluster analysis) and
verifying the correct identification of precipitates. Table 1 summarizes
the range of parameters and types of ions used in the cluster analyses of
oxide nanoparticles in the reference state and annealed at 1400 K.

3. Results

3.1. Characterization of oxide nanoparticles in the reference state and
after annealing at 1400 K

Figs. 2(a) and 2(b) contain secondary electrons micrographs of the
samples 1400 K-FC and 1400 K-WQ, respectively; Fig. 2(c) shows the
microstructure in the reference state. The average Vickers hardness
measured in each condition is also shown. Figs. 2(d) and 2(d1) contain
bright-field TEM micrographs of the sample 1400 K-FC, showing in more
detail the microstructure composed of coarse recrystallized ferrite (light
grey, deformation-free grains) and martensite (dark regions). In Fig. 2
(e), the microstructure in the reference state is shown for comparison.

In the reference state the material contains tempered martensite,
retained ferrite and My3Ce carbides (indicated by red arrows in Fig. 2
(c)). The retained ferrite corresponds to a fraction of ferrite that does not
transform into austenite at temperatures above A.s, due to the pinning of
the a/y interface by Y-O based nanoparticles [16-18]. The retained
ferrite can be distinguished from the recrystallized ferrite by its rough,
deformed aspect (the deformed state is originated during fabrication of
the material). According to Thermo-Calc calculations shown in Fig. 1,
the equilibrium phase at 1400 K should be austenite and, considering the
effect of oxide nanoparticles, the expected microstructure upon cooling
to room temperature should be similar to the one described for the
reference state, but without the My3Cg carbides. However, it is seen in
Figs. 2(a) and (d) a mixture of coarse recrystallized ferrite, martensite
laths and equiaxed nanosized martensite. The microstructure of sample
1400 K-WQ contains also grains of recrystallized ferrite, indicated in
Fig. 2(b), surrounded by areas of a rough aspect. It has been seen in the
characterization of the matrix with EBSD [11] that these rough areas
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correspond to nanosized equiaxed martensite, which are completely
corroded during etching. The Vickers hardness values measured after
annealing at 1400 K are lower than in the reference state, in agreement
with the coarser and partially recrystallized microstructure formed. The
grain size distributions of the material in the reference state and after
annealing at 1400 K can be found in [11]; the average grain size in the
reference state is 0.7 & 0.5 pm and in the annealed conditionis 1.0 + 1.1
pm (high standard deviation due to heterogeneity of microstructure). In
addition, the Vickers hardness measured in the sample 1400 K-WQ is
very heterogeneous, as indicated by its high standard deviation. Some
regions of the samples present hardness of ~400 HV and others have
hardness of ~310 HV.

Figs. 3(a) and (b) show the Y-O based nanoparticles in the reference
state, Figs. 3(c-e) show the particles in the material annealed at 1400 K-
FC. It is possible to see in Figs. 3(a-e) that the particle size is not ho-
mogeneous in any of the cases and examination of different regions of
the samples indicate that the particles can be found either inside grains
or adjacent to grain boundaries — no preferential disposition of oxide
nanoparticles along microstructural features is observed. Fig. 3(c) shows
regions with low density of oxide nanoparticles and in Fig. 3(d), a small
band free of oxide nanoparticles can be seen encircled in red.

