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Abstract

Oxide dispersion strengthened (ODS) ferritic steels are considered promising candidates as cladding tubes for Generation IV nuclear

reactors. In such reactors, irradiation damage can reach more than 150 dpa at temperatures ranging from 400 to 660 Thus nanopar-

ticle stability has to be guaranteed in order to ensure that these materials possess excellent creep properties. Using Fe ions, ODS steels

were irradiated at 500 C up to 150 dpa. At this temperature the nano-oxide population evolution under irradiation is similar to that

observed after annealing at high temperature. It consists of a slight increase in the particle size and a slight decrease in the density, which

can be both explained by an Ostwald ripening mechanism. Conversely, irradiations performed at room temperature using Au ions lead to
a complete dissolution of the oxide particles, in agreement with the estimation of ballistic vs. radiation enhanced di usion e ects.
2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: ODS steels; Irradiation e ect; Ostwald ripening; Phase stability; Atom-probe tomography

1. Introduction

In oxide dispersion strengthened (ODS) ferritic/
martensitic steels, the dispersion of nanosized oxide parti-
cles in the matrix confers very good creep strength at high
temperatures. Therefore, these materials are promising
candidates for fuel cladding in sodium-cooled fast reactors
and for structural applications in fusion reactors. Thus, a
research program dedicated to ODS materials has been
engaged at CEA in collaboration with EDF and Areva
[1...3]

Corresponding author. Tel.: +33 1 69 08 85 09; fax: +33 1 69 08 71 30.
E-mail address;joel.ribis@cea.fr(J. Ribis).

http://dx.doi.org/10.1016/j.actamat.2014.06.060

In sodium-cooled fast reactors, severe irradiation and
temperature conditions are expected. More speci“cally,
the materials undergo irradiation damage of >150 dpa at
temperatures ranging from 400 to 650C. As a conse-
guence, it is very important to ensure the stability of the
nanosized oxide particles under high-dose irradiation at
high temperatures.

Many authors have studied the stability of nano-oxides
in steels under neutron irradiation. While Yamashita et al.
[4] reported a decrease in the nano-oxide density in MA957
alloy after irradiation at 500 C up to 104 dpa, Gelles[5]
reported no signi“‘cant changes concerning nano-oxide
distribution in this alloy at 480 C for a higher dose level
of 200 dpa. Ribis and Lozano-PereZ6...8also found that
nano-oxides were still present without any signi“cant

1359-6454/ 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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change after irradiation of up to 75dpa at 430 C in
MA957 alloy. Since the study of neutron-irradiated materi-
als is challenging, many authors have resorted to ion irra-
diation, which oers more practical control over the
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University of Michigan. TEM disks were punched from

601 m thick mechanically polished foils and electropolished

using a 10% perchloric acid/90% ethanol solution at
10 Cin a Struers Tenupol thinning device. Conventional

range of doses and temperatures that can be reached. Some and high-resolution TEM (HRTEM) were performed using

of these authors have shown that nano-oxides are stable
under low damage ion irradiation (0.7, 1, 5, 10dpa) at
300 C [9] and 500 C [10]. Other groups have shown that
no signi“cant changes in particle size were observed using
transmission electron microscopy (TEM) for 20 dpa at
200, 500 and 700C [11], for 60 dpa at 650 C [12], and
for 150dpa at 670 C [13] However, some authors
observed a change in the nanoparticle population with a
decrease in the average size after low ion dose irradiation
(1 dpa) at 525 C [14]. Others reported structural changes
such as amorphization with modi“ed shapes of the nano-
oxides at 400 C under 33 dpa [15] Using atom probe
tomography (APT), Certain et al. [16] found complete dis-
solution of nanoparticles after irradiation at 75 C up to
100 dpa while a stable nanoparticle population was
observed at 600 C, suggesting that radiation-enhanced dif-
fusion allowed ejected atoms to reform nanoparticles.
However, the inherent inhomogeneous spatial and size dis-
tribution of the particles in these ODS alloys[17] chal-
lenges the interpretation of such observations. To get
around this problem, some authors have resorted to in situ
TEM irradiation. Using this technique, Lescoat et al. [18]
demonstrated that nanoparticles are apparently stable up
to 45 dpa at 500 C.

Overall, therefore, the literature reaches no de“nite con-
clusion concerning the nanoparticle stability under irradia-
tion. At high temperatures (500 C), the nanoparticle
population mostly appears to be stable, while at low tem-
peratures, where the thermal di usion is weak, complete
dissolution of the nanoparticles is observed. These results
highlight the e ect of competition between ballistic ejection
and thermal di usion on nanoparticle stability. To further
investigate this phenomenon, the present work focuses on
the evolution of the nano-oxide dispersion in a Fe...18Cr
ferritic ODS alloy after high ion dose irradiations at high
and room temperatures.

2. Experimental

The Fel8Cr1WO0.3Ti+ 0.6Y,03 (wt.%) ODS ferritic
steel (referred to asFel8Cr...¥0Os2) is one of the alloys
developed at CEA/SRMA for nuclear applications [1].
Two pre-alloyed metal and oxide powders supplied by
Aubert & Duval (France) were mechanically alloyed in
an attritor under hydrogen at Plansee AG (Austria). The
material was then consolidated at CEA. A bar was hot
extruded at 1100 C, hot rolled 20% at 650 C and annealed
for 1 hat 1050 C. The chemical composition of the alloy is
given in Table 1.

The material microstructures prior to and after irradia-
tion were characterized by TEM at CEA and by APT at the

a JEOL 2010 (FEG) operating at 200 kV. APT specimens
were prepared from non-irradiated and irradiated TEM
thin foils using a standard lift-out method and annular
ion beam milling on a FEI Nova SEM/FIB dual-beam
microscope. APT analysis was performed on a CAMECA
LEAP-4000X HR instrument operating in laser pulsing
mode at a repetition rate of either 250 or 200 kHz with
laser pulse energies below 80 pJ per pulse. The specimens
were maintained at a temperature of 40 K and the evap-
oration rate was kept constant at 0.005 ions per pulse. APT
data were reconstructed with IVAS 3.6.4 from CAMECA
using a combination of an evaporation “eld of 33V nm *
and an image compression factor of 1.6 based on the shape
of the oxide particles and grain boundaries from the recon-
structed results. The maximum separation method was
used in this study to de“ne oxide particles embedded in
the matrix [19]. The atomic and molecular species Ti,
TiO, Y, YO and CrO, with separation distances smaller
than a value d,.. were selected to de“ne the clusters.
These species are callectoreZ species. The value for glay
was determined from the nearest-neighbor distribution for
all the selected species, which exhibits two distinct peaks,
one at small distances for the clusters and one for the dilute
matrix with larger average distances between the species.
The local minimum between the two peaks was selected
as a J,,ax value. In addition, clusters smaller than a critical
value of N, were considered as random clusters in the
matrix solid solution and were removed from the analysis.
The value of N, was determined by comparing computed
random solid solutions of similar solute concentrations
[20]. All atoms located within a distance of L = dyax from
the core atoms are then added to the clusters. An erosion
parameter, d, was used to remove the matrix atoms at
the interface between clusters and matrix. This distance
de is set as the distance between,gd, and the “rst peak
in the nearest-neighbor distribution.

Two irradiations using 500 keV F€ self-ions with a "ux
of 2.6...2.8 10*%ionscm ?s ' were performed at the
CEA-JANNuS-Saclay facility [21] Specimens had thin-foil
geometry, were maintained at a nominal temperature of
500 C, and were tilted by 15 with respect to the incoming
ion beamline. Irradiations using 4000 keV A§* ions at a
"ux of 7.8 10"ionscm %s ! were performed at room
temperature at the CSNSM-JANNuS-Orsay facility [22].

A recent paper[23] recommends converting SRIM sim-
ulations [24] into dpa by calculating irradiation damage
under the Kichin...Pease mode with 40 eV displacement
energy and 0 eV lattice binding energy. From this calcula-
tion, the maximum irradiation dose reached within the “rst
150 nm are 74.4 and 150 dpa for 500 keV incident Feions
(Fig. 1) and 156 dpa for 4000 keV incident AG@" ions (the
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Table 1

Chemical composition (wt.%) of the ODS material after mechanical alloying.