APT analyses were performed on multiple samples taken from
different regions of the microstructure, some containing multiple
nanosized grains, others taken from larger, micrometric grains. Atten-
tion was paid to possible overlapping peaks in the APT mass spectra. In
the APT spectra, overlapping of peaks was only observed in the range
from 24.87 Da to 25.37 Da, which could be assigned to Cr** and V*. For
the ion Cr?*, peak decomposition analysis shows a decomposed abun-
dance of 3.28% and expected abundance of 4.35%, with a 0.01% error.
For the V2 ion, the decomposed and expected abundance are, respec-
tively, 6.91% and 0.25%, with an error of 1.02%. Based on these results,
the peak at 24.87-25.37 Da was assigned to Cr’>". Fig. 4 contains 3D
reconstructions of representative tips in the reference state and annealed
at 1400 K-FC. In order to visualize the distribution of atoms and ions
throughout the tips, and to have qualitative information about the
composition of the tips, the reconstructions are given in the form of
elemental maps. The reconstructions of Fig. 4(a), of a tip in the reference
state, presents two ferrite grains, part of an My3Cg carbide (bottom of the
tip) and oxide nanoparticles evenly distributed. The My3Cg carbide is
rich in Cr, W and V, in agreement with EDS analysis presented in [11]; a
low concentration of Mn is also observed in the carbide. The oxide
nanoparticles are rich in Y, V and O, which were also detected in the
form of the complex ions VO2* and YO?*. CrO?* and VN2* ions are also
present in the oxide nanoparticles, however, due to their significantly
lower contents, maps with these ions are not shown. In Fig. 4(b), the
reconstruction of the tip taken from the annealed sample shows oxide
nanoparticles of various sizes, one of them with ~50 nm length. Qual-
itatively, the surrounding matrix is enriched with Cr, W, V, likely due to
the dissolution of M23Cg carbides during the annealing treatment. In
comparison to the reference state, the contents of Y and O, in particular
around the coarser particles, are also higher in the matrix. In addition,
the coarser oxide particles appear enriched with Si. X-ray Fluorescence
analysis of the 0.3% Y203 ODS Eurofer steel, described in [11], showed
that Ta was found in trace amounts within the steel's composition. Ta
was not found in any of the APT tips measured, thus, confirming the X-
Ray Fluorescence chemical analysis.

Table 1
Parameters used in the cluster analysis with IVAS, determined with the maximum separation method.
Ions KNN (order of nearest neighbour Npin, atoms (minimum critical dmax, NM d,, nm L, nm
distribution) size of cluster) (maximum distance between atoms in a (erosion) (envelope)
detected cluster)
Reference Y, 0, V, YO?*, 0.4 to
state Vo 1to3 5to 22 0.8to1.1 0.55 0.4 to 0.55
1400 K-FC Y, vO2*, YO** 1to3 6to 10 0.8 to 1.0 0.4 t0 0.5 0.4 to 0.5
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1400 K-WQ, HV = 364 + 36

Fig. 2. Secondary electron micrographs of the 0.3% Y,O3; ODS Eurofer steel and respective average Vickers hardness in the (a) condition of annealing at 1400 K,
followed by furnace cooling (1400 K-FC), (b) annealed at 1400 K and water quenched (1400 K-WQ) and (c) reference state, with red arrows indicating M33Ce
carbides. (d) and (d1) Bright-field micrographs showing the martensite (M) and recrystallized ferrite (RF) in the sample 1400 K-FC and (e) reference state. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B
100 nm

20 nm

Fig. 3. Bright-field micrographs of the 0.3% Y»,03 ODS Eurofer showing Y-O based nanoparticles and their distribution in the matrix. In (a) and (b) the material is in
the reference state and in (c), (d) and (e) in the condition 1400 K-FC. In (d), a band free of oxide nanoparticles is encircled in red. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Quantitative information about the chemical composition of the
oxide nanoparticles, size distribution and number density were obtained
after performing the cluster analysis, as described in section 2.2. The size
distribution and the number density of particles were also calculated

using TEM micrographs. These two techniques have certain limitations,
but their combined use is able to give complementary information about
the material. TEM can be considered a more appropriate tool for
determination of particle size distribution and for general observation of
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20 nm

50 nm

(b)

Fig. 4. Compositional maps of representative reconstructions of 0.3% Y»,03 ODS Eurofer samples (a) in the reference state and (b) annealed at 1400 K-FC.
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oxide dispersion throughout the matrix, since much larger areas are
analysed in comparison to APT. On the other hand, the measurement of
the number density of oxide particles with TEM can be more chal-
lenging, because of the difficulty in determining the thickness of the
samples and, thus, the analysed volume [19]. In the present work, the
thickness of TEM samples was estimated to be of 100 nm.