Cr w Ti Mn Si Ni C O Y .03 Fe
18.05 0.95 0.26 0.31 0.3 0.19 0.03 0.11 0.56 Bal.

160 %
& : 8.9x10%6 jons.cm™
140 <&
@%&% O : 4.4x10% jons.cm?
120 % N
100 %% %
&

Damage (dpa)

300

0 100 200

Depth (nm)

400

Fig. 1. Depth pro“le of displacement damage of 500 keV Fe ions in Fe
calculated by SRIM (with E4(Fe) =40 eV).

damage depth pro“le will be presented later in this paper) .
The irradiation parameters investigated in this study are
summarized inTable 2

3. Results
3.1. Microstructure before irradiation

The micrograph presented inFig. 2a shows a bright-“eld
TEM image of the typical microstructure of nanoparticles
“nely distributed in the ferritic matrix. As previously
shown for this material [18], nanoprecipitates are dispersed
throughout the grains with an average number density esti-
mated to be 2.3 10°*m 3. The particle diameters range
from few nanometers to 10 nm, with an average size of
1.5 nm. Fig. 2b presents a bright-“eld TEM image of one
typical 2 nm patrticle.

One of these nanosized particles was further studied by
HRTEM as shown in Fig. 3 a and b. The particle diameter
is estimated to be 4.5nm. Evaluation of the HRTEM
image by means of fast Fourier transform (FFT)
(Fig. 3c) compared to simulated electron diraction
(Fig. 3d) indicates that interplanar distances and angles
are consistent with the (004) and thed®22p crystallo-
graphic planes of Y,Ti,O; (pyrochlore, a=1.009 nm) in
the [110] zone axis fotd,,, = 0.29 nm, dggs= 0.25 nm with
54.7 between the®2 2band (004) planes. The orientation
relationships between the oxide particles and the matrix
were reported in a previous study by Ribis and de Carlan
[25], and clearly show either a cube-on-cube or a cube-
on-edge relationship. From the elasticity-driven morphol-
ogy transition from sphere to cube, it has been concluded
that particles must maintain strained coherent interfaces.
As will be presented below in Sectior3.3, similar results
have been obtained in the present study. Thus, particles

in the studied material are also expected to exhibit coher-
ency strains.

Fig. 4a and b gives reconstructed APT results showing
distributions of the Fe, Cr, W, Si, Mn in the matrix and
Y, Cr, Ti and O in the clusters. The spatial distribution
of oxygen is more diuse than the other core elements,
which is an artifact previously reported and discussed in
the literature [17].

The chemical composition of matrix for the as-irradi-
ated material as measured by APT is listed iable 3a.

The average composition of the nanoclusters was mea-
sured by APT using the method de“ned in Sectior?, and
is listed in Table 3b. The concentrations of core elements
Y and Ti are 100 times higher compared to that measured
from the matrix. Along with the core elements, a large por-
tion of matrix elements were observed in the oxide clusters.
This can be attributed to trajectory aberration associated
with low-evaporation “eld particles embedded in a
higher-“eld matrix. As reported by Williams et al. using
APT, the local density of regions associated with nanopar-
ticles increased by 4, indicating the presence of extra
atoms originating from the matrix [26] In this work the
exact quantity of Fe in the clusters was not addressed;
instead the level of Fe in the clusters was set to zero and
used to subtract the other matrix elements introduced by
trajectory aberrations. The resulting compositions are
quoted as » matrix-correctedZ compositions and listed in
Table 3c.

Although the HRTEM study indicates that oxide clus-
ters have a structure consistent with a pyrochlore
Y ,Ti»O5 type, the APT-measured oxide composition devi-
ates from the expected ratios, showing Y/Ti=0.6 and
(Y + Ti)/O =5.5. Furthermore, the APT measurements
show that these nanoparticles are still rich in Cr after
applying a correction for the local focusing e ect. The
nanoparticles are thus more likely to be Y...Ti...Cr-rich
oxides.

3.2. Microstructure after irradiation

Compared to the non-irradiated state inFig. 5a and b,
the microstructure of oxide clusters after irradiation to
150 dpa at 500 C is presented inFig. 5¢c and d. The nano-
particles have evolved during irradiation: their sizes are lar-
ger and their shapes are more clearly de“ned and appear as
cuboidal. The histograms presented oirig. 6 highlight this
evolution of the nanoparticle size distribution from 0 to
74.4 to 150 dpa. Because there is a shape evolution, the
equivalent diameterd, of the cubical particle is estimated
using the relation a2 ¥ pdgq, where a is the particle edge.
Before irradiation, the particle size ranges from 0.5 to
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Table 2
Irradiation damage characteristics.
Incidence angle lons E(keV) T(C) Flux Total "uence Dose max. (dpa) Average ion implantation
) (onscm %s b (ions cm ?) (at.%)
15 Fe" 500 500 2.8 10% 4.4 10'° 74.4 1.3
15 Fe' 500 500 2.6 10 8.9 10' 150 2.7
72 Au?* 4000 25 7.9 10' 9.5 10 156 0.4

Fig. 2. Oxide dispersion before irradiation: (a) nano-oxide distribution; (b) a 2 nm nano-oxide particle.

10 nm centered on 3 nm. At 74.4 dpa, the particle size is
centered on 3.5 nm, and at 150 dpa, the histogram presents
a wider distribution of nanoparticles, centered on 4...
4.5 nm. As suggested by comparingigs. 2 and 5 nanopar-
ticles tend to grow under irradiation at 500 C. Further, a
decrease in the number density with increasing irradiation
dose is measuredTable 4 summarizes these results.

The APT reconstruction of the 150 dpa sample is pre-
sented inFig. 7. It is similar to the non-irradiated sample
in which Fe, Cr, W, Si and Mn show uniform distribution
in the matrix after irradiation. The matrix concentration is
unchanged compared to that observed before irradiation
(Table 5a).

Table Sb and c¢ gives the uncorrected and corrected
atomic composition for the clusters, respectively. It is
important to notice that after irradiation up to 150 dpa,
the relative composition has evolved: Y/Ti=0.78 and
(Y + Ti)/O = 3.57, which is closer to the expected equilib-
rium phase composition of Y,Ti,O. Further, the Cr con-
tent has been reduced from 48 to 26 at.% after
irradiation at 150 dpa. Fig. 8 compares the Y/Ti ratio prior
and after irradiation as a function of the nanoparticle size.
Prior to irradiation ( Fig. 8a), this ratio is size independent,
while after irradiation (Fig. 8b) the larger the particles, the
higher the ratio, suggesting that the larger particles have
gathered preferentially Y with respect to Ti.

Fig. 9a shows a typical example of the high-resolution
images obtained from the 150 dpa irradiated material,
along with the associated FFT Fig. 9b). In most cases, it

was not possible to obtain any clear HRTEM information
from the nanoparticles themselves. The ferritic matrix con-
tributes almost exclusively to the HR signal. No clear con-
clusion can thus be made as to whether the particles are
crystalline or amorphous in structure. However, as shown
in Fig. 9d, the edges of the cuboidal particle are parallel
to the hLOG matrix direction; we can also observe that
the particle presents a ledge parallel to thED 1 1i direction.

3.3. Microstructure after high-temperature anneal

Fig. 10a presents the microstructure before the heat
treatment obtained by TEM, while Fig. 10b presents it
after heat treatment at 1300 C for 1 h. The shape bifurca-
tion from spherical to cubic particles can be clearly seen. In
addition, Fig. 10c shows the corresponding histogram of
precipitate size. The mean diameter of the particles has
evolved from 1.5 to 4.5 nm with annealing. To facilitate
the comparison with the irradiated material, the mean
diameter of the particles after irradiation at 500 C to
150 dpa is marked onFig. 10c with a red dotted line.

4. Discussion
4.1. Before irradiation
The APT results suggest that nanoparticles have Y...Ti

and O/(Y + Ti) ratios that are too low to be consistent with
the Y,Ti,O; structure found by TEM for particles
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(d)

Fig. 3. TEM characterization of a nanoparticle in the non-irradiated sample: (a) high-resolution image of a nanoparticle; (b) zoom on (a); (c) FFT ofj;
(d) simulated di ractogram of a pyrochlore-type structure compared to the FFT presented in (c).