Fig. 5(a) presents the particle size distributions measured with TEM
and APT. In the reference condition, both techniques show that ~96% of
the oxide nanoparticles have a diameter smaller than 8 nm, the
remaining 4% have sizes up to 22 nm. For the annealed condition, the
size distribution obtained with TEM is broader and shows coarsening of
oxide nanoparticles, in which 78% of the particles with diameter smaller
than 8 nm and 22% with sizes from 8 nm to 50 nm. The peak of the
distribution calculated with TEM shifts from 3.7 + 0.01 nm to 5.3 +
0.04 nm with annealing at 1400 K. The same trend is observed with APT,
with the peak of the distribution changing from 5.0 + 0.1 nm in the
reference state to 6.0 &+ 0.1 nm in the annealed condition.

In Fig. 5(b) the number density of oxide particles determined with
APT is shown, and corresponds to 2 x 10% particles.m > in the reference
state and 1.1 x 10%® particles.m™ in the annealed condition. The
decrease in number density is consistent with the particle coarsening
discussed in Fig. 5(a). The number densities derived from TEM micro-
graphs are one order of magnitude lower than the obtained with APT,
and no difference between reference state and annealed condition could
be seen. The reason for this discrepancy is related to the limitations
associated with TEM, discussed previously. In particular for the refer-
ence state, the number density of particles calculated with TEM images
is underestimated: the material was in a state of high deformation that
strongly affected the contrast between the matrix and oxide nano-
particles (Fig. 3(b)).

The average chemical composition of all nanoparticles detected in
the cluster analysis is given in Table 2. The main elements contained in
the particles are Y, O, Cr and V. Overall, the average composition of the
nanoparticles was not largely affected by the annealing treatment at
1400 K, except for a slight decrease in the V content. A possible relation
between particle size and chemical composition was taken into account
in our analysis, but no consistent correlation was encountered. In Fig. 6,
elemental maps of the sample annealed at 1400 K, obtained with EDS-
TEM, show the depletion of Fe inside the oxide nanoparticles, espe-
cially in the larger ones. Hirata et al. [4] also reported the depletion of Fe
in Y-O based nanoparticles using STEM-EELS maps. The high Fe con-
centration measured with APT is related to ion trajectory aberrations
during the APT measurements, discussed in [20-22]. In particular,
Dhara et al. [22] observed a similar high Fe content in nano-sized Ti

Reference state (APT)
Annealed 1400 K (APT)
Reference state (TEM)
Annealed 1400 K (TEM)

100

80+

60

Relative Frequency (%)

Particle diameter (nm)

(a)
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precipitates, which, in principle, should also not contain Fe as main
elemental component. It is not possible to conclude that the oxide
nanoparticles present in the 0.3% Y203 ODS Eurofer steel do not contain
a low content of Fe in their composition, but the high levels shown in
Table 2 are not realistic. Williams et al. [21] discuss that the effect of
trajectory aberrations is stronger in the smaller particles, which have
dimensions similar to the size of the aberration (few nanometers) [21].

Fig. 6 confirms the Si-enrichment of large Y-O based nanoparticles,
illustrated in Fig. 4, and suggests that some of these large particles are
Cr-depleted in their cores. Multiple authors observed that Y-O based
nanoparticles, present in different ODS steels, have a type of core-shell
structure, with a Cr-rich shell and variable core composition
[4,6,21,23-25]. Hence, the structure of the particles in the reference
state and annealed samples was assessed by applying an isosurface of 1
atomic % Y on the APT data and by calculating proxigrams and con-
centration profiles of the particles. The results are presented in Fig. 7,
which contains two indicative examples of particles per analysed con-
dition. The software IVAS calculates proxigrams and concentrations
profiles considering the presence of Fe, however, in order to better
visualize the concentration curves of the other elements, Fe is removed
from the plots. The proxigrams in Fig. 7(a) and (b), correspondent to
particles in the reference state, show the increase in Cr concentration
once the interface of the particle is crossed; the Cr concentration seems
to achieve a plateau or decrease in the core of the particle. The con-
centration profiles in Fig. 7(al) and (b1) show more clearly the decrease
in Cr concentration inside the particle. This behaviour is considered to
be indicative of a Cr-shell [6,21,23,24]. Still analysing the particles
present in the reference condition, Figs. 7(al) and (b1) show a core rich
inY, O, V and smaller concentrations of Si and Mn. The concentrations of
W and C are extremely low in the particles and, therefore, are not
considered to be part of the core. All analysed particles in the reference
state exhibited a Cr-shell and the Cr concentration at the shell varied
between ~10 atomic % to ~20 atomic %.

Figs. 7(c) and (d) show proxigrams calculated for representative
particles present in the annealed state. In Fig. 7(c) the increase in Cr
around the particle interface is clearly seen and its respective ROI con-
centration profile in Fig. 7(c1) confirms the Cr-shell structure. However,
not all particles present in the annealed state exhibited the marked Cr-
shell. Figs. 7(d) and (d1) show an example of particle in which the Cr
concentration at the interface is not significantly higher than at the
matrix, suggesting the formation of a thinner Cr-shell or its absence. The
composition of particles cores in the annealed state is the same as in the
reference condition, but some particles are Si and Mn-enriched (Fig. 7
(d1)), in agreement with Figs. 4(b) and 6. Finally, the particle analysed

3.0

251

2.0

Number density (x 102 particles.m™®)
P

Reference (APT) 1400 K (APT)

(b)

Fig. 5. (a) Particle size distributions and (b) number density of oxide nanoparticles calculated for the 0.3% Y,O3 ODS Eurofer steel in the reference state and

annealed at 1400 K-FC, using TEM and APT.
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Table 2
Average chemical composition of the oxide nanoparticles, in atomic percentage, determined by cluster analysis of APT data.
C Si o Cr A% Fe Mn Y w
Reference state 0.2+ 0.8 0.4+ 0.4 12.7 £ 4.8 12.5 +£9.0 8.4 +5.7 44.8 £13.2 0.6 + 0.5 19.1 £10.4 0.2+ 0.4
Without Fe 0.3+1.0 0.7 £0.7 23.0 £ 5.6 23.5 £ 13.0 15.4 + 8.0 - 1.3+ 1.0 33.7+ 124 0.4 £ 0.6
Annealed 1400 K 0.3 +£0.6 0.3+0.3 10.3 £5.6 89+24 5.0 £3.9 59.5 +11.2 0.6 +£ 0.4 14.0 £ 6.3 0.3 +£0.6
Without Fe 0.8+ 0.9 0.8+ 0.7 24.8 £6.9 23.8 £8.2 11.6 £5.3 - l1.6+1.1 341 +6.9 0.8 +0.8

Fig. 6. Qualitative compositional maps of Y-O based nanoparticles of various sizes, present in the 0.3% Y,O3 ODS Eurofer steel annealed at 1400 K-FC.

in Figs. 7(d) and (d1) was located at the end of the APT tip and, for this
reason, the average concentration at 10 nm is biased (low ion count
number).

In Fig. 4(b) can be seen a large oxide nanoparticle present at the
bottom right of the reconstruction, with size of ~60 nm and richin O, Y
and Si. To further investigate the structural composition of this large
particle, isosurfaces of 1 atomic % O and 1 atomic % Y were applied.
Fig. 8 shows in more detail the reconstructed particle with the 1 atomic
% O and Y isosurfaces and the proxigrams calculated for these interfaces.
The particle clearly has an outer layer rich in O, which also contain a Cr
concentration slightly higher than the matrix (Fig. 8(b)). The core of the
particle has high Y and O contents, a Cr content of ~8 atomic % (less
than the observed for smaller particles), very low V concentration and
higher levels of Si and Mn. These results agree with the qualitative
composition of large particles (> 20 nm) obtained with the EDS-TEM
elemental maps of Fig. 6.

3.2. Determination of Zener pinning force

The Zener pinning force originated by the Y-O based nanoparticles
was determined for the reference state and annealed condition, using a
modified Zener equation [26] that has been applied in the analysis of
ODS steels [16,17].

3 2/3
g 3t
8 r

(€8]

Where F, is the Zener pinning force, ¢ is the interfacial energy of
grains present in the matrix, f is the volume fraction of oxide nano-
particles in the material and r is the radius of the oxide nanoparticles.

The volume fraction of oxide nanoparticles in the reference state and
after annealing at 1400 K was calculated using the data obtained with
APT cluster analysis, by dividing the total volume of oxide particles
detected in a sample by the volume of the APT tip. The oxide nano-
particle radius was taken as the weighted average of each size distri-
bution measured with TEM. For pinning of a/y interface, 64/, = 0.56 J.
m~2 [12]; for pinning of o/a boundaries, 64/, = 0.32 J.m~? [27]. The
parameters used and the resulting F, are summarized in Table 3.