>4.5 nm. Similar non-stoichiometric compositions have
been reported in several ODS steelR27...30and also by
TEM investigations [31].

While the measured compositions may be aected by
evaporation artefacts[32,33,17) independent TEM mea-
surement have also con“rmed that nanoparticles can have
far from the expected equilibrium compositions. For
instance, using energy-‘ltered TEM, Lozano-Perez et al.
[34] observed that the majority of analyzed particles
seemed to have a Cr+Y + O-rich core with variable Cr
content. Further, using energy-dispersive X-ray spectrome-
try, Sakasegawa et al[35] concluded that particles from 2
to 15 nm are non-stoichiometric, while particles from 15 to
35 nm have the expected ¥Ti,O- stoichiometry. Williams
et al. [17] provided similar results obtained by APT and
found that the stoichiometry change can occur at smaller
sizes with a shift of the Y/O ratio from 1:2 in the 2 nm

particles to 1:1 for 5...10 nm patrticles. Further, Sakasegawa

et al. [36] reported that, after thermal annealing at 1200C
for 1 h, some Y,Ti,O, particles transformed to Y,Ti,O;
particles. Dawson and Tatlock[37] analyzed the structure
of 5nm diameter particles after thermal annealing
(1300 C for 1h) by means of high-angular annular

dark-“eld microscopy and found that the intensity pro“les
measured along adjacent {004} atomic planes were consis-
tent with the cationic sublattice of the pyrochlore crystal
structure. They concluded that the particle concerned pos-
sesses the ordered pyrochlore structure.

From the above discussion, it is reasonable to suppose
that small nanoparticles are non-stoichiometric Y...Ti...Cr...
O with a pyrochlore-type structure, as proposed by
Yamashita et al. [31], who believe that the Y>Ti,O5 struc-
ture can tolerate a high concentration of point defects.
However, the atomic arrangement of Cr in the pyroch-
lore-type structure remains unclear. Further, it can be
imagined that, when growing during thermal annealing,
non-stoichiometric nanoclusters, with a pyrochlore-type
structure, may relax toward the stoichiometric Y2Ti,O,
equilibrium composition as also observed under irradiation
and discussed below.

4.2. Irradiation at 500 C
The present study found that after self Fé implantation

to 150 dpa at 500 C, a high number density of nanoparti-
cles is still present. The atom displacements caused by
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Fig. 4. 3-D APT reconstruction from the Fel8Cr...¥O3 material before irradiation showing the distribution of evaporated elements or molecules.

Table 3

APT measurement of (a) matrix composition before irradiation, (b) nanoparticle (uncorrected composition), (c) nanoparticle (corrected compasin).
Elt Fe Cr Ti Y o} Si W Mn C Co Al YITi (Y +Ti)/O
(a) Matrix composition (at.%) before irradiation and standard deviation ¢)

at.% 17.9 0.05 0.022 0.17 0.80 0.23 0.29 0.14 0.014 0.001

r 0.4 0.02 0.007 0.06 0.09 0.02 0.02 0.06 0.003 0.001

(b) Nanoparticle uncorrected composition (at.%) and standard deviatiom )

at.% 63.6 24.4 5.1 2.8 1.6 1.2 0.43 0.3 0.45 0.03 0.09 0.6 4.9
r 43 3.1 1.3 0.3 0.8 0.4 0.25 0.2 0.35 0.07 0.11

(c) Nano-particle corrected composition (at.%) and standard deviatiorr §

at.% 47.9 247 13.9 7.0 2.7 1.2 0.5 1.6 0.06 0.4 0.6 55
r 9.1 6.1 4.0 2.8 1.8 1.3 0.9 1.6 0.25 0.5

cascades can modify the kinetic equilibrium of the nano- sy,
particles and therefore lead to an evolution of the nanopar- k’Dy
ticles. Since particle growth was observed instead of
particle dissolution, it would appear that for the set of
experiments conducted at 500C, the system is operating

: alb

with k the sink strength andD., the vacancy coe cient dif-
fusion. Assuming that the nanoparticles behave as perfect

A sinks for point defects, the sink strength is expressed as
under accelerated di usion.

If sis the characteristic time required for vacancies to [38}
reach the sinks, it can be expressed as: k? Y2 4pRyNop; @b
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Fig. 5. Evolution of the nanoparticles after irradiation: (a) nanoparticle distribution prior to irradiation; (b) two nanoparticles prior to irrad iation; (c)
nanoparticle distribution after 150 dpa at 500 C; (d) two nanoparticles after 150 dpa at 500C.

whereR,=1.5nm and N,=2.3 10°®*m 3 are the nano-
particle mean diameter and density measured experimen-
tally by TEM. Thus, the estimated sink strength k? is
43 10"cm 2

The vacancy diusion coe cient is determined using
[38]:

m
v
keT '
where T is the temperature andkg is the Boltzmann con-
stant, a is a geometric factor equal to 1,a=0.287 nm is
the lattice parameter for body-centered cubic (bcc) Fet,
can be taken as the Debye frequencyt € 10*°s 1), and
EY =0.7 eV is the vacancy migration energy[39]. Thus
the vacancy diusion coecient at 500 C is Dy =
2.24 10 “cm?s . Therefore, the time s for vacancies
to arrive at sinks is 10 °'s, which is signi“cantly shorter
than the irradiation time (3.4 10%s). In this regime, the
steady-state non-equilibrium vacancy concentration is gov-
erned by the sink densities and is given by:

CV YRs;

Dy Y4 aa’t exp Bp

oAb

where R is the defect production rate equal to 6.4 10
dpas . The non-equilibrium vacancy concentration is
therefore equal to 6.5 10 &

Assuming at 500 C a vacancy mechanism for the di u-
sion of a given species, its radiation-enhanced di usion

coe cient is then de“ned as:
|
Irr £

C h EV
D' 1/4C—quDt vaRsexp |

Dth :
gl

fo 51=]
where Cy is the thermal equilibrium vacancy concentra-
tion, E{, is the vacancy formation energy andD" is the
thermal di usion coe cient. The values for pure bcc Fe,

El ¥42.2eV[39] yield D™ =1.4 10’ D™.

Because of its slow diusion compared to the other
elements, oxide growth is assumed to be controlled by
the diusion of Y in Fe. Using D" % DY ¥4 0:1 expd;22%
[40], the di usion coe cient of Y under the considered irra-
diation conditions at 500 CisD¥ 9 10 **cm?s

This value needs to be compared with the ballistic di u-
sion coe cient:
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Fig. 6. Evolution of the nanoparticle distribution during irradiation: (a)

nanoparticle distribution prior to irradiation; (b) nanoparticle distribution

after irradiation at 500 C up to 74.4 dpa; (c) nanoparticle distribution
after irradiation at 500 C up to 150 dpa.

Table 4
Parameters of nanoparticle distribution after irradiation at 500 C up to 0,
74.4 and 150 dpa.

Dose (dpa) Equivalent diameter (nm) Density (m?)
0 3.0+05 (2.3£0.7) 10*
74.4 35+05 (1.1+03) 10%°
150 41+05 (0.9+0.3) 10*

1 .
DB 1/46th2|; Bbb

wherex is the average distance that Y atoms travel due to
the cascade collisions.

To estimate x, Heining et al. [41] proposed calculating
the spatial probability distribution f(d) of atoms displaced
out of the particle, whered is the distance of the displaced
atom from its original position. By considering a "at inter-
face, Heining et al.[41] showed that this distribution could
be expressed abadb Y.q=281 p d=2kbexp'2 d=k , whereq is
a constant andk is the mean displacement distance. The
parametersq and k are determined by means of TRIM cal-
culation for a thin slab of Y ,Ti,O; immersed in an Fe
matrix submitted to our experimental irradiation parame-
ters. The spatial probability distribution of displaced atoms
is “tted on the TRIM results for forward and backward
transported Y recoils.

Taking into account both forward and backward pro-
“les, xis in the range 0.25...0.35 nm, which gives an estimate
of D® of between 6.7 10 ®and 1.3 10 *®cm®s *, well
below the estimated value ofD"". According to the previ-
ous analysis, at 500C the main e ect of irradiation is to
enhance the thermal di usion due to the high concentra-
tion of vacancies reached at the steady sate.