The results show the decrease of F, with the increase of oxide
nanoparticle size during annealing at 1400 K, and can be correlated to
the overall coarser microstructure obtained after annealing at 1400 K
(Fig. 2).

4. Discussion
4.1. Formation of the microstructure during annealing at 1400 K

The hypothesis raised in our previous work [11] to explain the
microstructure of the 0.3% Y,O3 ODS Eurofer steel, obtained after
annealing at 1400 K was based on the coarsening of oxide nanoparticles
during the treatment. The hypothesis was that with coarsening, the
Zener pinning force exerted by the particles become weaker, allowing a
higher degree of grain growth. In the present work we examined the Y-O
based nanoparticles in the reference condition and after annealing at
1400 K, using TEM and APT and found that, indeed, the particles un-
dergo coarsening during the annealing treatment, which leads to the
decrease of the Zener pinning force, F,.

During annealing at 1400 K different processes have the potential to
take place:
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Fig. 8. (a) Detail of large Y-O nanoparticle present in the sample annealed at 1400 K-FC (shown previously in Fig. 3(b), at the bottom right of the reconstruction),
with isosurfaces of 1% O and 1% Y applied. (b) and (c) are the correspondent proxigrams.

Table 3
Parameters used in the modified Zener equation [26] and Zener forces exerted
on the a/y and o/« interfaces.

F r(mm)  6,,=056Jm >  6,,=032Jm ">
Fy oy (Um™) Fy, /e ™)
Reference state 0.02 2.3 6.9 x 10° 3.9 x 10°
Annealed at 1400 K 0.02 4.2 3.4 x 10° 2.0 x 10°

(1) the (incomplete) transformation of ferrite into austenite,

(2) coarsening of the Y-O based nanoparticles, and.

(3) recrystallization of untransformed ferrite, due to its prior high
deformation energy in the reference state.

Multiple studies [16-18] have shown with dilatometry and in-situ X-
Ray Diffraction that ODS steels with ferritic/martensitic matrix do not
undergo complete austenitization: a fraction of ferrite remains un-
transformed even at temperatures above A 3 and, upon cooling to room
temperature, the retained ferrite grains can be seen dispersed in the
martensitic matrix. The suggested reason is that the oxide nanoparticles
dispersed in the matrix pin the o/y interface, decreasing its velocity, and
not allowing the complete consumption of the ferrite-parent phase
[16,17]. The driving force for the austenitic transformation, AG,, in
the 0.3% Y303 ODS Eurofer as a function of temperature has been
estimated using Thermo-Calc 2018a, in order to qualitatively analyse its
competition with Fz, 4/, calculated in Section 3.2. AG,,, was estimated
by the difference between the formation energies of austenite and
ferrite. This comparison of Fz ,/, to AG,,, is considered qualitative
because Fz, ,/, will vary locally within the material, due to the hetero-
geneity in oxide nanoparticle size, and because the o/y phase trans-
formation involves other processes like nucleation and partitioning of
solute elements. The estimated AG,,, values are one order of magnitude
higher than the Fz ,/, values presented in Table 3, with a maximum at
1300 K of approximately 1.6 x 107 J.m 3, confirming that the oxide
nanoparticles affect the kinetics of the transformation by an overall
decrease in interface velocity, specially when they present a size dis-
tribution in the reference state. Another effect that might contribute to
the hindering of the o/y interface is the solute drag. Davis et al. [14]
observed the segregation of W at grain boundaries of a 14YWT ODS
steel, in its as-produced condition. In the 0.3% Y,03 ODS Eurofer, with
the dissolution of My3Cs precipitates, located preferentially at grain
boundaries [11], the contents of C, Cr, V and W in the matrix are
increased (Fig. 4). These elements could segregate or form clusters
around the grain boundaries/interfaces and exert the so-called drag
force, Fp. When the grain boundary or interface moves, it causes an
increase on the energy state of the segregated/clustered solute, which, in

turn, will exert a force to pull the grain boundary back [28].