Thus, the system is driven toward the thermodynamic
equilibrium under the irradiation conditions considered
at 500 C.

4.3. Comparison with high-temperature annealing

The evolution of the microstructure after heat treatment
at high temperature (1300 C) can be considered as a refer-
ence with which the evolution under irradiation can be
compared.

TEM observations revealed an increase of particle size
and a decrease of their density with increasing irradiation
dose at 500 C. At 150 dpa, the size of the nanoparticles
evolved from 3.0 to 4.1 nm, with a density three times
lower than before irradiation (Table 4). An evolution from
spherical to cubic shape is also observed, in agreement with
previous observations[25].

The cube of the precipitate size and the inverse of the
precipitate density (14) are plotted in Fig. 11 as a function
of irradiation time. Linear dependences of the diameter
with t¥® and the density with t * are obtained. These
results are consistent with the LSW theory42], which sup-
ports the hypothesis of an Ostwald ripening mechanism
under irradiation.

A comparison of the microstructure after irradiation at
500 C up to 150 dpa and after a thermal treatment of 1 h
at 1300 C suggests that both processes induce a similar
oxide nanocluster evolution. Moreover, in both cases, the
increase of the mean nanocluster size induces a morphol-
ogy evolution from spherical to cubic shapes. This compar-
ison supports the hypothesis that the most important e ect
of irradiation at 500 C is to increase the kinetics e ects,
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Fig. 7. 3-D APT reconstruction from the Fe18Cr...¥O3 material after irradiation at 500 C up to 150 dpa showing the distribution of evaporated elements
and molecules.

Table 5

APT measurement of matrix composition after irradiation (500 C, 150 dpa).

Elt Fe Cr Ti Y (0] Si w Mn C Co Al YITi (Y +Ti)/O
(a) Matrix composition (at.%) after irradiation (500 C, 150 dpa) and standard deviationr()

at.% 80.5 17.8 0.08 0.024 0.16 0.73 0.23 0.27 0.15 0.015 0.00

r 1.3 1.2 0.01 0.007 0.07 0.10 0.02 0.05 0.02 0.002 0.0009

(b) Nanoparticle uncorrected composition (500C, 150 dpa) (at.%) and standard deviation ()

at.% 69.9 19.2 3.9 2.9 2.0 1.2 0.3 0.3 0.30 0.03 0.07 0.75 35
r 3.0 2.2 1.2 1.0 0.8 0.4 0.2 0.2 0.3 0.06 0.10

(c) Nanoparticle corrected composition (500C, 150 dpa) (at.%) and standard deviation K)

at.% 26.0 29.3 22.9 14.6 4.2 0.7 0.3 1.4 0.1 0.5 0.8 3.6
r 11.8 8.4 7.4 5.0 3.2 1.6 14 21 0.4 0.8

and therefore favor a faster evolution towards thermody- under irradiation at temperature T and "ux / would corre-
namic equilibrium. This analysis is supported by the APT  spond to the equilibrium con“guration without irradiation
measurements that indicate a preferential loss of Cr and at a higher temperature[44].

also a change in the ratio of Y/Ti and (Y + Ti)/O prior From a quantitative point of view, DI
to and after irradiation. Before irradiation, the nanoparti- (1300 C)=3.8 10 ?cm®s *. The comparable nano-
cles have been found to be non-stoichiometric Y...Ti...Cr...(particle evolutions observed after the thermal treatment
with the pyrochlore-type structure, based on HRTEM  and the irradiation experiment would suggest that the dif-
observation on one of these particles. After 150 dpa, how- fusion kinetics are also comparable, i.eD'™ (500 C) = DY
ever, the oxide composition determined by APT tends to (1300 C)/10=3.8 10 *cm?s . This value is, however,
indicate that the particles might have evolved towards a more than two orders of magnitude above the value previ-
more stoichiometric composition, closer to that of ously calculated using the steady-state concentration of
Y ,Ti,O;. This could be correlated with the loss of Cr, vacancies. This disagreement may be due to an overestima-
which is more soluble in the Fe matrix than in the tion of DY (1300 C), an underestimation of C', or a
Y...Ti...O systef@3]. Thus, the equilibrium con“guration combination of both e ects. It may also be due to other
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Fig. 8. Comparison of the element content in nanoparticles (a) prior to and (b) after 150 dpa at 50C.

Fig. 9. High-resolution image of a nanoparticle after 150 dpa at 500C: (a) the nanoparticle; (b) FFT of (a); (c) HRTEM of the matrix; (d) HRTEM of

the nanoparticle...matrix interface.

processes such as interstitial di usion, which was not con-
sidered in the present discussion but may contribute to an
accelerated di usion under irradiation.

4.4. Room-temperature irradiation

At su ciently low temperatures, irradiation will only
produce ballistic di usion which favors the homogeniza-
tion of chemical species (production of an homogeneous
solid solution) contrary to enhanced di usion which favors
the homogenization of the chemical potential (accelerated
motion towards equilibrium). To validate this hypothesis,
irradiation experiments were conducted at room tempera-
ture using Au®* ions. A "uence of 9.5 10™ions cm 2
resulted in 156 dpa in the thin-foil depth at a "ux
R=1.29 10 ®dpas-! The APT measurements, pre-
sented inFig. 12, clearly show that in the irradiated zone,

where the damage reaches 156 dpa, the nanopatrticles are case er =24

completely dissolved. However, when the irradiation dam-
age is lower, at larger depths, nanopatrticles remain in the

ferritic matrix. This result illustrates the e ect of the ballis-
tic jumps, which seem to be larger than enhanced di usion
at this temperature.

From Eg. (3), the vacancy di usion coe cient at 25 C
is Dy=1.4 10 *°cm?s~' and using Eq. (1),
s=1888 years, which means that during irradiation the
regime of annihilation at sinks is far from being reached.
The characteristic time s; to reach the recombination
regime is given bys, = (1/(RK )"?, where Ky is the
recombination rate of vacancies and interstitials andR is
the "ux. If m= mexp( E]"/kgT) is the jump frequency of
interstitials, K,, 200m [38] Taking typical values
(m=10" Hz, E"=0.65eV [39) gives s;=0.2s, which
clearly indicates that the irradiation at room temperature
was performed in the recombination regime. In this regime,
the concentration of vacancies is equal to that of intersti-
tials and is given by ¢ = (R/K )*2, which gives in our
10 4 leading to irradiation-enhanced dif-
fusion coe cient D ' =2 10 ??cm?s*rom Eq. (5). This
value has to be compared with the ballistic diusion
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Fig. 10. Evolution of the nanoparticle distribution after heat treatment: (a) nanoparticle distribution prior to heat treatment; (b) nanoparticledistribution
after annealing at 1300 C for 1 h; (c) histogram of the distribution prior to and after heat treatment.

Fig. 11. Plot of the nanoparticle radius raised to the power 3 and of the inverse of the nanoparticle density vs. irradiation time.
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Fig. 12. 3-D APT reconstructions showing the dissolution of Y...Cr...Ti...O nano-particles being spatially correlated with the depth of Au damage depth

pro“le at room temperature.

coe cient D B (Eq. (6)). For xin Eq. (6) ranging from 0.2 to

0.5nm as estimated using TRIM, O varies between
8.6 10 °cm?s-tand 5.4 10 *cm?s-! which means
that DB D' and that the disorder introduced by irradi-

ation prevails over the accelerated thermal di usion, lead-
ing to the observed dissolution of the particles.

5. Conclusion

In this study, we demonstrated that nanoparticles of the
Fel8Cr-Y,05 ODS alloy with sizes >2 nm have a pyroch-
lore-type structure with a non-stochiometric composition
containing Y, Ti, Cr and O. We clearly demonstrated that
after high ion dose irradiation (150 dpa) at 500 C, the
nanoparticle distribution exhibited only slight changes in
size and composition, resulting in a decrease in the number
density and an increase in the nanopatrticle size, which is
interpreted as an Ostwald ripening process under irradia-
tion. In addition, the particle stoichiometry evolved toward
the Y,Ti,O equilibrium composition with rejection of Cr.
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