Since coarsening of the oxide nanoparticles likely involves the
dissolution of smaller particles and diffusion of its elemental compo-
nents towards larger ones, the process is not considered to occur
instantaneously as the material reaches the annealing temperature of
1400 K. Thus, it is likely that in the beginning of the treatment, the
average Zener pinning force exerted in the microstructure is higher than
at its later stages. The average Vickers hardness measured for the sample
annealed at 1400 K and water quenched is lower than in the reference
state (Fig. 2). The coarse ferrite grains identified in this sample, indi-
cated in Fig. 2(b), do not present the roughness seen in the reference
state (Fig. 2(c)), and this is an indication of recrystallization. Because of
the high cooling rate associated to the process of water quench, it is
likely that partial recrystallization occurs at the later stages of the 1400
K annealing treatment, when F; is decreased. During cooling inside the
furnace, at a lower cooling rate, a higher fraction of recrystallized ferrite
formed, as seen in Fig. 2(a).

4.2. Core/shell structure and chemical composition of oxide nanoparticles

With the APT analysis it was possible to determine the chemical
composition of the oxide nanoparticles present in the 0.3% Y203 ODS
Eurofer steel. Overall, the particles are formed by a Cr-rich shell and a
core enriched in Y, O and V. The presence of a Cr-rich shell has been
reported by several authors, either in ferritic and martensitic ODS steels
[4,6,21,23-25,29]. Hirata et al. [4] suggested that the Cr-shell is
responsible for the high coherency of the oxide nanoparticles with the
ferritic matrix, possibly due to the similar BCC Cr and ferrite crystal
structure. The high coherency with the matrix is one of the attributes
that lower the driving force for particle coarsening, and, thus, is
responsible for keeping the particles refined for long periods of time and
at high temperatures. However, in martensitic steels, the high temper-
ature phase transition of ferrite into austenite has been suggested to
affect this coherency relation of the particle with the matrix [17]. This
can partially explain the coarsening observed after annealing at 1400 K.
It is interesting to point out that particles with diameter larger than 20
nm seem to be depleted in Cr (Fig. 5) and to have a thinner or absent Cr-
shell (Fig. 8).

Other ODS Eurofer steel has shown higher thermal stability than the
one here studied: oxide particle coarsening to an average size of 25 nm
has been reported at temperatures above 1500 K [8]. In other ODS
Eurofer steels [6,21,24], Ta has been detected in the core of the oxide
nanoparticles. Fu et al. [24] reported the formation of finer oxide
nanoparticles in ODS Eurofer containing higher Ta and V contents. The
same authors [24] have also observed that, when the Ta content is
increased, the V once present in the core of oxide nanoparticles is
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expelled to the Cr-shell and they attribute this behaviour to the higher
affinity of Ta with O, in comparison to Cr and V [24]. The absence of Ta
in the 0.3% Y03 ODS Eurofer steel could be related to the lower thermal
stability of the oxide nanoparticles, but more investigations are neces-
sary to verify this possible relation.

5. Conclusions

In the present work, the effect of annealing at 1400 K on the
microstructure and oxide nanoparticles in a 0.3% Y203 ODS Eurofer
steel was evaluated, using TEM and APT. The results obtained showed
that:

(i) The oxide nanoparticles go through coarsening during the
annealing treatment and have their average particle diameter
increased from 3.7 4 0.01 nm (reference state) to 5.3 & 0.04 nm;

(ii) With coarsening, the Zener pinning force exerted by the oxide

nanoparticles was decreased, leading to the formation of a

coarser microstructure, in comparison to the one in the reference

state, composed of recrystallized ferrite and martensite;

The analysis of the microstructure and Vickers hardness of the

material in the reference state, annealed at 1400 K followed by

furnace cooling and annealed at 1400 K and water quenched

indicates that ferrite retained above Acg recrystallizes at 1400 K,

due to the decrease of the overall Zener pinning force. When the

material is cooled inside the furnace, part of the ferrite re-
crystallizes during cooling;

The oxide nanoparticles have a well-known core-shell structure,

in which the core is rich in Y, O and V and the shell is enriched in

Cr. The average composition of the particles does not change

significantly after annealing at 1400 K, except for a slight

decrease in the Cr and V contents.

(iii)

(iv)
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